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Fluids and Barriers of the CNS

Age, dose, and binding to TfR on blood cells 
influence brain delivery of a TfR‑transported 
antibody
Rebecca Faresjö1, Dag Sehlin1 and Stina Syvänen1* 

Abstract 

Background  Transferrin receptor 1 (TfR1) mediated brain delivery of antibodies could become important for increas-
ing the efficacy of emerging immunotherapies in Alzheimer’s disease (AD). However, age, dose, binding to TfR1 on 
blood cells, and pathology could influence the TfR1-mediated transcytosis of TfR1-binders across the blood–brain 
barrier (BBB). The aim of the study was, therefore, to investigate the impact of these factors on the brain delivery of a 
bispecific TfR1-transported Aβ-antibody, mAb3D6-scFv8D3, in comparison with the conventional antibody mAb3D6.

Methods  Young (3–5 months) and aged (17–20 months) WT and tg-ArcSwe mice (AD model) were injected with 
125I-labeled mAb3D6-scFv8D3 or mAb3D6. Three different doses were used in the study, 0.05 mg/kg (low dose), 1 mg/
kg (high dose), and 10 mg/kg (therapeutic dose), with equimolar doses for mAb3D6. The dose-corrected antibody 
concentrations in whole blood, blood cells, plasma, spleen, and brain were evaluated at 2 h post-administration. 
Furthermore, isolated brains were studied by autoradiography, nuclear track emulsion, and capillary depletion to 
investigate the intrabrain distribution of the antibodies, while binding to blood cells was studied in vitro using blood 
isolated from young and aged mice.

Results  The aged WT and tg-ArcSwe mice showed significantly lower brain concentrations of TfR-binding [125I]
mAb3D6-scFv8D3 and higher concentrations in the blood cell fraction compared to young mice. For [125I]mAb3D6, 
no significant differences in blood or brain delivery were observed between young and aged mice or between geno-
types. A low dose of [125I]mAb3D6-scFv8D3 was associated with increased relative parenchymal delivery, as well as 
increased blood cell distribution. Brain concentrations and relative parenchymal distribution of [125I]mAb3D6-scFv8D6 
did not differ between tg-ArcSwe and WT mice at this early time point but were considerably increased compared to 
those observed for [125I]mAb3D6.

Conclusion  Age-dependent differences in blood and brain concentrations were observed for the bispecific antibody 
mAb3D6-scFv8D3 but not for the conventional Aβ antibody mAb3D6, indicating an age-related effect on TfR1-
mediated brain delivery. The lowest dose of [125I]mAb3D6-scFv8D3 was associated with higher relative BBB penetra-
tion but, at the same time, a higher distribution to blood cells. Overall, Aβ-pathology did not influence the early brain 
distribution of the bispecific antibody. In summary, age and bispecific antibody dose were important factors deter-
mining brain delivery, while genotype was not.
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Introduction
An increasing number of antibodies for central nervous 
system (CNS) diseases are studied in clinical trials [1, 
2], and two amyloid-beta (Aβ) targeting antibodies have 
recently gained conditional approval from the FDA, adu-
canumab (Aduhelm®) and lecanemab (Leqembi®). They 
are the first disease-modifying treatments for Alzhei-
mer’s Disease (AD) [3].

However, antibodies are, to a large degree, restricted 
from entering the brain due to the tightly controlled 
passage of large molecules across the blood–brain bar-
rier (BBB). Generally, less than 0.1% of the injected dose 
of an IgG antibody reaches the brain [4–11]. The high-
est dose (10 mg/kg) of lecanemab, administered 2 times 
per month, was most efficient in reducing brain Aβ bur-
den and slow cognitive decline, indicating that high brain 
concentration of antibody is important for successful 
treatment [12, 13]. Different receptors at the BBB have 
been utilized to increase brain concentrations further 
for active transcytosis of antibodies and large protein-
based drugs across the brain capillary endothelial cells 
(BCECs) [14]. The transferrin receptor (TfR) was the 
earliest described and still a widely used target for BBB-
shuttles [15]. In numerous preclinical studies, TfR has 
consistently shown high efficiency in delivering proteins 
across the BBB [11, 16–20]. Presently, bispecific proteins 
are also entering clinical use; for example, an enzyme 
replacement therapy for Hunters Syndrome utilizing the 
TfR for receptor-mediated brain delivery was approved 
in Japan in 2021, providing clinical proof-of-concept 
[21–23]. Thus, there is a clear rationale for using TfR-
mediated delivery of antibody and large protein drugs to 
increase intrabrain concentrations and thereby improve 
treatment efficacy and, at the same time, avoid adminis-
tration of high doses associated with side effects and high 
costs.

At the BBB, TfR allows transferrin-bound iron to 
transcytose across the endothelial cells to the brain 
parenchyma. The TfR expression is especially high in 
the capillaries of the brain [24]. TfR is a 190 kDa trans-
membrane glycoprotein, with two subtypes, TfR1 and 
TfR2, as well as a soluble form of the cleaved TfR1 pre-
sent in blood serum, sTfR [25]. TfR2 has a lower affinity 
for transferrin, and the expression is mainly limited to 
the liver and early erythroid cells [26]. TfR1 is not only 
expressed in the brain endothelial cells but by most cells 
in the body. It is especially high in cells that require a 
large amount of iron, for example, tumor cells, prolifer-
ating cells of the bone marrow, and immature red blood 
cells (reticulocytes) [27]. Reticulocytes are released from 
the bone marrow, and in rodents, also from the spleen, 
to the circulation to mature into red blood cells [28]. The 
reticulocyte TfR1 levels decrease during maturation and 

reach very low levels on the cell surface in mature red 
blood cells [29].

Only a few studies have investigated how brain TfR1 
levels or TfR1-transported antibodies are affected in 
AD pathology or by aging. In the human brain, two dif-
ferent studies have shown similar TfR1-levels in AD, in 
early AD, and in healthy age-matched controls [30, 31]. 
Similarly, in mice, studies show that amyloid-precursor 
protein (APP)-transgenic mice have similar TfR1 levels 
as WT controls [30, 31]. Also in agreement with this, 
two TfR1-transported antibodies, the TfR1-antibody Ri7 
and the low TfR1-affinity bispecific antibody anti-TfRD/
BACE1, both showed similar brain concentrations in WT 
and AD-model mice [30, 31]. Regarding age differences, 
a study in APP-knockout mice showed decreased TfR1 
protein levels at 22  months, compared to 8-month-old 
APP-KO mice, and also suggested a trend of decreased 
TfR1 levels in WT mice at old age [32]. In contrast, 
Bourassa et  al. did not observe significant differences 
between 12 months old and 18–22 months old WT mice, 
in TfR1 levels or Ri7 brain uptake, while ages were not 
compared directly in the study by Bien-Ly et al. [30, 31]. 
Moreover, physiological functions at the BBB could be 
affected by old age. For example, protein uptake by tran-
scytosis has been described as impaired in an extensive 
study by Yang et al., which also indicated that TfR expres-
sion is affected in aged mice [33]. Therefore, there is a 
need for more studies systematically investigating TfR1 
and TfR1-antibody brain delivery in aging, in parallel to 
AD pathology.

The impact of binding to blood cell-expressed TfR1 on 
brain delivery of bispecific antibodies has not been stud-
ied widely, even though this peripheral binding is gener-
ally addressed as a potential source for side effects. For 
example, TfR1 antibodies, at least when administered 
at high doses, have been shown to deplete the amount 
of circulating reticulocytes in mice [34]. The percent-
age of circulating reticulocytes in peripheral blood is 
approximately 1.1% in mice, while in humans it is sig-
nificantly lower, around 0.0–0.2% [34]. Thus, this effect 
may be considered less likely to occur in humans [35]. 
Aside from contributing to blood cell toxicity, binding 
to TfR1 in blood could influence brain delivery due to a 
reduced fraction of unbound TfR1-binder concentration 
available for brain delivery. This aspect has perhaps been 
disregarded as most studies use high doses (≥ 10 mg/kg) 
that are likely to saturate TfR1 in blood, and thus, ensure 
a large proportion of unbound antibody in the plasma. 
However, the "free drug hypothesis" is a well-established 
concept for small molecule drugs and states that only the 
fraction of unbound drug in plasma is available to exhibit 
pharmacological effects by interaction with the drug tar-
get [36]. Likewise, for TfR1 antibodies, binding to blood 



Page 3 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 	

cells, or even to sTfR1 in plasma, could impede the avail-
ability of antibody in plasma for transcytosis at the BBB. 
Especially at lower doses, the sequestering of TfR1-bind-
ing antibodies in blood could impede delivery across the 
BBB. Moreover, TfR1-antibodies are subjected to target-
mediated clearance, and could alter the expression levels 
of TfR1, potentially leading to changed pharmacokinet-
ics of the antibody. A bispecific antibody that in addition 
to its primary targets also binds to TfR1 often displays a 
shorter half-life in blood compared to its conventional 
monospecific IgG version [5, 20]. We have previously 
observed that tracer doses (< 0.1 mg/kg) of i.v. adminis-
tered bispecific antibodies that bind both murine (m)
TfR1 and Aβ, are present to a high degree in the blood 
cell pellet after centrifugation of whole blood samples 
[37, 38]. This indicated that the majority of the bispecific 
antibodies were associated with blood cells rather than 
with plasma at this dose.

The aim of the present study was to investigate the 
impact of age, dose, pathology (presence of Aβ), and 
binding to mTfR1 expressed by blood cells on brain deliv-
ery of a bispecific antibody engineered to enter the brain 
via mTfR1-mediated transcytosis.

Methods
Animals
Wild-type (WT) C57/Bl6 mice and transgenic (tg)-Arc-
Swe mice maintained on a C57/Bl6 background were 
used for the study. Mice were either 3–5 months old, i.e., 
the ’young’ group, or 17–20  months old, i.e., the ’aged’ 
group. Tg-ArcSwe mice harbor the Arctic APP mutation 
(APP E693G), which leads to the production of Aβ that 
readily aggregates, and the Swedish APP mutation (APP 
KM670/671NL), which results in over-production of Aβ 
[39, 40]. The tg-ArcSwe model is characterized by high 
levels of aggregated Aβ at an early age, forming dense-
core plaques when animals are 6–7 months old, and with 
pronounced pathology after 12  months [39]. Thus, the 
young tg-ArcSwe group do not yet display plaque pathol-
ogy, nor vascular plaques—however it is likely that they 
do produce aggregated species of Aβ in the brain. The 
mice had free access to food and water and were housed 
in rooms with controlled temperature and humidity 
in an animal facility at Uppsala University. Only female 
mice were included to reduce the number of factors stud-
ied, and thereby the number of animals used. The Upp-
sala Country Animal Ethics board (Application number 
5.8.18–20401/2020) approved all experimental proce-
dures following the legislation and regulations of the 
Swedish Animal Welfare Agency and European Commu-
nities Council Directive of 22 September 2010 (2010/63/
EU).

Antibodies, doses and study design
The bispecific antibody mAb3D6-scFv8D3, contain-
ing two mTfR1-binding moieties (scFv8D3) based on 
the mTfR1 antibody 8D3, was compared with the con-
ventional IgG antibody mAb3D6, which lacks TfR bind-
ing (Fig. 1a) [7, 41, 42]. Thus, both antibodies contained 
3D6, the murine version of the antibody Bapineuzumab 
that targets the N-terminal end of the Aβ-protein [37, 
43–45]. Both the conventional and the bispecific anti-
body were recombinantly produced in-house as previ-
ously described, and a single batch of respective antibody 
was used for all animal experiments [46]. Two equimo-
lar doses were studied for bispecific mAb3D6-scFv8D3 
and mAb3D6: a tracer dose of 0.2 nmol/kg, referred to as 
low dose (0.05  mg/kg or 0.036  mg/kg, respectively) and 
a low therapeutic dose, here referred to as the high dose; 
5 nmol/kg (1 mg/kg or 0.71 mg/kg respectively). The two 
antibodies were administered to young and aged WT 
and tg-ArcSwe mice in a low and a high dose (Table 1). 
An additional WT group injected with a high therapeu-
tic dose (10  mg/kg) of the bispecific antibody was also 
included (Table 1).

Radiochemistry
The antibodies mAb3D6-scFv8D3 and mAb3D6 were 
radiolabeled with iodine-125 by the Chloramine-T 
method [47]. Briefly, 30  μg of mAb3D6-scfv8D3 or 
mAb3D6 was mixed with 15 ± 3  MBq and 12 ± 2  MBq, 
respectively, of 125I stock solution (Perkin-Elmer Inc 
Waltham, MA, USA), and 5  μg Chloramine-T (Sigma 
Aldrich, Stockholm, Sweden) to a total volume of 110 μl. 
The reaction was incubated for 90  s at room tempera-
ture and quenched by the addition of 10  μg of sodium 
metabisulfite (Sigma Aldrich). The radiolabeled proteins 
were purified from free iodine using a PBS-equilibrated 
Zeba spin desalting column (7 K MWCO, 0.5 mL, 89,882, 
ThermoFischer). The molar activity after radiolabelling 
was 74.7 ± 14.2 MBq/nmol and 49.3 ± 6.25 MBq/nmol for 
[125I]mAb3D6-scFv8D3 and [125I]mAb3D6, respectively.

For the therapeutic dose, 100  μg bispecific antibody 
was radiolabeled with 12.3 MBq of 125I stock solution, 
then supplemented with 250 μg cold antibody, resulting 
in a molar activity of 0.97 MBq/nmol.

For the in  vitro blood study, 8–10  μg of mAb3D6-
scFv8D3 was used for radiolabelling, according to the 
above description, but using half of the total volume. 
The molar activity was in this case 55.7 ± 11.2 MBq/nmol 
after radiolabeling.

Ex vivo study of 125I‑labeled antibodies
Mice were injected by the tail vein with [125I]mAb3D6-
scFv8D3 (0.48 ± 0.19  MBq) or with [125I]mAb3D6 



Page 4 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 

(0.50 ± 0.25  MBq). After 2  h, mice were anesthetized 
and terminal blood samples were taken from the heart 
followed by transcardial perfusion with 40  mL NaCl 
for 2.5  min. The brain was dissected into three parts; 
the right hemisphere, the left cerebellum, and the left 
hemisphere cerebrum. These samples were immedi-
ately snap-frozen on dry ice. The blood samples were 
centrifuged in heparinized tubes and plasma was care-
fully separated from the blood pellet. The spleen was 
also isolated from all animals. The radioactivity in all 

samples was measured in a γ-counter (2480 WizardTM, 
Wallac Oy PerkinElmer, Turku, Finland).

Radioactivity in the samples is reported as the percent 
of injected radioactivity dose per gram tissue without 
(%ID/g, Eq. 1) or with correction for body weight (bw) of 
the animal (%ID/g(bw), Eq. 2). Radioactivity in the spleen 
was quantified as injected dose per organ (%ID) (Eq. 3).

(1)

%
ID

g
=

measured radioactivity per gram tissue

total injected radioactivity
× 100

(2)
%
ID

g
(bw) =

measured radioactivity per gram tissue

total injected radioactivity per gram animal
× 100

Fig. 1  a The antibodies mAb3D6 and mAb3D6-scFv8D3 b %ID/g plasma and c %ID/g brain at 2 h after injection of [125I]mAb3D6-scFv8D3 and [125I]
mAb3D6 at low and high dose

Table 1  Number of mice (n) for each subgroup

Total n = 132

[125I]mAb3D6-scFv8D3 [125I]mAb3D6 Naïve

WT Low dose High dose Therapeutic dose WT Low dose High dose In vitro blood 
study/Western 
blot

Young 10 11 5 Young 3 4 10

Aged 12 13 Aged 4 8 10

Tg-ArcSwe Low dose High dose Tg-ArcSwe Low dose High dose

Young 7 7 Young 3 4

Aged 5 7 Aged 4 5
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Important to keep in mind, is that all of the above equa-
tions represent dose corrected concentrations of antibody, 
if not otherwise stated. This means the dose corrected 
concentration can be the same after administration of a 
low and a high dose. In fact, at linear pharmacokinetics, 
i.e. when there are no processes involving saturation or 
blocking, the dose corrected concentration should be the 
same regardless of dose. However, the absolute concen-
tration is in general higher for a high dose compared to a 
low dose. The use of dose corrected concentrations ena-
bles direct comparison of distribution between low and 
high doses.

Ex vivo autoradiography
The right brain hemispheres isolated from mice 
injected with 125I-labeled antibody were cryosectioned 
sagitally (20  μm) (Cryostar NX70, ThermoFischer) 
and mounted on Superfrost Plus glass slides (Menzel 
Gmboltion, Braunschweigh, Germany). Duplicate sec-
tions from each animal together with a standard of 125I 
with known radioactivity were exposed to a phosphor 
imaging plate for 7  days. The plates were scanned in 
an Amersham Typhoon Biomolecular Imager (Cytiva) 
with the emission filter IP BP390 at 25  μm/pixel. The 
generated digital image brightness and contrast were 
adjusted in ImageJ. The radioactivity standards were 
used to normalize intensities for images. The whole 
brain was used as a region of interest for the quantifica-
tions in ImageJ.

Capillary depletion
Capillary depletion was performed on selected animals, 
as previously described, with slight modifications [15, 
37, 48]. In short, the left cortex was isolated immediately 
after transcardial perfusion. The cortex was weighed and 
measured in a γ-counter for 1 min on ice before homog-
enization in 0.4  ml cold physiological buffer (10  mM 
HEPES, 141 mM NaCl, 4 mM KCl, 2.8 mM CaCl2, 1 mM 
MgSO4, 1  mM NaH2PO4, 10  mM D-glucose adjusted 
to pH 7.4) with 6 strokes in an ice cold Dounce homoge-
nizer. Thereafter, 0.8 ml of 30% Ficoll 400 (Sigma Aldrich) 
was added followed by an additional stroke. The homoge-
nate was transferred to a 15 ml Falcon tube, followed by 
centrifugation at 5200 × g for 20  min at 4  °C. The cen-
trifugation resulted in a parenchymal supernatant with 
a layer of fat, and a capillary-enriched pellet that was 
carefully separated from the supernatant. The activity in 
each fraction was measured in a γ-counter (PerkinElmer). 
The relative distribution (%) of the radioactive signal was 
determined for each fraction:

(3)%ID =

Radioactivitysample

Injected radioactivity
× 100

Or normalized to the injected dose (%ID) in MBq 
(Eq. 3).

Immunofluorescence with vascular marker CD31 
and Aβ‑staining
Sagittal cryosections were fixed in ice-cold MeOH 
for 10  min. Thereafter, the sections were washed for 
2 × 5  min in PBS. CD31 staining on WT sections and 
double CD31/Aβ40 staining was done on selected tg-
ArcSwe brain sections, by the following procedure:

The sections were blocked for 1 h with 5% Normal Goat 
Serum, followed by a wash in PBS. The primary antibod-
ies rat-α-mouse CD31 (BD, #553,370) and rabbit-α-Aβ40 
(Agrisera, Umeå, Sweden) were applied to the sections 
which were incubated overnight at 4 °C. After incubation, 
the sections were washed in PBS and secondary antibody 
goat-anti-rat (Alexa 647) or goat-anti-rabbit (Alexa 488), 
was added for 1 h with slow shaking, followed by a PBS 
wash. The sections were stored in PBS until the nuclear 
track emulsion procedure (described below) was per-
formed on the same day.

Nuclear track emulsion autoradiography
Nuclear track emulsion autoradiography (NTE) experi-
ments were done in darkness as previously described [5]. 
In brief, ILFORD K5 emulsion was prepared in a 40  °C 
water bath according to the manufacturer’s instructions. 
The immunofluorescently stained sections were dipped 
in the emulsion for 5  s and left to air dry for 2  h, fol-
lowed by 4 weeks of incubation in darkness at 4 °C. The 
sections were developed according to the manufacturers’ 
instructions and dehydrated in increasing EtOH con-
centration gradient (70%, 95%, 100%) and mounted with 
Pertex (Histolab). Images of the developed emulsion and 
immunofluorescent stained sections were acquired with 
a Zeiss Observer Z.1 microscope (Carl Zeiss Microimag-
ing GmbH, Jena, Germany) and processed using the ZEN 
software. An inverted lookup table was applied to the 
brightfield channel, resulting in white emulsion puncta 
instead of black for the final images. Quantification was 
performed with a standardized macro in ImageJ, as pre-
viously described [37].

In vitro blood studies
Fresh blood from young and aged mice was collected 
directly from the heart with a heparinized needle under 
isoflurane anesthesia. The freshly collected blood from 
the same age groups was pooled to a total volume of 500 

(4)

% =

Radioactivityfraction

RadioactivityPellet + RadioactivitySupernatant
× 100
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μL and was divided into aliquots of 10 × 50 μL. A high or 
low dose of 125I-labeled bispecific antibody (5  μL) was 
supplemented to the fresh heparinized blood aliquots at 
different time points: 120, 60, 15, 5 and 2 min. After the 
incubation time was finished for each sample and time 
point, samples were centrifuged at 10,000  g × 5  min at 
4 °C and plasma was separated from the pellet. After the 
separation of plasma and pellet, radioactivity was meas-
ured by γ-counting (PerkinElmer). The procedure was 
done for each age group separately and repeated three 
times, with 2 young and 2 aged mice for each experiment 
(total n = 12).

Western Blot
Capillary enriched brain pellets were isolated from frozen 
cerebrums, as described above ("Capillary depletion"). 
The capillary enriched pellets were washed with PBS, 
resuspended in 500 uL of Pierce RIPA lysis buffer (89,900, 
Thermo Fisher Scientific) with protease inhibitor cock-
tail (cOmplete mini tablets, Roche) and lysed on ice for 
30 min in RT with gentle shaking. The samples were cen-
trifuged at 14,000 g for 15 min at 4 °C. The supernatants 
were collected and total protein concentration was deter-
mined by BCA protein assay kit (23225, Thermo Fisher 
Scientific) according to the manufacturer’s protocol. 
Protein samples were incubated in Bolt NuPAGE LDS 
sample buffer and Bolt sample reducing agent (Thermo 
Fisher Scientific) at 95 ℃ for 5  min. Next, 4  µg of pro-
tein per sample was loaded onto 4%–12% Bis–Tris Plus 
gels and run for 22 min at 200 V in Bolt MES-SDS run-
ning buffer. The separated protein samples were trans-
ferred to a nitrocellulose membrane using Bolt transfer 
buffer (Thermo Fisher Scientific) for 60  min at 20  V. 
The membranes were blocked with Odyssey TBS block-
ing solution (LI-COR Biosciences, Lincoln, USA) for 1 h 
and incubated overnight at 4 ℃ with primary antibodies; 
anti-transferrin (1:1000, 13-6899, Invitrogen) and anti-β 
actin (1:1000 ab8227, Abcam) as loading control. The 
following day, the membranes were washed with TBS-T 
(tris-buffered saline containing 0.1% Tween20, pH 7.4) 
before incubation for 1 h at RT with DyLightTM 800 goat 
anti-mouse (Thermo Fisher Scientific) and DyLightTM 
680 goat anti-rabbit (Thermo Fisher Scientific) antibodies 
in 1:10 000 dilution. Finally, the membrane was washed 
with TBS-T and the fluorescence was measured using the 
LI-COR Odyssey-Sa reader (LI-COR Biosciences). The 
intensity of signal was visualized using LI-COR Image 
studio software.

Statistical analyses
All data are presented as mean ± SD. The Shapiro–
Wilk test was performed to test for normal distribu-
tion of the data. If all the data met the criteria for 

normality, unpaired t-tests or one-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s post hoc test 
were used, otherwise, Mann–Whitney U-test, or the 
Kruskal–Wallis test followed by Dunn’s post hoc analysis 
was used. Pearson’s correlation was applied to investigate 
the correlation between radioactivity (Bq) and brain con-
centration (%ID/gbrain) in the autoradiography images. 
Statistically significant p-values were defined as p < 0.05 
(accounting for multiple comparisons), with annotations: 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Graphs 
and statistical analyses were made in GraphPad Prism 
version 9.5.0 (730) for Windows (GraphPad Software, 
San Diego, California USA).

Results
Dose, or dose and body weight-corrected concentrations 
[%ID/g or %ID/g(bw)] (hereafter referred to as "con-
centrations") were used for comparison of the antibody 
distribution between low and high doses and between 
young and aged mice of different body weights.

The bispecific antibody ([125I]mAb3D6-scFv8D3) dis-
played sixfold and fourfold lower (at low and high dose 
respectively) concentrations in plasma compared with 
[125I]mAb3D6 (Fig.  1b) while bispecific antibody brain 
concentrations were 18-fold and 37-fold higher than 
those for the conventional antibody in young WT mice 
at 2 h post administration (Fig. 1c). These results verified 
bispecific antibody interaction with TfR1 both at the BBB 
and in blood and are in accordance previous observations 
for bispecific TfR1-Aβ antibodies of similar format [6].

Whole blood, plasma and blood cell distribution
The whole blood concentration of the bispecific antibody 
was generally higher in aged compared with young mice 
at 2 h after injection (Fig. 2 a, d, g). The plasma concen-
trations of [125I]mAb3D6-scFv8D3 did not differ signifi-
cantly between young and aged mice (Fig.  2 b, e, h, k). 
However, aged mice had significantly higher concentra-
tions of the bispecific antibody in the blood cell fraction 
compared with the young mice, regardless of genotype 
and dose (Fig. 2c, f, i, l).

As expected, the low dose groups showed consider-
ably higher concentrations of bispecific antibody in the 
blood cell fractions compared with the high dose groups 
(Fig. 2c, f, i, l). The bispecific antibody concentration in 
the blood cell fraction was especially elevated in the aged 
mice in the low dose group, compared with the high dose 
group (Fig. 2c, f, i, l).

Furthermore, there was no difference between tg-Arc-
Swe and WT mice in whole blood, plasma and blood cell 
[125I]mAb3D6-scFv8D3 concentrations when mice of the 
same age were compared. In line with what was observed 
in WT mice, aged tg-ArcSwe animals showed increased 



Page 7 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 	

blood cell concentrations compared with young tg-Arc-
Swe, especially at the lower dose. However, for high dose, 
the aged mice did not differ significantly to young tg-Arc-
Swe mice in whole blood concentrations (Fig. 2j, k).

The conventional anti-Aβ antibody, [125I]mAb3D6, 
showed higher plasma levels compared with the bispe-
cific antibody, especially at high dosing (Fig.  3 a, c, e, 

g). There were no significant differences in whole blood, 
plasma or the blood cell [125I]mAb3D6 concentration 
between ages, except that at high dose, the aged WT 
mice displayed somewhat higher blood concentrations 
than young mice (Fig. 3).

The percentage of [125I]mAb3D6-scFv8D3 meas-
ured in the plasma fraction at 2  h after injection was 

Fig. 2  a-l Whole blood plasma and blood cell concentrations of [125I]mAb3D6-scFv8D3 in young and aged WT and tg-ArcSwe animals 
administered high and low dose of bispecific antibody (Mann–Whitney U-tests, significant p-value is defined as p < 0.05, *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001)

Fig. 3  a-l Whole blood plasma and blood cell concentrations of [125I]mAb3D6 in young and aged WT and tg-ArcSwe animals administered high 
and low dose of conventional antibody (Mann–Whitney u-tests, significant p-value is defined as p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001)



Page 8 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 

significantly higher in the high dosed groups, both for 
WT and tg-ArcSwe mice regardless of age or genotype 
(Fig. 4a, b). The young mice had a smaller plasma volume 
than the aged mice, while blood cell volumes were simi-
lar (Additional file 1: Fig. S1a, b). For low dosed animals, 
34% ± 13% of the bispecific antibody was found in the 
plasma fraction, thus the majority of the bispecific anti-
body was residing in the blood cell fraction (Additional 
file 1: Fig S1c). Animals that received a high dose of the 
bispecific antibody had 79% ± 7% antibody in the plasma 
fraction, which was similar to the conventional antibody 
[125I]mAb3D6 (85% ± 9% and 89% ± 5%, low and high 
dose respectively) (Additional file 1: Fig. S1c).

To further study the time aspects of antibody associa-
tion to the blood cell fraction, whole blood was spiked 
with the radiolabeled bispecific antibody. A faster associ-
ation to blood cells, i.e. a faster decline in plasma concen-
tration over time, was observed after spiking blood with 
a low dose of [125I]mAb3D6-scFv8D3 compared to when 
a high dose was used (Fig. 4c, d). A higher association of 

bispecific antibody to the blood cell fraction was seen 
in blood sampled from aged mice compared to when 
the blood had been obtained from young mice (Fig.  4c, 
d). AUC​plasma was significantly higher in the blood from 
young mice, compared with aged mice, at high dosing 
(p = 0.04), but did not reach statistical significance for 
the low dose (p = 0.07). The bispecific antibody concen-
trations in plasma and blood cell fractions appeared to 
reach an equilibrium after around 60 min post addition 
of [125I]mAb3D6-scFv8D3 (Fig. 4 c, d).

Some accumulation in the spleen (an organ associated 
with high TfR1 levels) was seen in the animals injected 
with the bispecific antibody, but not in mice injected with 
the regular antibody indicating peripheral TfR1 bind-
ing beyond blood (Additional file  1: Fig S2b, Fig. S3a, 
b). Mice injected with a low dose of bispecific antibody 
showed significantly higher concentration in the spleen 
compared with animals that received a high dose, both in 
WT and in tg-ArcSwe mice (Additional file 1: Fig S3a, b).

Fig. 4  Percentage distribution to the plasma (%Plasma) vs blood cell fraction of [125I]mAb3D6-scFv8D3 in a WT and b tg-ArcSwe mice. Significant 
differences between low and high doses of [125I]mAb3D6-scFv8D3, as analysed with Kruskal–Wallis followed by Dunn’s post-hoc analysis for 
multiple comparisons c-d Percentage in plasma and blood cell fractions over time after in vitro spiking with [125I]mAb3D6-scFv8D3 in blood from 
young and aged mice, at high and low dosing. AUC​plasma was significantly higher in the blood from young mice, compared with aged, at high 
dosing (p = 0.04), but did not reach statistical significance for low dose (p = 0.07) when analysed by pairwise one-way analysis of variance with 
Bonferroni correction. Significant p-value is defined as p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001)
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Brain delivery 2 h post‑injection
The young WT mice showed higher [125I]mAb3D6-
scFv8D3 brain concentrations (%ID/g) at 2 h after injec-
tion compared with the aged WT mice. This was true 
both after administering a low and a high dose of the 
bispecific antibody. The difference was still significant 
when adjusting for body weight between young and aged 
animals (%ID/g(bw)), and in the brain-to-plasma ratios 
(Fig.  5a–f). In line with the results in WT mice, there 
was also a difference in brain concentrations of [125I]
mAb3D6-scFv8D3 between young and aged tg-ArcSwe 
mice. However, this difference was not significant when 
the body weight corrected concentration was used, 
(p = 0.05 low dose and p = 0.14 for high dose), nor in 
brain-to-plasma concentration ratios for the high dosed 
group (Fig.  5  g–l). Further, there was no significant dif-
ference between WT and tg-ArcSwe of the same age and 
dose group, in brain concentrations (%ID/g(bw)) of [125I]
mAb3D6-scFv8D3 (Additional file 1: Fig. S4).

For [125I]mAb3D6, no significant differences in 
brain concentrations and brain-to-plasma concentra-
tion ratios could be detected between young and aged 
mice, nor between WT and tg-ArcSwe animals (Fig.  6). 
This indicated that brain delivery of [125I]mAb3D6 was 

not dependent on age, dose nor pathology. Brain-to-
plasma concentration ratios revealed a 100-fold differ-
ence between [125I]mAb3D6 and [125I]mAb3D6-scFv8D3 
(Additional file 1: Fig. S5).

Therapeutic dose in young WT mice
Brain and blood distribution was further investigated in a 
group of young WT mice administered with a therapeu-
tic dose of 10 mg/kg of bispecific mAb3D6-scFv8D3, i.e. 
a tenfold higher dose than the high dose in the previous 
experiments.

Plasma concentrations of [125I]mAb3D6-scFv8D3 were 
elevated compared with dosing at 1  mg/kg or 0.05  mg/
kg (Fig.  7a). The percentage of antibody in plasma 
was 87% ± 3.4%, i.e. not statistically different from the 
1  mg/kg dose (Fig.  7b). Blood cell pellet concentrations 
after the 10  mg/kg dosing was also similar to what was 
observed for the 1  mg/kg dose (Fig.  7c). However, the 
dose normalised brain concentrations, %ID/g(bw), were 
drastically decreased compared with the 0.05 and 1 mg/
kg doses, likely attributed to saturation of TfR1 at the 
BBB (Fig. 7d), in accordance with previous observations 
[49].

Fig. 5  a–l Brain concentration (%ID/g brain), %ID/g/bw and brain-to-plasma ratios for WT and tg-ArcSwe mice, administered bispecific [125I]
mAb3D6-scfv8D3 at high and low dose. To test significance in the results between young and aged mice, unpaired t-tests were used for brain 
concentrations; %ID/gBrain or %ID/g(bw)Brain and Mann–Whitney U-tests were used for brain-to-plasma ratios, due to non-normality. Significant 
p-value is defined as p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001)
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Ex vivo autoradiography
Ex vivo autoradiography illustrated the 2 h post-injection 
brain radioactivity derived from [125I]mAb3D6-scFv8D3. 
The highest total radioactivity was observed in the young 
mice that had received the high dose (1 mg/kg) (Fig. 8a), 
with significantly higher radioactivity compared to the 

aged groups (Fig. 8b). Within the low dose groups, young 
animals also displayed higher radioactivity than aged ani-
mals. Moreover, radioactivity in sections prepared from 
WT and tg-ArcSwe mice did not differ, for either low or 
high dose (Fig. 8a).

Fig. 6  a–l Brain concentration (%ID/g brain), %ID/g/bw and brain-to-plasma ratios for WT and tg-ArcSwe mice, administered [125I]mAb3D6 at 
high or low dose. To test significance in the results between young and aged mice, unpaired t-tests were used for brain concentrations; %ID/gBrain 
or %ID/g(bw)Brain and Mann–Whitney U-tests were used for brain-to-plasma ratios, due to non-normality. Significant p-value is defined as p < 0.05, 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001)

Fig. 7  a Plasma (%ID/g(bw)) concentrations, b percentage of bispecific antibody in the plasma fraction (%) c blood cell pellet (%ID/g(bw)) 
concentrations and d brain concentrations (%ID/g(bw)) after 0.05, 1 or 10 mg/kg-administration of [125I]mAb3D6-scFv8D3 in young WT mice. 
Significant differences were analysed by one-way ANOVA with Bonferroni’s posthoc test. Significant p-value is defined as p < 0.05, *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001)
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Dose‑dependent parenchymal delivery of bispecific 
antibody
Capillary depletion of brain homogenates was used to 
separate antibody distribution into a parenchymal and 
a capillary enriched fraction. The dose corrected con-
centrations (%ID) showed that the bispecific antibody, 
[125I]mAb3D6-scFv8D3, distributed to both fractions at 
low and high dosing. However, the therapeutic dose of 
10 mg/kg resulted in a fourfold lower %ID in the fractions 
compared with 1  mg/kg or 0.05  mg/kg doses (Fig.  9a). 
The overall %ID of conventional antibody [125I]mAb3D6 
in the parenchymal fraction was 15-fold lower than for 

the bispecific antibody, reflecting the low brain uptake of 
[125I]mAb3D6 (Fig. 9a).

The relative distribution (%) of the bispecific antibody 
between parenchymal and capillary enriched fraction did 
not differ between WT and tg-ArcSwe mice, nor between 
young and aged animals (Additional file 1: Fig. S7 a, b). 
However, after low dosing of the bispecific antibody 
(0.05  mg/kg), there was a trend towards higher relative 
parenchymal distribution (%) compared to high dosing 
(1 mg/kg), both for young and aged mice (Fig. 9b,c).

Nuclear track emulsion was used to visualize of 
[125I]mAb3D6-scFv8D3 in brain capillaries. The 
young animals displayed a more concentrated [125I]

Fig. 8  a Ex vivo autoradiography of representative brain sections (NB not corrected for injected dose or weight of animal) b Quantification of 
brain section radioactivity of the whole brain area (ROI). Pairwise comparisons between young and aged mice of each genotype were done using 
one-way analysis of variance, with Bonferroni correction c Correlation between radioactivity (Bq) and brain concentration (%ID/g brain), statistical 
analysis by Pearson’s correlation test (low dose: r = 0.57*, p = 0.01, high dose: r = 0.88****, p < 0.0001). Significant p-value is defined as p < 0.05, 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001)

Fig. 9  a Capillary depletion displayed as % of injected radioactivity (%ID) in parenchymal or capillary enriched fractions b [125I]
mAb3D6-scFv8D3-distribution between parenchymal and capillary-enriched fraction (%) for different age and dose groups c parenchymal 
distribution (%) of [125I]mAb3D6-scFv8D3, pooled by dose group. Significant differences were tested with one-way analysis of variance with 
Bonferroni correction for multiple comparisons. For capillary depletion: young, high n = 4, young low n = 7, aged high n = 6, aged low n = 7, young 
10 mg/kg n = 5, all [125I]mAb3D6 n = 13. d Representative images of nuclear track emulsion (NTE), with [125I]mAb3D6-scFv8D3 shown as white 
puncta, and vascular marker CD31 in red. Scale bar = 20 µm. e Quantification of percentage in parenchymal or capillary ROIs, n = 4 for all groups. f 
Representative western blot of TfR1 levels in capillary-enriched brain pellets from young and aged WT mice and quantification relative to loading 
control protein (β-actin). Whole membrane can be found in Fig.S8 (Additional file 1). Statistical analysis by unpaired t-test. Significant p-value 
is defined as p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). g, h Nuclear track emulsion with flourecent stainings of vasculature 
(CD31-red) and Aβ40 (green) of [125I]mAb3D6-scFv8D3-injected or [125I]mAb3D6-injected aged tg-ArcSwe mice. Scale bar = 50 µm

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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mAb3D6-scFv8D3-derived signal in capillaries (CD31 
positive areas) than aged animals. The difference was 
clearer after a high dose then after a low dose (Fig. 9d). 
When the signal was quantified in the parenchymal and 
capillary areas, there was a trend, in line with the capil-
lary depletion, towards a higher relative signal in the 
parenchymal area after a low dose compared to a high 
dose (Fig. 9e). Western blot analysis of total TfR1 levels 
in isolated capillary enriched brain pellets, from naïve 
mice, indicated higher levels of TfR1 protein in young 
compared with aged mice (Fig. 9 f and Additional File 1: 
S8a, b).

NTE in aged tg-ArcSwe animals further revealed dif-
frences in the distribution between the two antibodies, 
[125I]mAb3D6-scFv8D3 and [125I]mAb3D6 (Fig.  9  g, h). 
The bispecific antibody displayed some localization in 
proximity to vascular pathology, but the signal was gen-
erally stronger in vessels without Aβ pathology. This is in 
high contrast to [125I]mAb3D6 that mainly co-localized 
with vascular pathology, but only at few “hot spots” in 
the brain. Overview images of the distribution of the two 
antibodies in different brain regions in aged WT and tg-
ArcSwe mice (at a high dose) can be found in Additional 
file 2.

Although the overall [125I]mAb3D6 concentration in 
capillary depletion was very low (Fig. 9a), the distribution 
to capillary enriched pellet was significantly increased in 
the aged tg-ArcSwe mice compared to both young and 
aged WT mice. This could further support a possible 
retention of [125I]mAb3D6 at vascular pathology, present 
in the aged tg-ArcSwe mice (Additional file 1: Fig S6).

Discussion
In this paper, we have explored the blood and brain dis-
tribution of a bispecific antibody, mAb3D6-scFv8D3, and 
the conventional anti-Aβ antibody mAb3D6 at 2 h after 
i.v. administration. The study was carried out in young 
and aged WT and tg-ArcSwe mice at different anti-
body doses. The main finding was that aged mice exhib-
ited a decreased brain uptake of the bispecific antibody 
mAb3D6-scFv8D3 compared with young mice, while 
brain distribution of mAb3D6 was not influenced by 
age. The lower bispecific antibody brain concentrations 
in aged mice were observed both after a tracer dose of 
0.05 mg/kg and at dose of 1 mg/kg. Although still appar-
ent, the difference between young and aged mice was 
less prominent in tg-ArcSwe than in WT mice. This may 
potentially be a consequence of the abundant brain and 
vascular Aβ pathology present in aged tg-ArcSwe mice, 
or presence of Aβ in blood, that could influence brain 
delivery and antibody brain retention.

Further, depending on dose, [125I]mAb3D6-scFv8D3 
displayed 18- to 37-fold higher brain concentrations 

than [125I]mAb3D6 at 2 h. This was anticipated as [125I]
mAb3D6 brain distribution is likely to rely mainly on 
slow, unspecific transport [50], while [125I]mAb3D6-
scFv8D3 binds TfR1 at the BBB, and thus, enters the 
brain via transcytosis across the capillary cells fairly fast 
[5]. The difference in brain distribution in different brain 
regions between the two antibodies was also clearly dem-
onstrated by NTE imaging. Strong vascular signals for 
[125I]mAb3D6-scFv8D3 was shown at this time point, 
and a brain-wide distribution, mainly at Aβ-negative 
vessels. This indicates that [125I]mAb3D6-scFv8D3 brain 
uptake is mainly driven by TfR-binding at this time point 
(2 h p.i.). In contrast, [125I]mAb3D6 had high distribution 
at the choroid plexus, pial surfaces, and locally at some 
areas with vascular Aβ pathology in the aged tg-ArcSwe 
mice (Additional file 2).

Although debated, aging has generally been linked to 
increased permeability of larger molecules at the BBB 
due to age-induced BBB leakiness [33, 51–54]. Yang 
et al. attributed this to a shift in transcytosis from ligand-
specific receptor-mediated to non-specific caveolar tran-
scytosis that occurs during aging, resulting in increased 
non-specific uptake of IgGs [33]. However, in the present 
study, we found no significant age-dependent difference 
in [125I]mAb3D6 brain uptake, indicating that mAb3D6 
brain delivery was not affected by an overall age-depend-
ent or Aβ-pathology caused leakiness of the BBB. One 
explanation could be that the time-point chosen here, 
2  h, does not reflect the maximum concentrations of 
[125I]mAb3D6, since it is known that conventional anti-
bodies have a slower brain uptake, as shown in our pre-
vious work (Gustavsson et  al. 2020), with maximum 
brain concentrations occurring around a few days after 
injection [30]. Further, our previous findings using [125I]
mAb3D6 and differently sized dextrans showed a low 
impact on antibody [125I]mAb3D6 permeability in old 
AD mice 3 days after injection [55]. Therefore we believe 
that the dramatic effects on brain concentrations of [125I]
mAb3D6-scFv8D3 seen between young and aged mice in 
the present study were mainly related to TfR1 binding, 
either at the BBB or in the periphery.

Although our data on the conventional IgG differ 
from Yang et  al.’s observations, their report on reduced 
specific transcytosis at the BBB in aged mice are in line 
with the results for the bispecific antibody [33]. They 
showed that TfR expression, as quantified by mRNA 
levels and fluorescence imaging, was significantly 
decreased in 20–24  month old mice, compared with 
young 3  month mice [33]. In non-dosed animals, we 
observed higher TfR1 protein levels in brain capillar-
ies isolated from young mice compared to those isolated 
from aged mice, which could explain the higher brain 
concentrations of [125I]mAb3D6-scFv8D3 in young than 
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in aged mice. In line with this, a previous study reported 
a tendency towards lowered TfR1 levels in WT mice of 
22  months compared with 8  months [32]. Contrary to 
this, Bourassa et al. reported no differences in TfR1 lev-
els between 12-month old and 18-month old mice, nor 
in brain uptake of the fluorescently labeled high affinity 
TfR1-antibody Ri7 after 1  min of in  situ perfusion [31]. 
It should be noted that 12-month old mice may not be 
regarded as "young", and thus, a potential explanation to 
these somewhat conflicting observations is that TfR1 lev-
els may decrease before the age of 12 months.

Further indications that senescence is related to 
impaired transcytosis of scFv8D3-transported antibod-
ies come from in vitro BBB cell models, where a lowered 
transcytosis efficiency of bispecific TfR1-binding anti-
body was observed at higher cell passages [56]. Other 
physiological factors that could impede TfR1-mediated 
transport at the BBB in old age include; a thicker glyco-
calyx at the luminal side of the BCECs (decreasing the 
availability of TfR1) or a thicker base membrane (inhibit-
ing the transport to parenchyma) [57–59]. The literature, 
as well as our results, suggest that TfR1-antibody brain 
concentrations are not widely affected in AD-mouse 
models compared with age-matched WT mice [30, 31].

To further study the brain delivery, we measured 
antibody concentrations in capillary and parenchymal 
compartments by capillary depletion and NTE. The 
relative parenchymal delivery, i.e. the efficiency of [125I]
mAb3D6-scFv8D3 to cross the BBB, was not age- or 
genotype-dependent (although absolute concentrations 
for the young mice was higher in both of these com-
partments compared with the aged mice). There was 
a trend towards a relatively higher distribution to the 
parenchyma after a low dose of [125I]mAb3D6-scFv8D3, 
compared with a high dose. This is in line with previous 
observations for TfR1 antibodies showing that, at tracer 
doses, high affinity binders cross the BBB better while at 
therapeutic doses, low affinity binders transcytose bet-
ter [11]. Interestingly, although the total levels measured 
in capillary fractions for the conventional antibody [125I]
mAb3D6 was low, it was increased in aged tg-ArcSwe 
mice, supporting the notion that presence of Aβ pathol-
ogy can increase vascular retention of this antibody [55, 
58]. Interaction between [125I]mAb3D6 and Aβ in the 
vasculature was also revealed by NTE. Interestingly, for 
[125I]mAb3D6-scFv8D3, the vascular signal was stronger 
at vessels without Aβ pathology, indicating that the brain 
concentrations were not driven binding to vascular Aβ, 
but rather TfR1, at this time point.

Generally, brain concentrations are driven by periph-
eral concentrations, and thus, antibody concentrations 
in whole blood, plasma and blood cell pellet (after sepa-
ration of plasma) was investigated further to explore the 

differences between young and aged mice. The plasma 
concentrations of [125I]mAb3D6-scFv8D3 were simi-
lar in young and aged mice in vivo at 2 h, but the aged 
mice displayed higher concentrations in blood cell pellet 
compared with young mice. This difference was espe-
cially evident at low dose, i.e. when binding to TfR1 was 
not saturated. In contrast to the in  vivo blood samples, 
the in vitro blood binding to TfR1 could be determined 
before equilibrium between plasma and blood cell com-
partments was reached (around 60  min) and suggested 
that young mice had a higher AUCplasma, i.e. lower 
extent and slower distribution of [125I]mAb3D6-scFv8D3 
to blood cells, than aged mice. Taken together, these 
data indicated that a larger fraction of the bispecific 
antibody may be available in plasma for BBB transcyto-
sis in young than in aged mice. Age has been associated 
with increased number of reticulocytes in mice [60]. A 
report in similar ages as those used in this present study, 
showed that 24 months old mice had 50% more reticulo-
cytes than 2 months old animals [61]. This could indicate 
that TfR1 levels in blood (and, and as a result, sTfR1 lev-
els in plasma [62, 63]) are increased in aged mice, nega-
tively impacting the distribution and availability of [125I]
mAb3D6-scFv8D3 for binding at the BBB.

The elimination from blood was faster for [125I]
mAb3D6-scFv8D3 than for [125I]mAb3D6, consistent 
with TfR1 mediated clearance [64]. This resulted in a 
lower distribution of the bispecific antibody to plasma 
compared with [125I]mAb3D6, especially at low dose, 
when [125I]mAb3D6-scFv8D3 likely was sequestered by 
TfR1 expressed by blood cells. When the bispecific anti-
body was administered at the low dose of 0.05 mg/kg only 
34% of the antibody was found in the plasma, while 66% 
was associated with the blood cell pellet. The numbers 
were nearly reversed, and similar to what was observed 
for the conventional mAb3D6 antibody, after a dose of 
1 mg/kg with 79% found in plasma and 21% in blood cell 
pellet. Furthermore, after a therapeutic dose of 10  mg/
kg [125I]mAb3D6-scFv8D3, plasma concentrations were 
further increased, indicating that at high doses, periph-
eral TfR-binding is likely to be of less importance for the 
availability of the bispecific antibody in plasma. This also 
indicates that TfR1-binders may exhibit an ’optimal dos-
ing window’ in which TfR1-binding in blood, but not at 
the BBB, is saturated. For [125I]mAb3D6-scFv8D3, this 
optimal dose may be around 1 mg/kg, but it is likely that 
the affinity towards TfR1 will influence this window and 
the optimal dose may therefore differ between different 
TfR1 binders. A similar bell-shaped relationship between 
affinity and brain uptake has been suggested, where 
low TfR-affinity leads to higher systemic exposures, but 
impeded BBB binding, and high affinity TfR-binders are 
more rapidly cleared from the blood, and are subjected 
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to TfR-mediated degradation, which also can inhibit the 
brain delivery [64, 65]. The choice of dose will also differ 
depending on the application of the bispecific antibod-
ies. For therapeutic purposes, it is important to maximise 
the fraction of administered antibodies that will be deliv-
ered to the brain and to enable repeated injections, i.e. 
by avoiding down-regulation of TfR1 or toxicity [11, 34]. 
Thus, it has been suggested that monovalent binding and 
moderate affinity towards the TfR1 is desired for thera-
peutic use [18, 66]. However, for diagnostic use, such as 
when used as PET-radioligands, bispecific antibodies can 
be dosed at much lower doses, and high affinity may even 
be beneficial for rapid brain entry [6, 9, 67, 68].

The present study was carried out using one single time 
point (2 h post injection) for measurement of brain con-
centrations and thus only provided a "snap-shot" of brain 
delivery. The early time point was chosen based on the 
assumption that TfR-binding would be the main driver 
of brain delivery at this time, while Aβ-binding is impor-
tant at later time points [5, 6, 9]. Although a limitation, 
the rationale for this experimental design was also to 
reduce the number of animals needed to study the effects 
of the other factors, i.e. genotype, dose and age. However, 
studying brain concentrations over time could potentially 
reveal further differences between the ages. For example, 
brain uptake and clearance likely occurs simultaneously, 
and both early uptake and late elimination from the brain 
could differ between the ages. Another limitation in the 
study is that the bispecific antibody may bind bivalently, 
with its two inherent TfR-binders, at least at higher doses 
[69]. The binding mode may be influenced by the dose 
with a more monovalent type of binding at lower doses, 
but more bivalent at higher doses. It would therefore 
be of value to further study the influence of factors dis-
cussed in this paper for a strictly monovalent antibody.

In conclusion, we have described age-dependent differ-
ences in blood and brain concentrations at an early time 
point, 2  h, after administration of a bispecific antibody 
targeted towards TfR1 and Aβ. These differences were 
not observed for a conventional Aβ antibody; thus, we 
suggest that differences were TfR1-related. The observed 
decrease in brain antibody concentrations in aged mice 
compared to young mice was likely a consequence of 
decreased TfR1-mediated BBB delivery in aged mice, 
potentially in combination with increased blood cell 
binding that reduced the amount of available antibody 
in plasma. Brain delivery did not differ between same-
age AD and WT mice, indicating that Aβ-pathology did 
not influence the early brain distribution of the bispecific 
antibody. Low doses of bispecific antibody were associ-
ated with increased blood cell binding, but also with 
increased relative parenchymal delivery, whereas thera-
peutic doses showed increased availability in plasma, but 

at the same time lower brain distribution likely as a con-
sequence of TfR1 saturation at the BBB. Taken together, 
animal age and bispecific antibody dose were important 
factors influencing brain delivery, while genotype was 
not.

Abbreviations
Aβ	� Amyloid beta
AD	� Alzheimer’s disease
AUC​	� Area under the curve
BBB	� Blood–brain barrier
CSF	� Cerebrospinal fluid
IgG	� Immunoglobulin G
mAb	� Monoclonal antibody NTE: nuclear track emulsion
RMT	� Receptor mediated transcytosis
TfR1	� Transferrin receptor 1
tg	� Transgenic
scFv	� Single chain variable fragment
sTfR	� Soluble Transferrin Receptor
PET	� Positron Emission Tomography
WT	� Wild type

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12987-​023-​00435-2.

Additional file 1:  Figure S1. a Lower plasma volume in young mice 
compared with aged b No difference in blood cell volumes between 
young and aged mice  c Percentage in plasma of [125I]mAb3D6-scFv8D3 
and [125I]mAb3D6 in young and aged mice at low or high doses Figure 
S2. a Weight of spleen in young and aged mice b %ID/spleen of bispecific 
or regular antibody at high and low doses. Figure S3. a %ID/spleen of 
[125I]mAb3D6-scFv8D3 in young and aged, and low and high doses in a 
WT and b tg-ArcSwe mice. Figure S4. %ID/g/bw brain of [125I]mAb3D6-
scFv8D3. No difference between WT and tg-ArcSwe in brain uptake 
after 2 h.  Figure S5. Brain-to-plasma ratios for [125I]mAb3D6-scFv8D3 or 
[125I]mAb3D6 -injected mice at low or high dosing. Figure S6. Capillary 
depletion for [125I]mAb3D6-administered mice at high dose, expressed 
as percentage in parenchymalor capillary enrichedfractions. Figure S7. 
a Capillary depletion for all low [125I]mAb3D6-scFv8D3-dosed mice, and 
b all high dosed mice, expressed as percentage in parenchymalor capil-
lary enrichedfractions. Figure S8. Full membrane of capillary enriched 
brain pellets detected with anti-TfR1 antibody for TfR1, and anti-β-actin, 
β-actinas loading control.

Additional file 2: Figure 1. Nuclear track emulsion at different brain 
regions in [125I]mAb3D6-scFv8D3 or [125I]mAb3D6-injected mice.

Acknowledgements
Gillian Bonvicini and Emma Caracolias are acknowledged for supporting the 
in vitro experiments, Ximena Aguilar for the production of antibodies and 
Michael Jones for input regarding the statistical analysis.

Author contributions
RF, SS and DS designed the study. RF, SS and DS performed the in vivo experi-
ments. RF performed the in vitro experiments and data analysis with the help 
of DS and SS. RF wrote the manuscript with feedback from DS and SS. All 
authors read and approved the final manuscript.

Funding
Open access funding provided by Uppsala University. This work was sup-
ported by grants from the Swedish Research Council (2021-03524 and 
2021-01083), the Swedish Innovation Agency (2019-00106), Alzheimerfonden, 
Hjärnfonden, Torsten Söderbergs stiftelse, Åhlenstiftelsen, Stiftelsen för Gamla 
tjänarinnor, Stohnes stiftelse, Magnus Bergvalls stiftelse and Konung Gustaf 
V:s och Drottning Victorias frimuarestiftelse. This project also received funding 

https://doi.org/10.1186/s12987-023-00435-2
https://doi.org/10.1186/s12987-023-00435-2


Page 16 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 

from the European Union’s Innovative Medicines Initiative 2 (IMI2) Joint 
Undertaking under grant agreement No 807015. The funding bodies did not 
take part in design of the study, in collection, analysis, or interpretation of data, 
nor in writing the manuscript. Open access funding was provided by Uppsala 
University. The molecular imaging work in this study was performed at the 
SciLifeLab Pilot Facility for Preclinical PET-MRI, a Swedish nationally available 
imaging platform at Uppsala University, Sweden, financed by the Knut and 
Alice Wallenberg Foundation.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments described in this study were approved by the Uppsala 
County Animal Ethics board (5.8.18–20401/2020), following the rules and 
regulations of the Swedish Animal Welfare Agency and complied with the 
European Communities Council Directive of 22 September 2010 (2010/63/EU).

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Public Health and Caring Sciences, Uppsala University, Upp-
sala, Sweden. 

Received: 22 December 2022   Accepted: 27 April 2023

References
	1.	 Song C, Shi J, Zhang P, Zhang Y, Xu J, Zhao L, et al. Immunotherapy for 

Alzheimer’s disease: targeting β-amyloid and beyond. Transl Neurode-
gener. 2022;11:18.

	2.	 Tolar M, Abushakra S, Hey JA, Porsteinsson A, Sabbagh M. Aducanumab, 
gantenerumab, BAN2401, and ALZ-801-the first wave of amyloid-target-
ing drugs for Alzheimer’s disease with potential for near term approval. 
Alzheimers Res Ther. 2020;12:95.

	3.	 Edwards M, Corkill R. Disease-modifying treatments in Alzheimer’s dis-
ease. J Neurol. 2023. https://​doi.​org/​10.​1007/​s00415-​023-​11602-8.

	4.	 Boado RJ, Zhou Q-H, Lu JZ, Hui EK-W, Pardridge WM. Pharmacoki-
netics and brain uptake of a genetically engineered bi-functional 
fusion antibody targeting the mouse transferrin receptor. Mol Pharm. 
2010;7:237–44.

	5.	 Gustavsson T, Syvänen S, O’Callaghan P, Sehlin D. SPECT imaging of 
distribution and retention of a brain-penetrating bispecific amyloid-β 
antibody in a mouse model of Alzheimer’s disease. Transl Neurodegener. 
2020;9:37.

	6.	 Hultqvist G, Syvänen S, Fang XT, Lannfelt L, Sehlin D. Bivalent brain shuttle 
increases antibody uptake by monovalent binding to the transferrin 
receptor. Theranostics. 2017;7:308–18.

	7.	 Lee HJ, Engelhardt B, Lesley J, Bickel U, Pardridge WM. Targeting rat anti-
mouse transferrin receptor monoclonal antibodies through blood-brain 
barrier in mouse. J Pharmacol Exp Ther. 2000;292:1048–52.

	8.	 Magnusson K, Sehlin D, Syvänen S, Svedberg MM, Philipson O, Söderberg 
L, et al. Specific uptake of an amyloid-β protofibril-binding antibody-
tracer in AβPP transgenic mouse brain. J Alzheimers Dis. 2013;37:29–40.

	9.	 Sehlin D, Fang XT, Cato L, Antoni G, Lannfelt L, Syvänen S. Antibody-based 
PET imaging of amyloid beta in mouse models of Alzheimer’s disease. 
Nat Commun. 2016;7:10759.

	10.	 Syvänen S, Hultqvist G, Gustavsson T, Gumucio A, Laudon H, Söderberg 
L, et al. Efficient clearance of Aβ protofibrils in AβPP-transgenic mice 
treated with a brain-penetrating bifunctional antibody. Alzheimers Res 
Ther. 2018;10:49.

	11.	 Yu YJ, Zhang Y, Kenrick M, Hoyte K, Luk W, Lu Y, et al. Boosting brain 
uptake of a therapeutic antibody by reducing its affinity for a transcytosis 
target. Sci Transl Med. 2011;3:84ra44.

	12.	 Swanson CJ, Zhang Y, Dhadda S, Wang J, Kaplow J, Lai RYK, et al. A 
randomized, double-blind, phase 2b proof-of-concept clinical trial in 
early Alzheimer’s disease with lecanemab, an anti-Aβ protofibril antibody. 
Alzheimers Res Ther. 2021;13:80.

	13.	 van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M, et al. 
Lecanemab in early Alzheimer’s disease. N Engl J Med. 2022. https://​doi.​
org/​10.​1056/​NEJMo​a2212​948.

	14.	 Pulgar VM. Transcytosis to cross the blood brain barrier new advance-
ments and challenges. Front Neurosci. 2019. https://​doi.​org/​10.​3389/​
fnins.​2018.​01019.

	15.	 Triguero D, Buciak J, Pardridge WM. Capillary depletion method for 
quantification of blood-brain barrier transport of circulating peptides and 
plasma proteins. J Neurochem. 1990;54:1882–8.

	16.	 Johnsen KB, Burkhart A, Melander F, Kempen PJ, Vejlebo JB, Siupka P, et al. 
Targeting transferrin receptors at the blood-brain barrier improves the 
uptake of immunoliposomes and subsequent cargo transport into the 
brain parenchyma. Sci Rep. 2017;7:10396.

	17.	 Kariolis MS, Wells RC, Getz JA, Kwan W, Mahon CS, Tong R, et al. Brain 
delivery of therapeutic proteins using an Fc fragment blood-brain barrier 
transport vehicle in mice and monkeys. Sci Transl Med. 2020. https://​doi.​
org/​10.​1126/​scitr​anslm​ed.​aay13​59.

	18.	 Niewoehner J, Bohrmann B, Collin L, Urich E, Sade H, Maier P, et al. 
Increased brain penetration and potency of a therapeutic antibody using 
a monovalent molecular shuttle. Neuron. 2014;81:49–60.

	19.	 Siemers E, Hitchcock J, Sundell K, Dean R, Jerecic J, Cline E, et al. ACU193, 
a monoclonal antibody that selectively binds soluble Aβ oligomers: 
development rationale, phase 1 trial design and clinical development 
plan. J Prev Alzheimers Dis. 2022. https://​doi.​org/​10.​14283/​jpad.​2022.​93.

	20.	 Zhao P, Anami Y, Gao P, Fan X, Li L, Tsuchikama K, et al. Enhanced anti-
angiogenetic effect of transferrin receptor-mediated delivery of VEGF-
trap in a glioblastoma mouse model. MAbs. 2022;14:2057269.

	21.	 Okuyama T, Eto Y, Sakai N, Nakamura K, Yamamoto T, Yamaoka M, et al. A 
phase 2/3 trial of Pabinafusp Alfa, IDS fused with anti-human transfer-
rin receptor antibody, targeting neurodegeneration in MPS-II. Mol Ther. 
2020. https://​doi.​org/​10.​1016/j.​ymthe.​2020.​09.​039.

	22.	 Okuyama T, Eto Y, Sakai N, Minami K, Yamamoto T, Sonoda H, et al. 
Iduronate-2-sulfatase with anti-human transferrin receptor antibody 
for neuropathic mucopolysaccharidosis II: a phase 1/2 trial. Mol Ther. 
2019;27:456–64.

	23.	 Terstappen GC, Meyer AH, Bell RD, Zhang W. Strategies for deliver-
ing therapeutics across the blood-brain barrier. Nat Rev Drug Discov. 
2021;20:362–83.

	24.	 Jefferies WA, Brandon MR, Hunt SV, Williams AF, Gatter KC, Mason 
DY. Transferrin receptor on endothelium of brain capillaries. Nature. 
1984;312:162–3.

	25.	 Kohgo Y, Torimoto Y, Kato J. Transferrin receptor in tissue and serum: 
updated clinical significance of soluble receptor. Int J Hematol. 
2002;76:213–8.

	26.	 Worthen CA, Enns CA. The role of hepatic transferrin receptor 2 in the 
regulation of iron homeostasis in the body. Front Pharmacol. 2014. 
https://​doi.​org/​10.​3389/​fphar.​2014.​00034.

	27.	 Kawabata H. Transferrin and transferrin receptors update. Free Radic Biol 
Med. 2019;133:46–54.

	28.	 Rhodes MM, Koury ST, Kopsombut P, Alford CE, Price JO, Koury MJ. Stress 
reticulocytes lose transferrin receptors by an extrinsic process involving 
spleen and macrophages. Am J Hematol. 2016;91:875–82.

	29.	 Thomson-Luque R, Wang C, Ntumngia FB, Xu S, Szekeres K, Conway A, 
et al. In-depth phenotypic characterization of reticulocyte maturation 
using mass cytometry. Blood Cells Mol Dis. 2018;72:22–33.

	30.	 Bien-Ly N, Boswell CA, Jeet S, Beach TG, Hoyte K, Luk W, et al. Lack of 
widespread BBB disruption in Alzheimer’s disease models: focus on 
therapeutic antibodies. Neuron. 2015;88:289–97.

	31.	 Bourassa P, Alata W, Tremblay C, Paris-Robidas S, Calon F. Transferrin 
receptor-mediated uptake at the blood-brain barrier is not impaired by 
alzheimer’s disease neuropathology. Mol Pharm. 2019;16:583–94.

	32.	 Belaidi AA, Gunn AP, Wong BX, Ayton S, Appukuttan AT, Roberts BR, et al. 
Marked age-related changes in brain iron homeostasis in amyloid protein 
precursor knockout mice. Neurotherapeutics. 2018;15:1055–62.

	33.	 Yang AC, Stevens MY, Chen MB, Lee DP, Stähli D, Gate D, et al. Physiologi-
cal blood-brain transport is impaired with age by a shift in transcytosis. 
Nature. 2020;583:425–30.

https://doi.org/10.1007/s00415-023-11602-8
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.14283/jpad.2022.93
https://doi.org/10.1016/j.ymthe.2020.09.039
https://doi.org/10.3389/fphar.2014.00034


Page 17 of 17Faresjö et al. Fluids and Barriers of the CNS           (2023) 20:34 	

	34.	 Couch JA, Yu YJ, Zhang Y, Tarrant JM, Fuji RN, Meilandt WJ, et al. Address-
ing safety liabilities of TfR bispecific antibodies that cross the blood-brain 
barrier. Sci Transl Med. 2013;5:183ra57.

	35.	 Yu YJ, Atwal JK, Zhang Y, Tong RK, Wildsmith KR, Tan C, et al. Therapeutic 
bispecific antibodies cross the blood-brain barrier in nonhuman pri-
mates. Sci Transl Med. 2014;6:261ra154.

	36.	 Summerfield SG, Yates JWT, Fairman DA. Free drug theory—no longer 
just a hypothesis? Pharm Res. 2022;39:213–22.

	37.	 Faresjö R, Bonvicini G, Fang XT, Aguilar X, Sehlin D, Syvänen S. Brain phar-
macokinetics of two BBB penetrating bispecific antibodies of different 
size. Fluids Barriers CNS. 2021;18:26.

	38.	 Schlein E, Syvänen S, Rokka J, Gustavsson T, Rossin R, Robillard M, et al. 
Functionalization of radiolabeled antibodies to enhance peripheral clear-
ance for high contrast brain imaging. Mol Pharm. 2022;19:4111–22.

	39.	 Lord A, Kalimo H, Eckman C, Zhang X-Q, Lannfelt L, Nilsson LNG. The 
Arctic Alzheimer mutation facilitates early intraneuronal Abeta aggrega-
tion and senile plaque formation in transgenic mice. Neurobiol Aging. 
2006;27:67–77.

	40.	 Philipson O, Hammarström P, Nilsson KPR, Portelius E, Olofsson T, Ingels-
son M, et al. A highly insoluble state of Aβ similar to that of Alzheimer’s 
disease brain is found in Arctic APP transgenic mice. Neurobiol Aging. 
2009;30:1393–405.

	41.	 Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, et al. 
Peripherally administered antibodies against amyloid beta-peptide enter 
the central nervous system and reduce pathology in a mouse model of 
Alzheimer disease. Nat Med. 2000;6:916–9.

	42.	 Kissel K, Hamm S, Schulz M, Vecchi A, Garlanda C, Engelhardt B. Immu-
nohistochemical localization of the murine transferrin receptor (TfR) 
on blood-tissue barriers using a novel anti-TfR monoclonal antibody. 
Histochem Cell Biol. 1998;110:63–72.

	43.	 Feinberg H, Saldanha JW, Diep L, Goel A, Widom A, Veldman GM, et al. 
Crystal structure reveals conservation of amyloid-β conformation recog-
nized by 3D6 following humanization to bapineuzumab. Alzheimers Res 
Ther. 2014;6:31.

	44.	 Johnson-Wood K, Lee M, Motter R, Hu K, Gordon G, Barbour R, et al. 
Amyloid precursor protein processing and A beta42 deposition in a 
transgenic mouse model of Alzheimer disease. Proc Natl Acad Sci USA. 
1997;94:1550–5.

	45.	 Miles LA, Crespi GAN, Doughty L, Parker MW. Bapineuzumab captures the 
N-terminus of the Alzheimer’s disease amyloid-beta peptide in a helical 
conformation. Sci Rep. 2013;3:1302.

	46.	 Fang XT, Sehlin D, Lannfelt L, Syvänen S, Hultqvist G. Efficient and inex-
pensive transient expression of multispecific multivalent antibodies in 
Expi293 cells. Biol Proced Online. 2017;19:11.

	47.	 Greenwood FC, Hunter WM, Glover JS. The preparation of 131I-labelled 
human growth hormone of high specific radioactivity. Biochem J. 
1963;89:114–23.

	48.	 Gutierrez EG, Banks WA, Kastin AJ. Blood-borne interleukin-1 recep-
tor antagonist crosses the blood-brain barrier. J Neuroimmunol. 
1994;55:153–60.

	49.	 Sehlin D, Syvänen S. Engineered antibodies: new possibilities for brain 
PET? Eur J Nucl Med Mol Imaging. 2019;46:2848–58.

	50.	 Ruano-Salguero JS, Lee KH. Antibody transcytosis across brain endothe-
lial-like cells occurs nonspecifically and independent of FcRn. Sci Rep. 
2020;10:3685. https://​doi.​org/​10.​1038/​s41598-​020-​60438-z.

	51.	 Nyúl-Tóth Á, Tarantini S, DelFavero J, Yan F, Balasubramanian P, Yabluchan-
skiy A, et al. Demonstration of age-related blood-brain barrier disruption 
and cerebromicrovascular rarefaction in mice by longitudinal intravital 
two-photon microscopy and optical coherence tomography. Am J 
Physiol Heart Circ Physiol. 2021;320:H1370–92.

	52.	 Elahy M, Jackaman C, Mamo JC, Lam V, Dhaliwal SS, Giles C, et al. Blood–
brain barrier dysfunction developed during normal aging is associated 
with inflammation and loss of tight junctions but not with leukocyte 
recruitment. Immun Ageing. 2015;12:2.

	53.	 Pelegrí C, Canudas AM, del Valle J, Casadesus G, Smith MA, Camins A, 
et al. Increased permeability of blood–brain barrier on the hippocampus 
of a murine model of senescence. Mech Ageing Dev. 2007;128:522–8.

	54.	 Bake S, Friedman JA, Sohrabji F. Reproductive age-related changes in 
the blood brain barrier: Expression of IgG and tight junction proteins. 
Microvasc Res. 2009;78:413–24.

	55.	 Gustafsson S, Gustavsson T, Roshanbin S, Hultqvist G, Hammarlund-
Udenaes M, Sehlin D, et al. Blood-brain barrier integrity in a mouse 
model of Alzheimer’s disease with or without acute 3D6 immunotherapy. 
Neuropharmacology. 2018;143:1–9.

	56.	 Morrison JI, Petrovic A, Metzendorf NG, Yilmaz CU, Stenler S, Laudon H, 
et al. A standardised pre-clinical in-vitro blood-brain barrier mouse assay 
validates endocytosis dependent antibody transcytosis using transferrin 
receptor-mediated pathways. Mol Pharm. 2023;20(3):1564–76.

	57.	 Ceafalan LC, Fertig TE, Gheorghe TC, Hinescu ME, Popescu BO, Pahnke J, 
et al. Age-related ultrastructural changes of the basement membrane in 
the mouse blood-brain barrier. J Cell Mol Med. 2019;23:819–27.

	58.	 Hawkes CA, Härtig W, Kacza J, Schliebs R, Weller RO, Nicoll JA, et al. 
Perivascular drainage of solutes is impaired in the ageing mouse brain 
and in the presence of cerebral amyloid angiopathy. Acta Neuropathol. 
2011;121:431–43.

	59.	 Nahirney PC, Reeson P, Brown CE. Ultrastructural analysis of blood–brain 
barrier breakdown in the peri-infarct zone in young adult and aged mice. 
J Cereb Blood Flow Metab. 2016;36:413–25.

	60.	 Dertinger SD, Bemis JC, Phonethepswath S, Tsai Y, Nowak I, Hyrien O, 
et al. Reticulocyte and micronucleated reticulocyte responses to gamma 
irradiation: Effect of age. Mutat Res. 2009;675:77–80.

	61.	 Magnani M, Rossi L, Stocchi V, Cucchiarini L, Piacentini G, Fornaini G. 
Effect of age on some properties of mice erythrocytes. Mech Ageing Dev. 
1988;42:37–47.

	62.	 Flanagan JM, Peng H, Wang L, Gelbart T, Lee P, Sasu BJ, et al. Soluble 
transferrin receptor-1 levels in mice do not affect iron absorption. AHA. 
2006;116:249–54.

	63.	 R’zik S, Beguin Y. Serum soluble transferrin receptor concentration is 
an accurate estimate of the mass of tissue receptors. Exp Hematol. 
2001;29:677–85.

	64.	 Gadkar K, Yadav DB, Zuchero JY, Couch JA, Kanodia J, Kenrick MK, et al. 
Mathematical PKPD and safety model of bispecific TfR/BACE1 antibodies 
for the optimization of antibody uptake in brain. Eur J Pharm Biopharm. 
2016;101:53–61.

	65.	 Kanodia J, Gadkar K, Bumbaca D, Zhang Y, Tong R, Luk W, et al. Prospec-
tive design of anti-transferrin receptor bispecific antibodies for optimal 
delivery into the human brain. CPT Pharmacometrics Syst Pharmacol. 
2016;5:283–91.

	66.	 Sade H, Baumgartner C, Hugenmatter A, Moessner E, Freskgård P-O, 
Niewoehner J. A human blood-brain barrier transcytosis assay reveals 
antibody transcytosis influenced by ph-dependent receptor binding. 
PLoS One. 2014;9(4): e96340. https://​doi.​org/​10.​1371/​journ​al.​pone.​00963​
40.

	67.	 Meier SR, Syvänen S, Hultqvist G, Fang XT, Roshanbin S, Lannfelt L, 
et al. Antibody-based in vivo PET imaging detects amyloid-β reduc-
tion in Alzheimer transgenic mice after BACE-1 inhibition. J Nucl Med. 
2018;59:1885–91.

	68.	 Roshanbin S, Xiong M, Hultqvist G, Söderberg L, Zachrisson O, Meier S, 
et al. In vivo imaging of alpha-synuclein with antibody-based PET. Neu-
ropharmacology. 2022;208: 108985.

	69.	 Morrison JI, Metzendorf NG, Rofo F, Petrovic A, Hultqvist G. A single-chain 
fragment constant design enables easy production of a monovalent 
blood–brain barrier transporter and provides an improved brain uptake 
at elevated doses. J Neurochem. 2023;00:1–13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41598-020-60438-z
https://doi.org/10.1371/journal.pone.0096340
https://doi.org/10.1371/journal.pone.0096340

	Age, dose, and binding to TfR on blood cells influence brain delivery of a TfR-transported antibody
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Animals
	Antibodies, doses and study design
	Radiochemistry
	Ex vivo study of 125I-labeled antibodies
	Ex vivo autoradiography
	Capillary depletion
	Immunofluorescence with vascular marker CD31 and Aβ-staining
	Nuclear track emulsion autoradiography
	In vitro blood studies
	Western Blot
	Statistical analyses

	Results
	Whole blood, plasma and blood cell distribution
	Brain delivery 2 h post-injection
	Therapeutic dose in young WT mice
	Ex vivo autoradiography
	Dose-dependent parenchymal delivery of bispecific antibody

	Discussion
	Anchor 27
	Acknowledgements
	References


