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A B S T R A C T

Introduction: Neprilysin is the primary enzyme responsible for the degradation of amyloid beta (Aβ), with its 
levels regulated by the hormone somatostatin (SST).
Methods: We have developed a novel treatment mechanism for Alzheimer’s disease (AD) by combining SST with a 
blood-brain barrier (BBB) transporter and a Fc fragment to extend its half-life. This treatment was tested in a 
murine AD model overexpressing amyloid precursor protein (APP) with the Arctic mutation in Aβ (APPArcSwe).
Results: Our findings demonstrate a significant increase in neprilysin levels, which correlates with a reduction in 
various forms of Aβ, including membrane-bound and intracellular Aβ aggregates, as well as Aβ42 in insoluble 
aggregates.
Discussion: These results suggest that neprilysin can effectively degrade Aβ with the Arctic mutation. Addition
ally, this treatment strategy successfully reduces both oligomeric and larger Aβ, aggregates, a challenge for other 
therapeutic approaches. This novel strategy holds promise as a potential therapeutic approach for AD.

1. Introduction

In Alzheimer’s disease (AD), when the concentration of the endog
enous amyloid beta (Aβ) peptide becomes too high, it begins to aggre
gate, ultimately leading to the onset of the disease. Aß peptide is 
generated through the cleavage of amyloid precursor protein (APP) by 
secretases. APP is synthesized in the cytosol and then transported axo
nally in vesicles to the presynaptic terminals, but not post-synapses. 
During this transport, beta and gamma-secretase cleave APP to form 
Aβ [1]. To maintain steady Aβ levels, it is either cleared from the brain or 
degraded. In sporadic AD, which accounts for 98 % of cases, reduced Aβ 
degradation is commonly observed [2–4].

The main protease responsible for Aβ degradation is neprilysin 
[5–9]. Neprilysin is a 90–110 kDa metallopeptidase protein that is 
exclusively expressed in neurons in the brain. After synthesis in the 

soma, it is axonally transported to the presynaptic terminals [10], 
similar to APP transport. Neprilysin expression in the brain is highly 
selective, with high levels in regions such as the hippocampus, but very 
low expression in other areas of the brain [11,12]. Notably, these re
gions with high neprilysin expression are the regions first affected by 
AD. Neprilysin is also expressed in other parts of the body, such as the 
gastrointestinal tract. It cleaves both membrane-associated Aβ [12,13]
and Aβ in solution. Neprilysin knockout mice show increased Aβ burden, 
reduced hippocampal synaptic plasticity, and cognitive impairment [14, 
15]. In humans with AD, neprilysin levels are significantly reduced in 
areas with Aβ pathology [16,17]. Studies in aging mice have shown that 
neprilysin levels can decrease by as much as 83 % in the regions most 
effected by AD [18]. In line with findings in the human AD brain, 
transgenic mice with Aβ aggregates also exhibit decreased neprilysin 
levels in brain regions most affected by Aβ aggregates, such as the 
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hippocampus. However, in regions with less Aβ accumulation, neprily
sin levels remain unchanged.

The monomeric Aβ peptide is an intrinsically disordered protein 
(IDP), meaning it lacks a stable, folded structure and remains flexible. 
One of the confirmations it adopts is a beta hairpin, a structural feature 
thought to be an early step in the aggregation process [19]. The beta 
hairpin is believed to be a precursor to larger aggregates, and studies 
suggest that Aβ trimers containing this beta hairpin could represent 
some of the smallest, and potentially most toxic, forms of aggregates. 
These small aggregates, particularly those formed by Aβ42, are consid
ered key contributors to the neurotoxic effects associated with AD, as 
they can disrupt cellular functions and contribute to neurodegeneration 
[19,20].

One of the familiar variants of AD is the Arctic mutation in the Aβ 
peptide. The amyloid beta produced by the mice used in this study 
carries the Arctic mutation. This mutation involves a single amino acid 
substitution, glutamic acid (E) to glycine (G) at position 22 of Aβ (E22G), 
also known as E693G in the amyloid precursor protein (APP). It was first 
identified in a family in northern Sweden, which is why it is referred to 
as the Arctic mutation. This mutation has a significant impact on the Aβ 
peptide as it accelerates the aggregation of Aβ compared to the wild-type 
form. However, the aggregates formed by the Arctic mutation are less 
compact than those of wild-type Aβ. These aggregates are often referred 
to as protofibrils, which are intermediate structures in the aggregation 
process. Protofibrils are thought to be more flexible and structurally 
disordered, often exposing hydrophobic regions that disrupt cell mem
branes. Therefore these protofibrils are believed to be more toxic than 
larger, more stable fibrils, as they can disrupt cellular function, trigger 
oxidative stress and contribute to the neurodegenerative processes in AD 
[21].

The cyclic peptide somatostatin (SST) has been demonstrated to 
significantly enhance neprilysin activity by increasing both intracellular 
and membrane-bound neprilysin levels, potentially making the enzyme 
more active as well [12,22]. Research has shown that SST expression is 
notably reduced in AD [23,24], which could contribute to the patho
physiology of the disease. While small molecule binders to somatostatin 
receptor (SSTRs) are available, their clinical utility is limited due to poor 
blood-brain barrier (BBB) penetration and very short half-lives, making 
them less effective for targeting the brain in the context of AD treatment 
[25] [26,27].

Using proteins or peptides as therapeutics for brain diseases is 
challenging due to the BBB, which effectively prevents larger molecules 
from entering the brain. To overcome this hurdle, we and others have 
successfully utilized the transferrin receptor (TfR) system to actively 
transport larger protein therapeutics in to the brain [28–31]. This is 
achieved by incorporating a TfR-binding domain into the therapeutic 
protein, allowing it to cross the BBB and reach its target in the brain, 
thus enhancing the potential for effective treatment of neurological 
conditions.

We have previously shown that an SST peptide attached to a TfR- 
targeting BBB transporter can double the levels and activity of neprily
sin in the hippocampus and reduce the levels of membrane-bound Aβ in 
the same region in the APPSwe model, which overexpresses wild-type Aβ 
[12,32]. Furthermore, it has been reported that neprilysin is unable to 
degrade Aβ containing mutations that increase the aggregation speed, 
such as the Arctic mutation [33]. However, we have recently demon
strated that soluble neprilysin can indeed degrade Arctic Aβ and is even 
more efficient in degrading Arctic Aβ than wild-type Aβ [34]. This 
finding is significant, as it suggests that neprilysin may be a viable 
therapeutic target for treating Alzheimer’s disease, even in the presence 
of mutations that cause more rapid Aβ aggregation.

Fc domains of an IgG antibodies are known to substantially enhance 
blood half-life of protein constructs. Here, we have fused a single-chain 
variant of an IgG Fc (scFc) we previously designed [35], to the SST 
peptide with the TfR targeting BBB transporter to further extend the 
half-life of the protein drug. This construct, SST-scFc-scFv8D3, was then 

tested in the APPArcSwe mouse model, which not only carries the Swedish 
mutation but also has the Arctic mutation. We observed that the addi
tion of the scFc extension significantly extends the half-life of the 
construct. Furthermore, a single injection of the novel protein drug 
resulted in a significant upregulation of neprilysin levels in the hippo
campus. It also led to a reduction in Aβ42 levels in both the 
membrane-bound and non-soluble components of the brain, as well as a 
decrease in Aβ oligomers containing hairpins in the membrane-bound 
part of the hippocampal region. These results confirm that neprilysin 
can effectively degrade Aβ with the Arctic mutation. Additionally, this 
study suggests that increasing neprilysin levels could be a promising 
future treatment strategy, not only for targeting extracellular Aβ but also 
for addressing intracellular and membrane-bound Aβ aggregates, which 
have been more challenging to target with other treatments.

2. Results

2.1. Construct design and production

The constructs SST-scFc-scFv8D3, scFc-scFv8D3, and scFc (Fig. 1A) 
were transiently expressed in Expi293 cells and purified using protein G 
affinity chromatography. The protein yield was approx. 3–6 mg per liter 
of cell culture. Purity and molecular weight of the proteins were assessed 
by SDS-PAGE, confirming estimated molecular weights consistent with 
expected constructs SST-scFc-scFv8D3 (MW = 85.5 kDa), scFc-scFv8D3 
(MW = 83.9 kDa), and scFc (MW = 53.8 kDa). All three proteins 
exhibited a purity of approximately 90 % based on densitometric anal
ysis of Coomassie-stained gels (Fig. 1B). Additional quality assessments 
were performed using thermal shift stability analysis (Supplementary 
Figure 1B), which indicated that the recombinant proteins possess high 
structural stability.

2.2. Retained TfR binding of the designed constructs

To confirm that the SST-scFc-scFv8D3 protein retained its ability to 
bind to the TfR, we performed a TfR-specific ELISA. The binding curve 
showed similar affinity to TfR as reported previously [12,28,36]
(Fig. 1C). Additionally, we used mass photometry to analyze whether 
the proteins were monomeric or if multimers had formed. The mass 
photometry analysis revealed that SST-scFc-scFv8D3, along with the 
control proteins scFc-scFv8D3 and scFc were predominantly present as 
monomers, with only a minor fraction (approx. 4 %) existing as dimers 
for SST-scFc-scFv8D3 (Supplementary Figure 1). This was further sup
ported by dynamic light scattering analysis (Supplementary Figure 1 C).

2.3. The SST constructs can increase the levels of neprilysin in SHSY5Y 
cells

The addition of the large scFc and the BBB transporter to the SST 
peptide could potentially affects its functionality. To assess this, we 
evaluated its functionality in vitro using a neprilysin activation assay in 
SHSY5Y cells, where the different constructs were added to the cell 
media. We confirmed that all constructs were equally effective in 
enhancing neprilysin activity as SST alone (Fig. 1D). The control 
construct scFc-scFv8D3, which does not contain SST, also slightly 
increased neprilysin levels. However, this increase was likely due to a 
rise in cell numbers rather than an enhancement of neprilysin activity, as 
previously observed with scFv8D3 [12].

2.4. SST-scFc-scFv8D3 enters the brain efficiently in wild-type mice after 
2 h

We further aimed to confirm that SST-scFc-scFv8D3 could enter the 
brain in vivo. Iodine-125 (125I) labelled SST-scFc-scFv8D3, scFc- 
scFv8D3 and scFc were intravenously injected into the tail vein of wild- 
type (wt) mice at a tracer dose (0.3 nmol/kg, Fig. 2A). Two hours post- 
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injection, we observed an uptake of approx. 0.5–0.9 % of the injected 
dose (ID) per gram of brain tissue (Fig. 2B). This was significantly higher 
than the brain concentrations seen for an antibody lacking the BBB 
transporter and in a similar range to those reported for TfR-transported 
protein therapeutics [28,37] (Fig. 2C). It has previously been shown that 
the BBB transporter enables the therapeutic cargo to cross the brain 
capillaries and reach the brain parenchyma [36,38].

2.5. In vivo treatment experiment in APPArcSwe mice

To examine whether SST-scFc-scFv8D3 had a therapeutic effect in 
the APPArcSwe mice, which overexpress Aβ with the Arctic mutation, we 
conducted an experimental investigation. Aβ with the Arctic mutation is 
known to aggregate more rapidly than the wild-type Aβ, and previous 
studies have reported that it is not cleaved by neprilysin [33], contra
dicting our earlier in vitro observations [34]. To investigate this further, 

125I-labeled SST-scFc-scFv8D3 and scFc-scFv8D3 (control) were 
administered at a therapeutic dose of 30 nmol/kg (equivalent to 
2.5 mg/kg body weight). Mice were sacrificed by cardiac perfusion 96 h 
post-injection, and the organs were collected for subsequent analysis 
(Fig. 2A). This approach aimed to evaluate the therapeutic potential of 
SST-scFc-scFv8D3, specifically its impact on Aβ aggregation and clear
ance in the context of the Arctic mutation.

2.6. Enhanced blood half-life by addition of the scFc

To confirm that the addition of the scFc enhanced the half-life of the 
construct, blood samples were collected during the 96 h of the experi
ment described above. The half-life of the constructs containing scFc was 
at least 45 h, while the construct without scFc had a half-life of approx. 
6 h, indicating an 8–10-times increase in half-life with the addition of 
scFc (Fig. 2C). Biodistribution in other tissues is shown in 

Fig. 1. Design, purification, and functional characterization of SST-scFc-scFv8D3 and control constructs. A) Design of SST-scFc-scFv8D3, scFc-scFv8D3 
and scFc. Somatostatin-14 (SST-14, SST) is a cyclic peptide with 14 amino acids, circulated by a disulfide bond. In this construct, SST is linked to a single-chain 
fragment of the constant domain (scFc) from murine IgG2c (shown in blue) and a single-chain- fragment variable (scFv) of the antibody 8D3 (shown in purple), 
which specifically binds to the transferrin receptor. Control constructs include scFc-scFv8D3 and scFc as controls. B) SDS PAGE image of the purified proteins, 
including SST-scFc-scFv8D3 (MW = 85.5 kDa), scFc-scFv8D3 (MW = 83.9 kDa) and scFc (MW = 53.8 kDa). C) Transferrin receptor binding properties of SST- 
scFc-scFv8D3. An ELISA was performed using the extracellular domain of murine transferrin receptor (TfR), showing that SST-scFc-scFv8D3 binds to TfR. Results are 
presented as mean ± SD. D) Enhanced neprilysin activity in SHSY5Y cells treated with the different SST constructs. Human SHSY5Y cells were incubated for 
24 h with 10 µM of SST, SST-scFc-scFv8D3, SST-scFv8D3, scFc-scFv8D3, and PBS as a negative control. Both the peptide SST and the recombinant proteins SST-scFc- 
scFv8D3 and SST-scFv8D3 significantly enhanced the neprilysin activity compared to PBS and the control scFc-scFv8D3. Results are presented as mean ± SD and 
analyzed using an unpaired t-test (*: p < 0.05, **: p < 0.01, ***: p < 0.001, and ns: p > 0.05).
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Supplementary Figure 2. To confirm the integrity of the [125I]-labelled 
scFc-scFv8D3 and SST-scFc-scFv8D3 proteins are still intact thin layer 
chromatography (TLC) was performed on plasma samples. The results 
indicated that the majority of the radiolabelled proteins remained intact, 
with only trace amounts of the isotope detected (Supplementary 
Figure 3).

2.7. Hippocampal neprilysin levels are increased after in vivo treatment 
experiment

The left hemisphere of the brain was dissected into three regions 
(hippocampal area, rest of cerebrum and cerebellum) to assess whether 
a single injection of SST-scFc-scFv8D3 could increase neprilysin levels in 
APPArcSwe mice (Fig. 3A). The different brain regions were homogenised 
in three steps. First, soluble extracellular and cytosolic proteins were 
isolated using TBS buffer (TBS fraction) without detergent. In the second 
step, Triton X-100, which dissolves membranes, was added to the 
remaining pellet after the TBS fraction was isolated. Following centri
fugation, the second fraction contained membrane-associated proteins 
and proteins from some organelles (TBST fraction). The third fraction, 

known as the FA fraction, was obtained by using formic acid (FA) to 
dissolve aggregates (into monomeric form) and other insoluble proteins, 
which were spun down after the previous steps.

ELISA analysis of neprilysin levels showed that it was predominantly 
found in the TBST fraction (Fig. 3B, TBS fraction Supplementary 
Figure 4), as expected for a membrane-bound protein. The TBST fraction 
showed a significant increase in neprilysin levels following SST-scFc- 
scFv8D3 treatment in the hippocampus and the surrounding cortex 
(Fig. 3B). Neprilysin levels in the kidney, where it is also expressed, did 
not change following SST-scFc-scFv8D3 treatment. (Fig. 3B).

2.8. Decreased levels of hippocampal Aβ42 monomers and smaller 
aggregates in the membrane fraction

Aβ and its various types of aggregates were present in varying 
amounts across all three fractions obtained during the three-step ho
mogenization. Plaques, insoluble extracellular aggregates, are primarily 
found in the FA fraction, though some may dissolve during homogeni
zation and appear in other fractions. Monomers are likely to be pre
dominantly present in the soluble TBS fraction. The most toxic Aβ 

Fig. 2. Brain uptake and blood pharmacokinetics of SST-scFc-scFv8D3. A) Study design. Wild-type mice (wt, n = 2–7) were intravenously injected with a tracer 
dose (0.3 nmol/kg) of [125I]SST-scFc-scFv8D3, along with control groups receiving [125I]scFc-scFv8D3 and [125I]scFc. For blood pharmacokinetics, a therapeutic 
dose of 30 nmol/kg was intravenously injected into 7–8 month-old APPArcSwe mice (n = 6 per group), and blood samples were collected over 96 h. B) Brain uptake. 
Brain uptake was measured as percentage of injected dose per gram brain tissue two hours post-injection. Results are presented as mean ± SD and analyzed using an 
unpaired t test (*: p < 0.05, **: p < 0.01, ***: p < 0.001 and ns: p > 0.05). Data represents n = 2–7 per group. C) Blood pharmacokinetics. Blood pharmacokinetics 
were analyzed for the therapeutic dose (30 nmol/kg) of [125I]SST-scFc-scFv8D3, [125I]scFc-scFv8D3 and [125I]SST-scFv8D3 administered intravenously to 7–8 
month-old APPArcSwe mice (n = 6 per group). were analyzed over 96 h, and the percentage of injected dose per gram blood was determined. The half-life was 
calculated based on a two-phase-decay calculation. Results are presented as mean ± SD.
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aggregates are the small, soluble forms, which are likely present in both 
the TBS and TBST fractions and may cause more damage when bound to 
membranes. Detecting various forms of Aβ in tissue homogenates using 
ELISAs or similar methods is highly dependent on the assay design [39]. 
In larger Aβ aggregates, the C-terminal of the protein is more shielded 
than the N-terminal, making it less accessible to antibodies across all 
aggregate types [39] hence using a C-terminal binding antibody will 
more likely detect smaller Aβ aggregates and Aβ oligomers.

96 h after treatment a substantial decrease in Aβ42 monomers and 
aggregates with accessible C- and N-terminal was observed in the TBST 
fraction (Fig. 4), suggesting that neprilysin can cleave Aβ with the Arctic 
mutation. This sandwich ELISA uses an N-terminal Aβ binding antibody 
and a C-terminal Aβ42 binding antibody [12]. Described in reference 
[39] as EAβmdopf1–42, the assay requires both the N-terminal and 
C-terminal regions to be accessible for detection. Thus, it likely detects 
smaller aggregates and monomers with both ends exposed.

Additionally, we observed a reduction in Aβ42 content in the FA 
fraction in the hippocampal area using the same ELISA set up (Fig. 4). 
This reduction was evident not only in the hippocampal area but also in 
the rest of the cerebrum. Since the FA dissolves aggregates to their 
monomeric forms, this ELISA measures post-mortem-generated Aβ42 
monomers in the FA fraction, rather than the total amount of Aβ 
monomers in the fraction (i.e., not including Aβ40 monomers). There
fore, the observed reduction likely reflects changes in Aβ42-specific 
monomers, while the total Aβ content, including Aβ40, remains unac
counted for in this measurement.

2.9. No significant reduction of larger Aβ aggregates after in vivo 
treatment study

An ELISA using the N-terminal binding antibody 3D6 as both capture 
and detection antibody detects most types of aggregates, starting from 
dimers and larger (EAβdopf1-X ELISA in reference [39]). It cannot detect 
monomers, as they have only one available 3D6 epitope for binding. 
However, because it binds to an N-terminal epitope, it is more likely to 
detect larger aggregates compared to antibodies targeting the C-termi
nal region. In Fig. 5 we used this setup in an ELISA, which shows that 
these types of aggregates were not altered in our in vivo treatment study.

2.10. Detection of Aβ42 monomers was not possible and no reduction in 
total amount of monomers was detected after treatment

Our results suggest that the main decrease in Aβ is in smaller ag
gregates with the C-terminal available, likely consisting primarily of 
Aβ42. However, it is unclear whether the difference is due to small Aβ 
aggregates or Aβ42 monomers. To analyze the monomeric Aβ, we used 
the monomer-specific antibody m266 (the murine version of Sol
anezumab) [40] as a capture antibody, along with various detection 
antibodies. When using the Aβ42 specific antibody for detection, the 
signals in the ELISA were below the assay’s detection limit of the assay 
and could not be interpreted (data not shown), likely because most of 
the antibodies was bound by Aβ40. Therefore, we cannot confirm 
whether the levels of Aβ42 monomers have decreased. Analysis of Aβ 
monomers, which should primarily be Aβ40 in this mouse model, 
showed no differences in signal (Supplementary Figure 5).

Fig. 3. Neprilysin levels in different brain regions and in the kidney in the membrane fraction after the in vivo treatment study. A. Study design. For the 
treatment study, a therapeutic dose of 30 nmol/kg was intravenously injected into 7–8 month-old APPArcSwe mice (n = 6 per recombinant protein and n = 3 for 
control group PBS) and euthanized after 96 h. B. Neprilysin levels were measured in homogenates from brain regions and kidney (TBST) in 7–8 month-old 
APPArcSwe, 96 h after a single intravenous injection of 30 nmol/kg (2.5 mg / kg body weight) of [125I]SST-scFc-scFv8D3 (n = 6), [125I]scFc-scFv8D3 (n = 6) and 
PBS (n = 3) as a control. Neprilysin levels were quantified using ELISA. Treatment with SST-scFc-scFv8D3 resulted in a significant increase in neprilysin levels in the 
hippocampal area. No change was detected in kidney TBST homogenates. Results are presented as mean ± SD and analyzed using an unpaired t test (*: p < 0.05, **: 
p < 0.01, ****: p < 0.0001 and ns: p > 0.05).
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Fig. 4. Analyzing the levels of Aβ42 monomers and aggregates, with the C- and N-terminal accessible for antibody binding. The ELISA plate was coated and 
detected with antibodies binding to both the C-terminal and a N-terminal of Aβ, allowing the detection of both monomers and aggregates. Following a single 
intravenous injection of a therapeutic dose (30 nmol/kg) of [125I]SST-scFc-scFv8D3, [125I]scFc-scFv8D3 (n = 6), or PBS (n = 3) in 7–8 month-old APPArcSwe mice, 
brains were dissected into distinct regions (hippocampal area, rest of cerebrum, and cerebellum). These regions were homogenized and subjected to sequential 
centrifugation at 16,000 x g to separate A) the soluble fraction (TBS), membrane-bound fraction (TBST) and B) non-soluble (FA) fraction. Aβ aggregates are dissolved 
into monomers in the FA fraction. Results are presented as mean ± SD and analyzed with unpaired t test (*: p < 0.05, ****: p < 0.0001 and ns: p > 0.05).

Fig. 5. Larger aggregates in brain homogenates after in vivo treatment study analyzed by ELISA. A. Aβ dimers, Aβ oligomers and Aβ aggregates with 
accessible N-terminal. ELISA setup using the 3D6 antibody, which binds to the N-terminal of Aβ, as both capture and detection antibody. This ELISA is designed to 
detect aggregates of Aβ (such as dimers and larger aggregates) but not monomers after 96 h of treatment with [125I]SST-scFc-scFv8D3 after a single intravenous 
injection of 30 nmol/kg in 7–8 month-old APPArcSwe mice. Results are presented as mean ± SD and analyzed with unpaired t test (ns: p > 0.05).
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2.11. Reduced levels of Aβ with hairpins which are usually present in 
smaller aggregates after in vivo treatment study with SST

The reduction of Aβ after treatment is likely due to a decrease in 
smaller aggregates. When aggregates begin to form, they initially create 
a beta hairpin structure, which is lost as the aggregates grow larger and 
transform into fibrils [19,41,42]. In fibrils, the hairpin is twisted, and 
beta sheets are formed. The A11 antibody detects the beta hairpin in 
smaller aggregates but does not bind to larger aggregates without the 
hairpin [43]. An ELISA using the A11 antibody as a capture antibody 
showed a decrease in Aβ with the hairpin structure in the hippocampal 
area after treatment (Fig. 6, ELISA EAβo1-X in reference [39]).

2.12. The levels of various forms of neprilysin and Aβ in the plasma after 
in vivo study

As the SST-scFc-scFv8D3 construct was injected intravenously, it will 
first distribute in the blood before entering the brain via TfR-mediated 
transport across the BBB. Since neprilysin levels were only increased 
in the brain (Fig. 3B) and not in the kidney, we aimed to investigate 
whether neprilysin and Aβ levels were affected in the plasma. However, 
somatostatin receptor levels in the blood are likely low, and neprilysin 
levels in plasma remained undetectable by ELISA in all treatment groups 
(data not shown). Our data showed that levels of human Aβ40 and Aβ42 
monomers in plasma were elevated 96 h after SST-scFc-scFv8D3 injec
tion, but no such increase was observed in the control groups (Fig. 7).

3. Discussion

In this study, we developed a novel treatment for Alzheimer’s disease 
(AD) using the hormone SST to enhance endogenous levels, an enzyme 
that degrades Aβ. Specifically, we attached a BBB transporter to SST and 
extended its half-life by incorporating an Fc fragment. This treatment 
was tested in the APPArcSwe mouse model, which overexpresses Aβ with 
the Arctic mutation. The results showed increased neprilysin levels in 

the hippocampus and a reduction in membrane-associated, intracellular 
and insoluble Aβ42, as well as oligomeric Aβ.

In Alzheimer’s disease, the hippocampus is the first region affected 
by Aβ aggregation. In this study, we show that neprilysin levels pri
marily increase in the hippocampus following treatment. It is also in the 
hippocampus that we observed the main reduction in specific Aβ types, 
particularly membrane-bound Aβ42 monomers and aggregates. Since a 
C-terminal region-binding antibody was used, the detected aggregates 
are likely smaller, as the C-terminal is often hidden in larger aggregates. 
These findings are consistent with our earlier work [12] using a mouse 
model expressing human wild-type Aβ without the Arctic mutation. 
Additionally, we observed a reduction in the Aβ42 content of insoluble 
aggregates, which was not analyzed in our previous study. The reduction 
was observed not only in the hippocampus but also throughout the ce
rebrum, suggesting a widespread effect of neprilysin in Aβ42 levels. No 
reduction in the Aβ40 levels was detected.

Our results suggest that using SST to enhance neprilysin levels pri
marily facilitates the degradation of Aβ42, with a lesser effect on Aβ40. 
Neprilysin has been shown to cleave both Aβ40 and Aβ42 in vitro, with a 
greater efficiency for Aβ40 [34]. However, extracellular Aβ42 is more 
commonly associated with membranes than Aβ40 [44,45], making Aβ42 
more accessible for cleavage by neprilysin, which is also present in the 
membrane. This could explain why our in vivo results differ from earlier 
in vitro results. Additionally, it has been shown that lipids and mem
branes promote the catalysis of oligomers from Aβ42 monomers [44,45]. 
If neprilysin reduces Aβ42 levels near the membrane or intracellularly, it 
could decrease oligomerization of Aβ42 in these locations. Aβ42 is more 
commonly found in the core of Aβ plaques, while Aβ40 is more prevalent 
in the periphery [46]. Thus, it is possible that Aβ40 aggregates extra
cellularly through association with earlier-formed Aβ42 plaque cores. 
Another potential explanation is that neprilysin could influence the 
cleavage of APP by gamma secretase, thereby affecting the balance of 
Aβ42 and Aβ40 production.

In this study, we also examined the levels of Aβ containing a hairpin 
structure, which are likely smaller oligomers or aggregates. Our results 

Fig. 6. ELISA analysis of hairpin Aβ of TBST brain homogenates from the in vivo treatment study with SST-scFc-scFv8D3. This ELISA detects Aß with beta in 
small aggregates with beta hairpin structure and shows a significant reduction in the levels of hairpin Aß in the membrane-soluble fraction of the hippocampal region, 
96 h post-injection of [125I]SST-scFc-scFv8D3 (30 nmol/kg) via a singleintravenous injection. Results are presented as mean ± SD and analyzed using an unpaired t 
test (*: p < 0.05 and ns: p > 0.05).
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show a reduction of these forms in the hippocampus of SST-scFc- 
scFv8D3-treated animals. The absence of a reduction in larger soluble 
aggregates may be to the study design. The treatment was administered 
over four days, a timeframe during which smaller, more transient ag
gregates are more likely to be affected, compared to larger, more stable 
aggregates. It is possible that longer treatment durations could impact 
larger aggregates as well, but this will need to be explored in future 
studies.

The reduced levels of specific Aβ forms in the APPArcSwe animal 
model suggest that neprilysin is capable of cleaving Aβ with the Arctic 
mutation, a point that has been debated previously. The data presented 
here supports our earlier in vitro findings, demonstrating that neprilysin 
efficiently cleaves Aβ with the Arctic mutation [34]. Neprilysin levels 
were substantially increased in the hippocampus and only slightly 
increased in the rest of the cerebrum. Despite this, we observed a 
decrease in Aβ42 levels throughout the cerebrum, suggesting that 
neprilysin’s effect may spread beyond the hippocampus.

Additionally, our results indicate a slight increase of the Aβ levels in 
plasma, suggesting that the treatment did not enhance neprilysin levels 
in the blood. This is an important finding, as an increase in neprilysin in 
tissues outside the brain could lead to unwanted side effects. It is, of 
course, possible that the SST may cause side effects that were not 
detected in these experiments, and this possibility should be studied 
further.

There is little correlation between plaque load and cognitive function 
in Alzheimer’s disease, whereas a strong correlation exists between the 
levels of soluble small aggregates and cognition. It is also very likely that 
intracellular and membrane-bound Aβ contribute significantly to 
toxicity, and these forms cannot be targeted by currently clinically 
approved antibodies. Therefore, treatment strategies aimed at removing 
intracellular Aβ, membrane-bound Aβ and small aggregates are needed. 
Here, we demonstrate that a treatment using a brain-penetrating SST in 
a murine model overexpressing human Aβ with the Arctic mutation 
increases levels of the Aβ-degrading enzyme neprilysin, leading to 
reduced membrane-bound oligomeric Aβ and Aβ42 aggregates. This 
represents a novel treatment approach with high potential of clinical 
impacts.

4. Materials and methods

4.1. Design of recombinant proteins

SST-scFc-scFv8D3 was generated by fusing somatostatin (SST, 
mouse, AGCKNFFWKTFTSC) to the constant region of the heavy chain, 
as previously described [35]. Briefly, SST was linked to the C-terminus 
of the constant region of the heavy chain (single-chain fragment con
stant; scFc) via a linker sequence (“APGSGGAPG”). The scFv8D3 TfR 
transporter variable region [47], composed of the heavy and light 
chains, was then connected to the N-terminus of the scFc.

4.2. Expression and purification of proteins

The recombinant proteins SST-scFc-scFv8D3, scFc-scFv8D3, and scFc 
were expressed in Expi293 cells (cat. no. A14527, Thermo Fisher) and 
purified using the ÄKTA Start system (Cytiva) and Protein-G columns 
(cat. no. 17–0405–01, Cytiva) as described previously [28,48]. Briefly, 
Expi293 cells were transiently transfected with pcDNA3.4 vectors using 
the transfection reagent polyethylenimine (PEI, cat. no. A14527, Poly
science). The supernatant was harvested after seven days 
post-transfection, clarified using Cellpure (cat. no. 525243, 
Sigma-Aldrich), and filtered through a 0.2 µM PES membrane filter (cat. 
no. GWP04700, Millipore) before applying to a Protein-G column. 
Proteins were eluted with 0.7 % acetic acid (cat. no. 33209, 
Sigma-Aldrich) and subsequently exchanged in to PBS (cat. no. 
14190250, Thermo Fisher) with 7 K desalting columns (cat. no. 89892, 
Thermo Scientific). Protein concentration was determined by measuring 
absorbance at 280 nm.

4.2.1. Confirmation of purity and size by SDS-PAGE
Purified SST-scFc-scFv8D3, scFc-scFv8D3, and scFc were mixed with 

25 % LDS sample buffer (cat. no. B0007, Life Technologies), and loaded 
onto a 4–12 % Bis-Tris protein gel (cat. no. NW04125BOX, Invitrogen). 
The gel was run at 80 V for analysis and stained with PAGE Blue Protein 
Staining Solution (cat. no. 24620, Thermo Fisher). Molecular weight 
was determined by comparing the protein bands to a pre-stained protein 
ladder (PageRulerTM Plus Prestained Protein Ladder, 10 – 250 kDa; cat. 
no. 26619, Thermo Scientific). Images were captured using the Odyssey 
Fc Imaging System (LI-COR Biosciences, Bad Homburg, Germany).

Fig. 7. ELISA analysis of Aß40 and Aß42 monomer levels in plasma after in vivo treatment. Levels of Aß40 and Aß42 monomers were elevated 96 h after a 
single intravenous injection of [125I]SST-scFc-scFv8D3 or [125I]scFc-scFv8D3 (30 nmol/kg) in 7 – 8 month-old APPArcSwe mice in plasma. Results are presented as 
mean ± SD and analyzed using an unpaired t test (*: p < 0.05 and ns: p > 0.05).
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4.2.2. Mass photometry
The purity of the recombinant proteins SST-scFc-scFv8D3, scFc- 

scFv8D3, and scFc were validated using mass photometry, performed on 
a Refeyn 2MP System (Refeyn Ltd., Oxford, UK). This method de
termines the molecular mass by analyzing the proportional relationship 
between the intensity of light scattering generated by the molecules 
interacting with the glass surface and their molecular mass [49]. The 
resulting data are presented as histograms based on mass distribution. 
Values below zero correspond to buffer impurities, which are neglect
able for the proteins analysed in this experiment.

4.2.3. Thermal shift assay
The structural stability of the recombinant proteins was assessed by 

using the Tycho NT.6 instrument (NanoTemper Technologies GmbH, 
Munich, Germany) as previously described [12]. Briefly, equimolar 
concentrations (1 μM) of the proteins were loaded into glass capillaries 
(NanoTemper Technologies GmbH, Munich, Germany) and heated from 
35◦C to 95◦C with a linear temperature gradient. The fluorescence in
tensities at 350 and 330 nm were measured, and the ratio of these in
tensities was used to calculate the first derivative. The infliction 
temperature, which corresponds to the peak in the first derivative of the 
350 nm / 330 nm ratio, was determined to indicate at which major 
unfolding events occurs.

4.2.4. Dynamic light scattering
To further assess the quality of the purified proteins, dynamic light 

scattering (DLS) analysis was performed on SST-scFc-scFv8D3, scFc- 
scFv8D3, and scFc using an Anton Paar Litesizer 100 (Anton Paar GmbH, 
Graz, Austria). The size distribution was analysed based on intensity- 
weighted, on volume-weighted and on number-weighted models. The 
hydrodynamic diameter was determined using the number weighted- 
model.

4.2.5. In vitro analysis of binding to the recombinant protein to the mouse 
transferrin receptor

The binding of the purified SST-scFc-scFv8D3 to the mouse trans
ferrin receptor (TfR) was assessed using a previously described ELISA 
[29]. Briefly, 50 ng of recombinant mouse TfR in PBS was added to each 
well of a 96-well half-area plates (cat. no. 3960, Corning Incorporated) 
and incubated overnight at 4◦C. Blocking was performed with 1 % BSA 
(cat. no. A7030, Sigma-Aldrich) in PBS for two hours at room temper
ature (RT). Serial dilutions of SST-scFc-scFv8D3 in ELISA incubation 
buffer (1 x PBS with 0.1 % BSA and 0.05 % Tween-20) were added to the 
wells and incubated for two hours at RT with shaking. For detection, 
horse-radish peroxidase (HRP) conjugated goat anti-mouse secondary 
antibodies (cat. no.12349, Sigma-Aldrich) was used, followed by signal 
development with K-blue aqueous TMB (cat. no.331177, Neogen Corp) 
and an equal amount of 1 M H2SO4 (cat. no. 35347, Fisher Scientific) as 
stopping reagent. Absorbance was measured at 450 nm using a Spark® 
multimode microplate reader (Tecan, Männedorf, Switzerland). After 
blocking, the wells were washed with ELISA washing buffer (1 x PBS 
with 0.05 % Tween-20) between each step.

4.2.6. Cell culture
The human neuroblastoma cell line SHSY5Y was cultured in T75 

flasks (cat.no. 83.3911.002, Sarstedt) at 37◦C with 5 % CO2 in a 1:1 (v/ 
v) mixture of minimum essential medium (MEM, cat. no. 41090036, 
Gibco) and Ham’s F-12 medium (cat. no. 21127002, Gibco), supple
mented with 10 % fetal bovine serum (FBS, cat. no. 10270106, Gibco). 
For maintenance, cells were cultured to 80 % confluency, detached with 
TrypLE (cat. no. 12604013, Gibco) according to manufacturer’s in
structions, and seeded at a density of approx. 80,000 cells/mL. Cells 
were plated in 96-well black plates with clear bottoms (cat. no. 3603, 
Corning Incorporated) at a density of 5000 cells per well.

4.2.7. Neprilysin activity measurement in vitro
The activity of cell-surface neprilysin in SHSY5Y cells was measured 

as previously described [50]. SHSY5Y cells were starved 48 h prior to 
the protein treatment by switching to a serum- free medium to eliminate 
the effect of the serum. The cells were treated with 10 μM of SST peptide 
(cat. no. 4032, PeptaNova), SST-scFc-scFv8D3, SST-scFv8D3, or 
scFc-scFv8D3 for 24 h at 37◦C. Cyclo-SST (cat. no. 3493, Tocris) was 
used as a SSTR antagonist. After the incubation, the media was removed, 
and the cells were washed with 0.1 M MES (pH 7.0). The cells were then 
incubated for 1 h at 37◦C with a substrate mix containing 0.2 M MES, 
EDTA-free complete protease inhibitor (cat. no. 05056489001, Roche), 
Z-LLLaldehyde (final concentration of 1 μM, cat.no. 3175, Peptide 
Institute) and Suc-Ala-Ala-Phe-MCA (final concentration of 0.5 mM, cat. 
no. S8758, Sigma-Aldrich) in assay buffer (50 mM Tris-HCl pH 7.6, 
25 mM NaCl, 5 mM ZnCl2). To inhibit neprilysin activity, thiorphan 
(final concentration 10 μM, cat. no. T6031, Sigma-Aldrich) diluted in 
the assay buffer (50 mM Tris-HCl pH 7.6, 25 mM NaCl, 5 mM ZnCl2) was 
added to half of the wells. Phosphormamidon (final concentration 
0.1 mM, cat. no. 4052–25, PeptaNova) and leucine aminopeptidase 
(final concentration 0.1 mg/mL, cat. no. L5006, Sigma) were then added 
to the wells and incubated for an additional 30 min at 37◦C. Fluores
cence intensity was measured at excitation 320 nm and emission 
410 nm using FLUOstar Omega microplate reader (BMG Labtech, 
Ortenberg, Germany). Due to limitations of the plate reader, the wave
lengths could not be adjusted to the optimal settings for detecting MCA 
fluorescence (excitation 380 nm and emission at 460 nm), which may 
have affected the sensitivity of the fluorescence readings. Neprilysin 
activity was defined by the difference in fluorescence intensity between 
the thiorphan-negative and thiorphan-positive reactions.

4.2.8. Radiolabelling of recombinant proteins with iodine-125
For in vivo analysis, recombinant proteins were labelled with iodine- 

125 ([125I], cat. no. NEZ033A010MC, Revvity) as previously described 
[51,52]. [125I] primarily targets tyrosine and to lesser extent even his
tidine and tryptophan, provided they are accessible and reactive. 
Consequently, labelling is not evenly distributed across the entire pro
tein. Labelling was performed by mixing the recombinant protein with 
125I in PBS, followed immediately by direct ionization with 1 mg/mL 
chloramine-T (cat. no. 857319, Sigma-Aldrich) for 90 s at room tem
perature. The reaction was quenched by adding 1 mg/mL sodium 
meta-bisulphate (cat. no. 08982, Sigma-Aldrich). To remove free and 
unbound iodine, the radio-labelled proteins were applied to Zeba mini 
columns (7 K, cat. no. 89883, Thermo Fisher) for buffer exchange to 
PBS. The labelling yield ranged from 65 % to 75 %, determined by 
calculating the activity based on the initial amount of 125I added and the 
remaining activity of the radio-labelled proteins after the buffer ex
change. Radiolabelling was always performed one to two hours prior to 
the experiment. For administration, the 125I-labelled recombinant pro
teins were delivered either as an equimolar tracer dose (0.3 nmol/kg) or 
equimolar therapeutic dose (30 nmol/kg). For therapeutic dose, only 
10 % of the administered dose was labelled with 125I, this was mixed 
with unlabelled recombinant proteins 1:10 (v/v) ratio.

4.2.9. Animals for in vivo study
C57Bl/6JBomTAC mice (n = 10, male, 3–4 months, weight range: 

27.2 g – 30.1 g) were purchased from a certified supplier (Taconic M&B) 
and used for brain uptake studies. For treatment studies, female and 
male APPArcSwe mice (n = 18, weight range: females 22.8 g – 29.4 g, and 
males 25.9 g – 32.1 g) were selected. This model expresses an Alz
heimer’s disease (AD)-like Aβ pathology, containing both the Arctic 
(APP E693G) and the Swedish (APP KM670/671NL) mutation in the 
APP gene [53]. Previous research has that neprilysin exhibits higher 
proteolytic efficiency on Aβ monomers compared to aggregates [54]. 
Therefore, 7–8 month-old APPArcSwe mice were chosen, as at this age 
they have a higher proportion of soluble Aβ aggregates compared to Aβ 
insoluble plaques, in contrast to older animals [55].
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The animals were housed in individually ventilated cages, with 3 – 5 
mice per cage, in an animal facility at Uppsala University. They had free 
access to food and water, with a controlled environment (humidity: 
50–55 %, temperature: 22–23◦C) and a 12:12-hour light:dark cycle. All 
animal experiments were performed in the morning between 
8:00–10:00 am. The ethical permit for the study (#5.8.18–20401/2020) 
was approved by the Uppsala County Animal Ethics Board. All proced
ures were carried out in compliance with the Swedish ethical on animal 
experimentation, following the ARRIVE guidelines, and in accordance 
with the regulations of the Swedish Animal Welfare Agency and com
plied with the European Communities Council Directive of 22 
September 2022 (2010/63/E.U.).

4.2.10. Brain uptake studies and biodistribution in wild-type mice
C57Bl/6JBomTac wild-type mice (n = 2–4 per treatment, total 

n = 10) were administered with an equimolar tracer dose (0.3 nmol/kg 
body weight, equivalent to 0.05 mg/kg body weight) of 125I-labelled 
recombinant proteins via intravenous bolus injection into the tail vein. 
Mice were assigned to experimental groups, which were distributed 
equally across cages. No randomization or blinding was performed. Two 
hours post-injection, terminal blood samples were collected while the 
mice were under deep anaesthesia with isoflurane, and animals were 
then euthanized by transcardial perfusion with 0.9 % (w/v) NaCl (cat. 
no. 1.06404.1000, Sigma-Aldrich). Plasma was separated from the 
blood cells by centrifugation at 10,000 x g for five minutes at 4◦C. 
Perfused brains, along with peripheral organs (liver, spleen, heart, lung, 
kidney, pancreas, thyroid) and tissues (muscle, bone, skull), were har
vested. The radioactivity levels in these samples were measured using a 
gamma counter (WIZARD 1480, Wallac Oy, Turku, Finland) as previ
ously described [12]. Radioactivity, reported as counts per minute 
(CPM), was used to quantify the concentrations of the recombinant 
proteins as percentage of injected dose (%ID) per gram tissue. Statistical 
analysis was conducted using the ANOVA function in Prism 9 for macOS 
(version 9.3.1).

4.2.11. Therapeutic study and half-life determination in APPArcSwe mouse 
model

For therapeutic experiments, equimolar therapeutic doses of re
combinant proteins were injected intravenously (bolus) into the tail vein 
of APPArcSwe mice. The doses were as follows: SST-scFc-scFv8D3 (Mw 
84 kDa, 30 nmol/kg bodyweight, 2.5 mg/kg bodyweight, n = 6), scFc- 
scFv8D3 (Mw 82 kDa, 30 nmol/kg bodyweight, 2.5 mg/kg body
weight, n = 6) and PBS (n = 3) Only 10 % of the recombinant proteins 
were labelled with 125I.

Blood samples were collected at time points of 1, 4, 6, 24, 48, 72, and 
96 h post-injection using 8 µL glass capillaries (cat. no. 172613, Vitrex 
Medical A/S) to determine the blood half-life of the injected proteins. 
After 96 h post-injection, the animals were euthanized by transcardial 
perfusion with 0.9 % NaCl under deep terminal isoflurane anaesthesia.

Peripheral organs (liver, spleen, heart, lung, kidney, pancreas, thy
roid), tissues (muscle, bone, skull), and blood were harvested. Plasma 
was separated from the blood cells by centrifugation at 10,000 x g for 
five minutes at 4◦C. The brain was dissected into two hemispheres, and 
the left hemisphere was further subdivided into the following regions: 
(1) hippocampal area, (2) rest of cerebrum, and (3) cerebellum. 
Radioactivity levels in the blood samples, brain regions, and organs 
were measured using a Wizard 2470 gamma counter (Perkin Elmer Inc., 
Waltham, USA) as previously described [12]. The concentration of 
radioactivity in these tissues and blood samples (measured as counts per 
minute, CPM) was calculated as percentage of injected dose (%ID) per 
gram tissue or blood.

To analyse the ratio of [125I]-labelled recombinant proteins to free 
125I, plasma and urine samples were subjected to thin layer chroma
tography (TLC). Briefly, 2 µL of each sample was applied to a baseline on 
a silica-coated aluminum plate (cat. no. 105554001, Merck) and allowed 
to air-dry. The TLC plate was then placed in a separation chamber 

containing 70 % acetone as a mobile phase. Once the solvent front had 
migrated approximately two-thirds of the length of the plate, the plate 
was removed and dried. Radioactivity was visualised using a Cylcone 
PhosphoImager (Perkin Elmer)

4.2.12. Sample preparation of brain and organs from therapeutic study
The right hemisphere of the brain was preserved intact and stored at 

− 80◦C, while the left hemisphere was used for homogenization to obtain 
different populations of Aβ. The left hemisphere was subdivided into the 
following regions: (1) hippocampal area, (2) rest of cerebrum, and (3) 
cerebellum. The tissue was weighed and diluted at a ratio of 1:5 (w/v) 
with tris-buffered saline (TBS) containing cOmplete™ protease in
hibitors (cat. no. 11697498001, Roche) in soft tissue homogenizing 
tubes (cat. no. 19–627 and 19–626–3, Revvity). Homogenization was 
performed using a Precellys Evolution System (Bertin Corp, Rockville, 
MD, USA). The homogenates were then centrifuged at 16,000 x g for one 
hour at 4◦C to generate a soluble Aβ extract from the brain. The 
remaining pellet was re-homogenized with TBS containing 1 % Triton-X 
(TBST, cat. no. T8787, Sigma-Aldrich) and centrifuged again at 16,000 x 
g for one hour at 4 ◦C to generate a membrane-bound soluble Aβ extract. 
Finally, the remaining pellet was homogenized with 70 % formic acid 
(FA, cat. no. F0507, Sigma-Aldrich) and centrifuged at 16,000 x g at for 
one hour at 4◦C to generate an insoluble Aβ brain extract. The formic 
acid samples were initially neutralized with 2 M Tris pH8.0 and further 
diluted with ELISA incubation buffer (1 x PBS with 0.1 % BSA and 
0.05 % Tween-20). The resulting brain extracts were stored at − 80◦C 
until further use.

4.2.13. Neprilysin protein-levels ELISA
The levels of neprilysin in both the TBS soluble fractions and TBST 

membrane-bound soluble fraction from brain and kidney samples were 
measured using a neprilysin ELISA kit (cat. no. DY1126, R&D), 
following the manufacturer’s protocol. Ninety-six well half-area plates 
(cat. no. 3960, Corning Incorporated) were coated with 1.6 μg/mL of the 
capture antibody (Goat-anti mouse neprilysin) in PBS overnight at 4◦C. 
The following day, the plates were blocked with 1 % BSA in 1 x PBS for 
two hours at RT. Samples were diluted 1:10 (v/v) in ELISA incubation 
buffer (1 x PBS with 0.1 % BSA and 0.05 % Tween-20) and incubated for 
two hours at RT. Afterwards, biotinylated goat anti-mouse neprilysin 
detection antibody (final concentration: 400 ng/mL) was added, and the 
plates were incubated for an additional two hours at RT. The final in
cubation was performed using Streptavidin-HRP, diluted 1:4000 (v/v) 
(cat. no. 3310–9–1000, Mabtech) for one hour at RT. The signal was 
developed using K-blue aqueous TMB (cat. no. 331177, Neogen Corp). 
The absorbance was measured at 450 nm using a Spark® multimode 
microplate reader (Tecan, Männedorf, Switzerland). Wells were washed 
with ELISA washing buffer (1 x PBS with 0.05 % Tween-20) between 
each step after blocking.

4.2.14. Aβ ELISA
For the analysis of Aβ, indirect sandwich ELISA’s were performed. 

Ninety-six-well half-area plates (cat. no. 3690, Corning Inc.) were coated 
with 1 μg/mL capture antibody (details provided in table below) for 
overnight at 4◦C. Following this, plates were incubated for two hours at 
RT with 1 % BSA in PBS for blocking. Brain homogenates (TBS and 
TBST) were diluted 1:10 (v/v) in ELISA incubation buffer (EIB, 0.1 % 
BSA, 0.05 % Tween-20 in PBS), whereas the FA fraction was diluted 
1:3000 (v/v) in ELISA incubation buffer and applied in duplicates for 
overnight at 4◦C. An in-house produced biotinylated 3D6 antibody was 
used for most ELISA set-ups at a final concentration of 1 µg/mL in ELISA 
incubation buffer followed by a two hours incubation at RT. For 
detection, streptavidin-HRP (cat. no. 3310–9–1000, Mabtech) was 
diluted 1:4000 (v/v) in EIB. Signal was developed with K-blue aqueous 
TMB (cat. no. 331177, Neogen Corp) and stopped with 1 M H2SO4 (cat. 
no. 35347, Fisher Scientific) in a 1:1 (v/v) ratio. Absorbance was 
measured at 450 nm using a Spark® multimode microplate reader 

N.G. Metzendorf et al.                                                                                                                                                                                                                         Biomedicine & Pharmacotherapy 189 (2025) 118325 

10 



(Tecan, Männedorf, Switzerland). Wells were washed with ELISA 
washing buffer (1 x PBS with 0.05 % Tween-20) between each step after 
blocking.

ELISA 
description

Figure Capture antibody Detection 
antibody

“Aβ42 monomers 
and aggregates 
with C- and N- 
terminal 
available”

4 Aβ 1 – 42 
recombinant rabbit 
monoclonal 
antibody (H31L21) 
binds to Aβ C- 
terminal part (cat. 
no. 700254, Thermo 
Fisher)

3D6 
-biotinylated, in 
house produced

“Aβ dimers, 
oligomers and 
aggregates, N- 
terminal 
available”

5 3D6, in house 
produced [56], 
monoclonal, binds 
Aβ N-terminus, 
recognizes 
monomers and 
aggregates

3D6 
-biotinylated, in 
house produced

“Aβ hairpin 
(A11) and N- 
terminal 
available”

6 Oligomer A11 rabbit 
polyclonal antibody, 
recognizes ab 
oligomeric species of 
amyloidogenic 
polypeptides (cat. no. 
AHB0052, Thermo 
Fisher)

3D6 
-biotinylated, in 
house produced

“monomeric Aβ” 7 & 
Supplementary 
Figure 5

m266, in house 
produced [40]
binds to mid-region, 
specific for 
monomers

3D6 
-biotinylated, in 
house produced

4.3. Statistical analysis

Data are presented as mean ± SD. Statistical significance was 
determined using either an unpaired t-test or one-way ANOVA followed 
by Bonferroni’s post-hoc analysis. p-values were considered significant 
at *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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