
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 311

Enhancing the therapeutic effect
of biological drugs with protein
engineering

Focusing on pre-clinical Alzheimer’s disease therapy

FADI ROFO

ISSN 1651-6192
ISBN 978-91-513-1501-0
URN urn:nbn:se:uu:diva-472634



Dissertation presented at Uppsala University to be publicly examined in Room A1:111a,
BMC, Husargatan 3, Uppsala, Thursday, 9 June 2022 at 13:15 for the degree of Doctor of
Philosophy (Faculty of Pharmacy). The examination will be conducted in English. Faculty
examiner: PhD, principal scientist/associate director Joy Zuchero (Denali Therapeutics-
Biology Discovery, USA).

Abstract
Rofo, F. 2022. Enhancing the therapeutic effect of biological drugs with protein engineering.
Focusing on pre-clinical Alzheimer’s disease therapy. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Pharmacy 311. 76 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1501-0.

Aggregation of the amyloid-β peptide (Aβ) is one of the main pathological hallmarks in
Alzheimer’s disease (AD). The soluble Aβ aggregates (oligomers and protofibrils) have shown
to be the most harmful species. Hence, targeting these aggregates can be of therapeutic potential.

Protein therapy is one of the fastest growing fields in drug development with more than 100
FDA approved protein-drugs in the last decade. Despite that, protein-drugs (mainly antibodies)
targeting Aβ displayed limited beneficial effects in AD clinical trials. This might be attributed
to the presence of the blood-brain barrier (BBB) that hinders the entry of big molecules such
as proteins into the brain.

In paper I, we fused somatostatin peptide (SST) to the previously developed BBB transporter
(scFv8D3). The new protein, SST-scFv8D3, exhibited a 120-times longer plasma half-life
compared to SST, and reached the brain at high levels when intravenously administered. When
tested in APPswe mouse model of AD, SST-scFv8D3 significantly enhanced neprilysin (NEP)-
mediated degradation of hippocampal Aβ42 after only three injections. In paper II, treatment
with SST-scFv8D3 displayed a wide-ranging effect on AD brain proteome. Mitochondrial and
neuronal growth proteins were among the most altered protein-groups, where SST-scFv8D
treatment shifted them towards wild-type levels.

There is potential to increase the binding strength and selectivity of antibodies to small Aβ
aggregates (oligomers), which are thought to be the most toxic Aβ species. In paper III, we
developed a multivalent antibody format with additional binding sites having short distances
between them. The new antibody format displayed a 40-fold reduction in the dissociation
rate from Aβ protofibrils. Furthermore, the multivalent antibody could strongly bind small Aβ
oligomers, which has been difficult to achieve with conventional IgG antibodies. In paper IV, we
developed a bispecific version of the multivalent antibody capable of passing the BBB. A single
intravenous injection of the new antibody format was enough to significantly clear soluble Aβ
aggregates from the brain of tg-ArcSwe mice.

In paper V, we developed recombinant proteins with NEP linked to an Fc-fragment to provide
long half-life and to the above-mentioned BBB transporter. When applied at therapeutic doses,
these proteins significantly degraded plasma Aβ, but displayed limited effects on brain Aβ
concentration, probably due to their short retention times in the brain.

In conclusion, we developed new protein-drugs with improved binding properties to Aβ,
ability to cross the BBB, and therapeutic potential in pre-clinical mouse models of AD. 
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Introduction 

Protein-based biological drugs 

The term biological drugs or biologics refers to products in which the active 

substances come from biological sources such as human and animal tissues or 

cells. The active substance in the majority of biological drugs is originated 

from proteins, hence, these are referred to as protein-based biological drugs. 

Examples include monoclonal antibodies (mAbs), Fc-fusion proteins, 

hormones, enzymes and coagulation factors [1]. In drug development, the 

field of protein-based biological drugs is rapidly growing, with more than 100 

biological drugs approved by the American food and drug administration 

FDA. During 2021 alone, fourteen new biologics were approved, constituting 

around 35% of all FDA approved therapies during the last year [2]. The 

success with protein-based biological drugs can be attributed to the possibility 

of re-engineering these proteins so they can bind strongly and selectively to 

their targets, often making it possible to treat diseases that small molecule 

drugs have failed to treat [3].  

In terms of size, protein-based biological drugs are gigantic compared to 

small molecule drugs. Their molecular weight ranges from few kilo Daltons 

(kDa) as is the case for peptides and hormones, to hundred kDa as is the case 

for mAbs. The large size of protein-drugs limits their clinical application due 

to the inability of these molecules to reach targets that are located 

intracellularly or shielded behind physiological barriers. All currently 

approved protein-drugs are exclusively targeting extracellular molecules or 

cell-surface receptors having a large extracellular domain [4]. 

Examples of protein-based biological drugs 

Full length antibodies 

Antibodies or immunoglobulins (Ig) are glycoproteins that are naturally 

produced by B-cells in response to foreign antigens. There are five different 

classes of antibodies: IgM, IgA, IgD, IgE and IgG, with the latter being the 

most abundant antibody class in the human body. Conventional IgG 

antibodies are large proteins of approximately 150 kDa, having two identical 

heavy chains (each chain around 50 kDa) and two identical light chains (each 

chain around 25 kDa), linked together via disulfide bonds. The structure of 
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IgG antibodies consists of an Fc-region (fragment crystallizable) and a Fab-

region (fragment antigen binding), linked together by the hinge-region which 

provides the antibody with flexibility. The Fc-region consists of two heavy 

chain constant domains (CH2 and CH3) which are involved in determining 

the antibody’s kinetic properties and effector functions via the interaction with 

the Fc receptors [5]. In addition, the Fc-region also determines the IgG 

antibody’s subclass. In human, there are 4 subclasses of IgG antibodies (IgG1, 

IgG2, IgG3 and IgG4), while in mouse, 5 subclasses of IgG antibodies have 

been described (IgG1, IgG2a, IgG2b, IgG2c and IgG3) [6]. The fab-region of 

an IgG antibody consists of a constant and a variable domain (CH1 and VH 

for heavy chain; CL and VL for light chain). Each variable domain contains 

three complementarity-determining regions (CDRs), which are responsible 

for the antibodies’ binding strength and specificity to their targeted antigens 

[7]. A schematic representation of an IgG antibody structure can be found in 

Figure 1. In 1986, the first antibody therapy (Muromonab) was approved for 

clinical use as an anti-CD3 antibody used during organ transplantation [8]. 

Since then, the FDA has approved more than 100 antibody products, with 

many of these antibodies used for the treatment of different cancer types, 

inflammatory diseases, and autoimmune disorders [9]. 

 

Figure 1 Schematic representation of an IgG antibody structure. An antibody 
consists of two identical heavy chains (blue) and two identical light chains (green). 
The two functional parts of an antibody, Fab (fragment antigen binding) and Fc 
(fragment crystallizable) are linked to each other by the hinge region. (VH: variable 
heavy; VL: variable light; CH1: constant heavy domain-1; CH2: constant heavy 
domin-2; CH3: constant heavy domain-3; CL: constant light).    

Antibody fragments  

In addition to full length IgG antibodies (Figure 2A), fragments of antibodies 

have been also generated. Examples include antigen-binding fragment (Fab) 

(Figure 2B) and single-chain fragment variable (scFv) consisting of heavy 
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and light variable domains connected via a polypeptide linker (Figure 2C). 

The small size of these antibody fragments (50 kDa for Fab and 25 kDa for 

scFv) compared to that of full length antibodies (150 kDa) can be 

advantageous, as these small antibody fragments can bind epitopes on targets 

that are difficult to access by using full length antibodies [10]. In addition, 

these antibody fragments lack the Fc region, hence, they display no interaction 

with the Fc receptors and are associated with less immune-related side effects 

compared to full-length antibodies. Nevertheless, lacking the Fc-region can 

interfere with the pharmacokinetic properties of these antibody fragments, 

significantly shortening their plasma half-life compared to full-length 

antibodies [11]. An example of an antibody fragment approved by FDA is 

Brolucizumab, a humanized scFv of 26 kDa. Brolucizumab binds to and 

inhibits vascular endothelial growth factor (VEGF) and is used for the 

treatment of macular degeneration [12].   

Bispecific antibodies  

Numerous diseases are multi-factorial and their pathophysiology is mediated 

by multiple factors and several signalling pathways. In such cases, a 

therapeutic molecule with specificity to more than one target is desirable. 

Naturally occurring IgG antibodies are monospecific (both antigen-binding 

sites bind the same target). For this reason, bispecific antibodies have been 

developed. As the name implies, bispecific antibodies can recognize two 

distinct targets or two different epitopes on the same target. In the last decade, 

different formats of bispecific antibodies have been generated for purposes 

such as simultaneous targeting of two signalling pathways [13], re-directing 

immune cells to the tumour microenvironment [14,15] and delivery of 

therapeutic proteins over physiological barriers [16]. These designs can be 

symmetric or asymmetric, contain or lack the Fc-region and include one or 

more additional domains [17,18].  

Examples of bispecific antibodies include IgG-scFv, where scFvs from the 

same or another antibody are added to C- or N-terminal ends of the antibody 

of interest (Figure 2D-F), and Knob-into-holes-IgG, where the CH3 domain 

of the antibody is re-engineered to create a knob or a hole to allow 

heterodimerization (Figure 2G). Several bispecific antibodies are currently in 

clinical trials, which are mainly used for the treatment of different types of 

cancers [19]. In addition, bispecific antibodies for the treatment of other 

disease such as diabetes, pneumonia, eye diseases and AD have also been 

developed [20]. Up until writing this thesis, three bispecific antibodies have 

been approved by the FDA, with the most recent being Amivantamab, an anti-

EGFR/c-MET bispecific antibody used for the treatment of lung cancer [2].    
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Figure 2 Examples of antibody-based protein drug designs. A: naturally occurring 
IgG antibody. B: Fab fragment of IgG antibody. C: scFv consisting of a heavy 
variable domain linked to a light variable domain via a polypeptide linker. D: 
bispecific antibody design where the additional scFvs are added to the N-terminal end 
of the heavy chain. E: bispecific antibody design where the additional scFvs are added 
to the C-terminal end of the light chain. F: bispecific antibody design where the 
additional scFvs are added to the C-terminal end of the heavy chain. G: Knob-into-
hole IgG antibody where the CH3 domain of the Fc region is re-engineered to allow 
hetero-dimerization.  

Fc-fusion proteins  

In numerous protein-drug designs, the Fc region of an IgG antibody (CH3-

CH2-hinge) is linked to another protein of interest. The addition of the Fc 

region to these designs can give rise to long plasma half-life due to the 

interaction of the Fc region with the neonatal Fc receptors. In addition, the 

incorporation of the Fc region can provide effector functions through the 

interaction with Fc gamma receptors [21]. Furthermore, the valency of 

proteins can be enhanced following their fusion with the Fc region, as the latter 

exists as a dimer [22]. To date, more than 10 Fc-fusion proteins have been 

approved by the FDA. An example is Etanercept, which consists of the 

extracellular domain of human tumour-necrosis factor receptor linked to the 

Fc region of human IgG1, and is used for the treatment of rheumatoid arthritis 

[23].  
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Protein-drugs other than antibody-based 

Therapeutic proteins other than antibodies and Fc-fusion proteins have also 

been developed. Examples include enzymes, hormones, coagulation factors, 

growth factors, interleukins and interferons [24]. The majority of these 

products are used as a replacement therapy to compensate for the deficiency 

or absence of a protein of interest in a certain disease. The most famous 

example of this group is recombinant human insulin, the first protein-based 

biological drug approved by the FDA in 1982 [25].  

Alzheimer’s disease  

According to the recently published World Alzheimer Report in September 

2021, over 50 million people are living with dementia worldwide [26]. The 

most common form of dementia which constitutes around 70% of all dementia 

cases is Alzheimer’s disease (AD) [27].  

AD is the most common neurodegenerative disorder. The main risk factor 

in AD is ageing, and with the globally increased life expectancy, the number 

of patients with AD is expected to increase by triple in 2050 [28]. The majority 

of AD cases occur after the age of 65 and this type of AD is referred to as late-

onset AD. While early-onset AD refers to cases occurring before the age of 

65. The majority of AD cases are sporadic, with less than 10% being attributed 

to inheritance [29].  

Clinically, AD is characterized by a progressive decline in cognitive 

functions accompanied with memory loss and behavioural changes. Currently, 

two types of small molecule drugs are available for AD patients. The first class 

is the acetylcholinesterase inhibitors (Rivastigmine, Galantamine, Donepezil) 

that function to enhance the cholinergic neurotransmission that is diminished 

during AD. The second drug is the NMDA receptor antagonist Memantine 

that is believed to block glutamate-induced excitotoxicity. Both classes 

provide temporary relief of symptoms, without having direct effects on the 

progression of the disease [30,31].  

AD was first described in 1906 by the German physician Alois Alzheimer, 

where one of his patients was hospitalized with symptoms of memory 

impairment, behavioural changes, mood swings and psychosocial impairment. 

Following the patient’s death, Alois Alzheimer histologically analysed the 

post-mortem brain tissue. His major findings were brain atrophy, dense 

plaque-shapes of aggregated proteins present around the neurons and 

neurofibrillary tangles inside neurons [32].  

Nowadays, and after a century of Alois Alzheimer’s discovery, the major 

events described above still constitute the two main neuropathological events 

in AD. These are the extracellular aggregation of amyloid-beta (A) peptide 

into plaques and the intracellular accumulation of the hyperphosphorylated 
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protein tau into neurofibrillary tangles [33–35]. In addition to these two 

events, activated glial cells and neuroinflammation have been also described 

as key players involved in the initiation and progression of AD [36].  

Protein aggregation is a common pathological hallmark in several 

neurodegenerative diseases. As mentioned in the above section, A and tau 

are the two major protein aggregates in AD. However, other proteins have also 

been described to aggregate and cause toxicity in other brain disease. 

Examples include alpha ()-synuclein in Parkinson’s disease (PD), huntingtin 

in Huntington’s disease and superoxide dismutase-1 (SOD-1) in amyotrophic 

lateral scleroses (ALS) [37]. Pathological aggregates of these proteins are the 

main targets for several therapies that are currently undergoing clinical trials. 

A is one of the main targets for the protein therapies used in the current thesis 

and is further described in the following sections.  

A formation 

A is a 4.5 kDa peptide that was first purified in 1982 from human brain and 

characterized as a cerebrovascular amyloid protein [38]. A is formed from 

another protein, the amyloid- precursor protein (APP), through enzymatic 

cleavages. APP is a membrane-bound protein with a large N-terminal 

extracellular domain, a transmembrane hydrophobic region and a small C-

terminal intracellular domain [39]. The protein is present in almost every cell 

in the body and in large quantities in the brain. APP has three different 

isoforms, consisting of 770, 751 and 695 amino acids, with the shortest 

isoform being predominantly expressed by neurons. The physiological 

function of APP is poorly understood, with some studies referring to its 

involvement in neuroprotection and neurotrophy [40,41].  

APP is enzymatically processed by two distinct pathways, the 

amyloidogenic and non-amyloidogenic pathways (Figure 3). In the non-

amyloidogenic pathways, APP is cleaved by -secretase enzyme, forming a 

soluble fragment (-APPs) and a membrane-bound fragment (C83). The latter 

is then cleaved by -secretase to generate the non-amyloidogenic peptide (p3). 

While in the amyloidogenic pathway, APP is cleaved by -secretase enzyme 

to form a free soluble N-terminal fragment (-APPs) and a 99 amino acid long 

C-terminal fragment (C99) that remains membrane bound. The latter is further 

cleaved by -secretase, an enzyme which has multiple possible cleavage sites, 

giving rise to A peptide of 38 to 43 amino acids [42,43]. In the human brain, 

the 40 amino acid long peptide (A40) is the most abundant A isoform, 

followed by the slightly longer A42 isoform. A42 is more hydrophobic and 

more prone to aggregate than the A40 peptide [44].  

The physiological function of A is not fully understood. Some studies 

have suggested a possible role of the monomeric form of this peptide in 
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processes of neurons’ growth and differentiation, synapse plasticity 

modulation and lipid homeostasis [45–49].  

 

Figure 3 Enzymatic processing of APP. In the amyloidogenic pathway, APP is 
processed by -secretase and -secretase enzymes, generating A peptide. In the non-
amyloidogenic pathway, APP is processed by -secretase and -secretase enzymes, 
generating the non-amyloidogenic P3 peptide.  

A aggregation and toxicity 

Under physiological conditions, A exists as a soluble and an unfolded 

monomer. However, during AD, the peptide can undergo conformational 

changes to form aggregates, which occurs via a complex pathway referred to 

as the A aggregation cascade, first described in 1992 by Hardy and Higgins 

[33]. The aggregation tendency of A is mediated by an epitope in the mid-

region of the peptide (KLVFF) [50] and by the hydrophobic C-terminal end 

[44]. These properties make A capable of adopting a -hairpin structure, 

where the C-terminus folds over the mid-region, making the latter gradually 

hidden as the size of the aggregates increases [51].  

As schematically presented in Figure 4, monomeric species of A can 

adopt a -structure and form dimers, trimers and tetramers. These can 

assemble together to form intermediate aggregates termed as oligomers, which 

are soluble structures that are heterogenous in size ranging from 25-100 kDa. 

Oligomers can form longer aggregates called protofibrils, which are defined 

as linear structures that remain soluble after centrifugation and have a 

molecular weight of around 100 kDa. Protofibrils can further aggregate into 
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insoluble fibrils which finally form amyloid plaques [33,34,51]. These 

plaques are the structures that can be seen in post-mortem brain tissues from 

AD patients [52].  

According to the amyloid cascade hypothesis, aggregation of A is the 

central pathological event in AD. The hypothesis states that the other 

pathological events in AD such as tau deposition, neuroinflammation and 

neurodegeneration are all the results of A aggregation [53]. In addition, 

genetic factors such as mutations in APP have been demonstrated to enhance 

A formation and aggregation, leading to early-onset familial AD. A very 

famous example is the Swedish mutation, where a family of early-onset AD 

has been reported to have a double mutation at positions 670 and 671 in the 

amino acid sequence of APP, resulting in increased production of A 

[54,55]. Another example is the Arctic mutation, which is a point-mutation 

(glutamic acid to glycine) at position 693 of APP sequence, resulting in 

accelerated formation of A oligomers and protofibrils [56].  

Which species of A are the most toxic? A research question that has been 

extensively studied during the last two decades. Previously, A fibrils which 

are the core components of amyloid plaques, were thought to be the most 

neurotoxic A species [57,58]. However, despite being the main histological 

sign of AD, A fibrils and plaques are stable structures that seem to poorly 

correlate with AD progression. Instead, soluble aggregates of A (oligomers 

and protofibrils) that are formed before fibril and plaque deposition correlate 

better with AD progression and are suggested to be the most neurotoxic 

species of A [59]. Compared to fibrils, oligomers and protofibrils have more 

exposed hydrophobic surfaces and are smaller in size, making it easier for 

them to diffuse inside the neurons and exert their toxic effects [60,61]. 

Several  mechanisms by which A oligomers and protofibrils exert their 

neurotoxic effects have been proposed. One of the suggested mechanisms is 

the interaction between soluble A aggregates and several cell-surface 

proteins, resulting in a cascade of downstream signalling pathways and 

synaptic damage. Examples of these cell-surface proteins are lipid-rafts [62], 

glutamate receptors [63] and Wnt proteins [64]. In addition, a growing body 

of evidence suggest the ability of soluble A aggregates, specifically the small 

oligomers, to interfere with cell membrane permeability and form ion-channel 

like structures [65,66]. Disturbance of calcium homeostasis [67,68], 

mitochondrial dysfunction [69,70], induction of inflammation [71], apoptosis 

[72] and oxidative stress [73] are other proposed mechanistic pathways behind 

the toxicity induced by soluble A aggregates. Due to their higher solubility 

and mobility, small oligomers might have a better capacity to disrupt cell 

membrane permeability and reduce neuron viability compared to the rather 

large protofibrils. Protofibrils on the other hand appear to be more effective in 

inducing neuroinflammation [74].  
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Figure 4 A aggregation cascade in AD. Natively, A exists as an unfolded 
monomer. During AD, A starts to aggregate forming soluble oligomers, soluble 
protofibrils, insoluble frills and finally plaques. The soluble aggregates of A 
(oligomers and protofibrils) correlate better with AD progression and are most likely 
the neurotoxic species of A.  

A degradation and clearance 

Concentration of A in the brain is governed by an equilibrium between its 

formation, aggregation and clearance. The latter has emerged as an important 

factor governing A accumulation, with studies pointing towards reduced A 

clearance from the brain as a major contributor to AD development. Based on 

the underlying mechanism, the clearance of A can be divided into non-

enzymatic and enzymatic pathways. The non-enzymatic pathways include 

phagocytosis by microglia [75], uptake by astrocytes [76,77], interstitial fluid 

drainage [78] or efflux into the circulation mediated by p-glycoprotein 

receptors [79]. On the other hand, the enzymatic pathways are carried out by 

the so-called A degrading enzymes. Examples of these enzymes include 

neprilysin, angiotensin-converting enzyme, endothelin-converting enzyme, 

insulin-degrading enzyme (IDE) and cathepsin-B [80]. Among those, 

neprilysin is the most extensively studied and has been identified as the major 

A degrading enzyme.  

Neprilysin (NEP) 

NEP (also known as CD10) is membrane-bound protein that belongs to the 

family of zinc-metallopeptidases. The protein was first discovered in kidney 

membranes [81], but is also expressed in several other tissues including brain, 

spinal cord, lung, heart, liver, intestines and lymphoid tissues. NEP is a 749 

amino acid long protein, with a large (699 amino acids) extracellular domain 
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containing the catalytic site [82]. NEP can be released from the membrane, 

giving rise to the soluble form of NEP (sNEP), which has similar catalytic 

activities as the membrane-bound form [83].  

Regarding its function, NEP has the ability to degrade a wide-range of 

physiological substrates. These are mainly peptides up to 40 amino acid long. 

The degradation capacity of NEP decreases as the length of the peptide 

substrates increases [84]. Examples of NEP substrates include bradykinin, 

neuropeptide Y, substance-P, glucagon, angiotensin I and II, neurotensin and 

gastrin [82].  

In addition to the above mentioned physiological peptides, the ability of 

NEP to degrade A highlighted its potential as an important target for anti-

AD therapies. The ability of NEP to degrade A was first demonstrated in 

vitro, where recombinant NEP protein effectively degraded synthetic A 

peptide, but displayed no degradation efficiency on its precursor, APP [85]. 

Later on, these effects were further confirmed in vivo [86,87]. Importantly, 

NEP expression and activity are significantly decreased in the brain during 

ageing and AD [87,88]. Furthermore, knock-out of NEP from the brain of AD 

mouse models has been associated with a significant increase in the 

concentration of A [89] and changes in the expression of other AD-related 

proteins [90]. Similar effects have been observed when treating mice with 

NEP antagonists [91,92]. All these studies highlighted the significant role of 

NEP in A pathology, suggesting this enzyme as an attractive target for 

therapeutic intervention. Molecules that enhance the activity and/or 

expression of NEP are hence of potential for the treatment of AD. One of these 

molecules is the neuropeptide somatostatin. 

Somatostatin (SST)  

SST is a cyclic neuropeptide with either 14 or 28 amino acids that is highly 

expressed in the brain, but also in the periphery such as the pancreas, stomach 

and small intestine. The peptide was first discovered in rat hypothalamus as 

an endogenous ligand capable of inhibiting the release of growth hormone 

[93]. SST is involved in modulating several physiological processes in the 

body such as neurotransmission and cell proliferation through the interaction 

with SST receptors (SSTRs). These are a class of five G-protein coupled 

receptors (SSTR1-SSTR5) expressed in different tissues including the brain, 

gastrointestinal tract and the endocrine system. Among these receptors, 

SSTR1, SSTR2 and SSTR4 are highly expressed in the brain, mainly in the 

hippocampus and cortex [94]. 

SST is among the first proteins whose levels are significantly reduced 

during the early stages of AD, both in the brain and cerebrospinal fluid (CSF) 
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[95–97]. In addition, a significant reduction of SSTR has been reported in the 

prefrontal cortex of AD brains [98,99].  

The relationship between SST, NEP and A was first described in 2005, 

with low NEP activity and high A42 levels detected in the hippocampus of 

SST deficient mice [100]. Importantly, this study demonstrated a significant 

increase in cell-surface NEP activity and A42 degradation in primary 

neurons following treatment with SST. These effects were not observed in 

NEP knock-out primary neurons, emphasizing that A-degrading effects of 

SST is mediated by NEP. This was the first study to suggest the potential use 

of SST peptide as a therapy in AD [100].  

 Despite this discovery, SST peptide has not been used as an anti-AD 

therapy. Two main reasons limit the therapeutic significance of SST in AD. 

First the half-life in blood of this peptide is extremely short (2-3 minutes) 

when peripherally administered [101]. Second, similar to other large 

molecules, the size of SST (1.7 kDa) limits its delivery over the blood-brain 

barrier (BBB) [100]. A number of SST analogues with longer half-life than 

the SST peptide have been developed. However, these analogues also 

displayed poor delivery over the BBB due to their size [102]. Furthermore, 

some of these SST analogues demonstrated no affinity to SSTR4, which is the 

most abundant SSTR subtype in the brain [103]. Instead of SST peptide or its 

analogues, pre-clinical AD studies have used small molecule drugs 

functioning as SSTR agonists [104–106]. The therapeutic significance of 

these molecules was however limited as they were either administered 

intracerebrally to bypass the BBB [104] or displayed no A lowering effects 

when peripherally administered [94]. For this reason, there is a potential to 

develop alternative therapeutic versions of SST peptide that have a longer 

plasma half-life and are capable of reaching intra-brain targets. 

Neuroinflammation in AD 

Neuroinflammation refers to any kind of inflammatory response within the 

central nervous system (CNS) and has been described as an integral part of 

AD pathology. Whether neuroinflammation is involved in initiating AD 

pathology, or is solely contributing to disease progression, remains unclear. 

The immune cells of the brain (microglia and astrocytes) are the two main cell 

types that are involved in regulating the neuroinflammatory process during 

AD [107]. 

Microglia are the glial cells that act as the main immune cells of the brain 

reacting to any kind of inflammation. The phenotype of microglia is diverse 

and these cells exert several activation pathways during AD [108]. Astrocytes 

are the glial cells that function to regulate cerebral blood flow, synapse 

functions and brain homeostasis [109,110]. The cross-talk between microglia, 
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astrocytes and neurons seems to play an important role in mediating the 

neuroinflammatory mechanisms in AD [111,112].  

An integral neuroinflammatory event in AD is the release of pro-

inflammatory cytokines and chemokines. Examples include tumour necrosis 

factor- (TNF-), interleukins (ILs), interferons (INFs) and growth-regulated 

 (KC/GRO) also known as C-X-C motif chemokine ligand-1 (CXCL1). 

These cytokines/chemokines have been shown to contribute to synaptic 

damage and neurotoxicity observed in AD brains [36]. During AD, the levels 

of cytokines is altered in the brain. Such dysregulation has been suggested as 

a key factor influencing the phenotype of microglia and contributing to 

neuroinflammation in AD [113]. In addition to cytokines, other inflammation-

related proteins have been identified to be significantly altered during AD. 

Examples include apolipoprotein E and triggering receptor expressed on 

myeloid cells 2 (Trem2) [107]. Furthermore, the glial-fibrillary acidic protein 

(GFAP), that is expressed by astrocytes, is one of the most widely used 

neuroinflammatory biomarkers for AD [36].  

Targeting neuroinflammation by supressing the pro-inflammatory response 

mediated by cytokines or enhancing the anti-inflammatory response by 

modulating microglial phenotypic changes, can be a potential future 

therapeutic intervention in AD [114].  

Protein therapy in AD 

The important role of A in initiating and/or contributing to AD pathology 

signifies the peptide as an attractive target for therapeutic interventions. 

Reducing A production, halting its aggregation or enhancing its degradation 

and clearance are possible therapeutic strategies to target A in AD (Figure 5).  

When it comes to protein therapies in AD, several protein-based biological 

drugs, targeting different stages of A formation, aggregation or clearance, 

have been developed. A number of protein-drugs (mainly mAbs) targeting 

different species of A have entered clinical trials for the treatment of AD. 

Those that have reached phase III trials are summarized in Table 1.  

Terminated antibody trials  

Seven monoclonal anti-A antibodies have reached phase III trials. Those that 

have been discontinued are Bapineuzumab, Solanezumab and Crenezumab. 

The first antibody reaching phase III trials was Bapineuzumab. This 

humanized IgG1 monoclonal antibody binds to an epitope in the N-terminal 

end of A (aa 1-5) [115]. Bapineuzumab is the humanized version of the 

mouse 3D6 antibody and cannot discriminate among the different species A 

[116]. The phase III trial was halted due to lack of efficacy and the associated 

adverse effects such as amyloid-related imaging abnormalities associated with 
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oedema (ARIA-E). This is a vasogenic oedema that is hypothesized to arise 

from the removal of A aggregates from the blood vessels walls [117].  

Solanezumab that was also discontinued due to lack of efficacy, binds to 

an epitope in the mid-region of A (aa 16-26). This antibody that is the 

humanized version of the murine antibody m266, demonstrates a strong 

binding affinity to A monomers compared to aggregates [118,119].  

Crenezumab is a humanized version of mC2 antibody, which binds to an 

epitope in the mid region of A (aa 13-24) [115]. Crenezumab is the only 

IgG4 antibody (all other are IgG1) that reached phase III trials for the 

treatment of AD. The rationale behind the use of IgG4 backbone isotype was 

to reduce the interaction between the antibody and the activating Fc-gamma 

receptors, thus, decreasing the effector function of microglial activation. 

Despite this, the antibody was discontinued due to lack of efficacy [120,121].  

Ongoing antibody trials  

Three antibodies are currently in phase III trials for the treatment of AD 

(Lecanemab, Gantenerumab and Donanemab). Lecanemab (BAN2401) is a 

humanized IgG1 monoclonal antibody currently in phase III study with more 

than 1500 patients with early AD [122]. In a phase IIb trial including 856 

patients with AD, the antibody demonstrated biological activity in lowering 

A levels in the brain with a good safety profile [123]. The murine version of 

Lecanemab, mAb158, recognizes an epitope in the N-terminal part of A. 

mAb158 demonstrates a strong binding profile to soluble protofibrils, 

moderate binding to fibrils and weak binding to monomers [124]. 

The other antibody is Gantenerumab, a fully human monoclonal antibody 

that binds both the N-terminal (aa 2-11) and mid-region (18-27) of A 

[115,121]. This antibody binds stronger to fibrillar aggregates of A compared 

to monomers and has demonstrated the ability to clear brain A mediated by 

Fc-effector function [125]. The first clinical study with Gantenerumab was 

discontinued due to a lack of clinical efficacy. However, a later study using a 

higher dose has been initiated and is currently in phase III trials [126]. A 

bispecific version of Gantenerumab, having an additional moiety binding to 

the human transferrin receptor, has been developed. This is the first bispecific 

antibody that has ever entered clinical trials as a treatment of AD [127].  

The last antibody with a recently started phase III trial is Donanemab. This 

antibody recognizes an enzymatically modified (pyroglutamate p3-42) form 

of A present only in plaques. Hence, the mechanism of action of Donanemab 

is to remove existing amyloid plaques rather than clearing soluble A 

aggregates from the brain. The antibody has displayed the capacity to 

effectively clear A plaques, both in vivo [128] and in phase II clinical trials 

[129]. However, ARIA-E was evident in 25 % of the phase II participants 

[129].  
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FDA approved antibody (Aducanumab)  

The only anti-A antibody approved by the FDA is Aducanumab, which has 

gained the so-called accelerated FDA approval, requiring additional follow-

up studies [130]. This fully human IgG1 antibody binds to an epitope in the 

N-terminal part of A (aa 3-7) [115] and demonstrates strong binding 

preferences to A aggregates over monomers [131]. Aducanumab is widely 

regarded as the most promising anti-A antibody and has been demonstrated 

as the only antibody (among 5 tested antibodies) with the ability to reduce A 

deposition following acute treatment of AD mice in the pre-amyloid stage 

[132]. In clinical trials, amyloid-PET imaging demonstrated the ability of 

Aducanumab to clear brain A in a dose-dependent manner [133]. The 

approval of Aducanumab by the FDA in June 2021 was associated with some 

controversy, for even though high-dose recipients exhibited a remarkable 

clearance of A, Aducanumab only presented a modest and limited effect on 

cognition [134,135].  

 

Figure 5 Possible therapeutic approaches to target A in AD. First, to decrease 
A formation from APP, molecules inhibiting -secretase and -secretase have been 
developed. The majority of clinical trials with these molecules have failed. The second 
possible therapeutic intervention is to clear A aggregates from the brain, based on 
mAbs targeting different sizes of these A aggregates. Finally, enhancing the 
degradation and clearance of A is another potential therapeutic strategy. This can be 
achieved by using A degrading enzymes such as NEP, or molecules such as SST, 
that can upregulate the activity of A degrading enzymes.  
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Table 1 Terminated and ongoing monoclonal anti-A antibodies in phase III clinical 
trials for the treatment of AD.  

Antibody Type Binding 
selectivity 

Epitope Current 
status 

Bapineuzumab 
(Murine: 3D6) 

Humanized 
IgG1 

All species of 
A 

1-5 Discontinued 
(lack of efficacy 

and ARIA-E) 
Solanezumab 

(Murine: m266) 
Humanized 

IgG1 
A monomers 16-26 Discontinued 

(lack of  
efficacy) 

Crenezumab 
(Murine: mC2) 

Humanized 
IgG4 

A oligomers 
and fibrils 

13-24 Discontinued 
(new Phase II 

ongoing) 
Gantenerumab Fully human 

IgG1 
A fibrils 2-11 

18-27 
Ongoing 

Aducanumab Fully human 
IgG1 

A fibrils 3-7 Conditionally 
approved by 

FDA 
Lecanemab 
(BAN2401) 

(Murine: 
mAb158) 

Humanized 
IgG1 

A 
protofibrils 

1-16 Ongoing 

Donanemab 
(Murine: mE8) 

Humanized 
IgG1 

Pyroglutamate 
(p3-42) A 

plaques 

p3-7 Ongoing 

 

In addition to the above-mentioned antibodies, two ongoing antibody trials 

have demonstrated promising results and good safety profiles in the early 

clinical phases. These are Sanofi’s SAR-228810 and AstraZeneca’s MEDI-

1814 antibodies. SAR-22810 is a humanized IgG4 antibody that is based on 

the murine 13C1 antibody detecting soluble A protofibrils [136], while 

MEDI-1814 is a fully human IgG1 antibody binding to the C-terminal part of 

A and demonstrating >1000-fold increased binding strength to A42 

compared to A40 [137]. Both antibodies have demonstrated a good safety 

profile in phase I trials. Results from phase II have not been reported yet [138].  

As mentioned above, several clinical trials with anti-A antibodies have 

been discontinued due to lack of efficacy or associated adverse events. 

Furthermore, antibodies currently in clinical trials, along with the approved 

antibody Aducanumab, have only demonstrated modest effects on cognition 

[139]. Two main challenges represent a clear drawback for anti-Aβ 

therapeutic approaches based on protein drugs. First, is the limited passage of 

proteins across the BBB leading to poor brain uptakes. The second challenge 

is the selective binding properties of these proteins to the different species of 

A. These two challenges, and the possible ways to overcome them is the 

main focus of this work and will be further discussed in the following sections. 
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Blood-brain barrier (BBB) 

The BBB is the major interface between the circulation system and the brain 

parenchyma. It is composed mainly of capillary endothelial cells surrounded 

by astrocyte end feet, pericytes, and extracellular matrix proteins (Figure 6). 

Tight junctions between the endothelial cells restrict paracellular passage 

across the BBB and are characterized by the expression of efflux transporters. 

The BBB plays a central role in maintaining brain homeostasis by preventing 

toxins and harmful substances present in the blood reaching the brain 

[140,141].  

 

Figure 6 Schematic representation of BBB structure. BBB is composed of 
capillary endothelial cell tightly connected by tight junctions. Endothelial cells are 
surrounded by astrocyte end feet and pericytes.  

There are a few major transport mechanisms to deliver molecules over the 

BBB (Figure 7). Small and lipophilic molecules (such as some of the small 

molecule drugs) can pass the BBB through passive diffusion. Nutrients can 

pass by carrier-mediated transport, such as for example, glucose through 

glucose-transporters. Under disease conditions, some molecules can cross the 

BBB via paracellular transport. Endogenous proteins such as insulin and 

transferrin utilize receptor-mediated transcytosis to cross the BBB. These 

proteins bind to receptors expressed on the luminal side of the BBB 

endothelial cells and are delivered into the brain via transcytosis. Finally, 

albumin and other plasma proteins are transported across the BBB via 

adsorptive-mediated transcytosis [142,143]. 
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Figure 7 Transport mechanisms across the BBB. To cross the BBB, small and 
lipophilic molecules utilize passive diffusion. Nutrients such as glucose utilize carrier-
mediated transport. Endogenous proteins such as insulin and transferrin cross the BBB 
via receptor-mediated transcytosis, while plasma proteins such as albumin are 
transported via adsorptive-mediated transcytosis. Under certain conditions, some 
molecules and cells can cross the BBB via paracellular transport.  

Receptor-mediated transcytosis via the transferrin 

receptor (TfR) 

TfR is a dimeric transmembrane glycoprotein with a large extracellular C-

terminal domain and a small cytoplasmic N-terminal domain. The receptor 

has two isoforms: TfR1 and TfR2, with a wide expression of TfR1 by liver 

cells and erythrocytes [144]. TfR1 is also expressed by the endothelial cells of 

the BBB, where it functions to carry the protein transferrin from the blood into 

the brain [145]. Transferrin is the primary iron carrying protein, having a 

molecular weight of around 80 kDa. The circulating transferrin binds to the 

TfR expressed on the luminal side of the BBB followed by receptor clustering 

and endosomes formation. In the low pH of the endosomes (pH= 5.5), 

transferrin dissociates from TfR and gets internalized into the brain 

parenchyma [146,147].  

As mentioned above, TfR allows BBB delivery of transferrin, which is a 

large protein. In the last years, efforts have been made to develop TfR binders 
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to be used to deliver other large molecules such as protein therapies into the 

brain. In pre-clinical settings, two TfR1 targeting antibodies have 

demonstrated the ability to efficiently cross the BBB. These are the rat anti-

mouse TfR antibody (8D3) and the mouse anti-rat TfR antibody (OX26) 

[148,149]. Several studies have coupled these TfR binders to other diagnostic 

or therapeutic proteins to enable the delivery of the intended proteins into the 

brain [150–154].  

To achieve a successful TfR-mediated transcytosis over the BBB, several 

determinant factors have been discussed. First, is the affinity of the TfR 

binders to TfR. A better BBB penetration has been demonstrated with 

antibodies having low to moderate affinity to TfR [155]. In an in vivo study in 

mice, antibodies with high affinity to TfR remained associated with the BBB 

cells, while those with lower TfR affinity were efficiently internalized into the 

brain parenchyma [156]. Moreover, in a study combining an in vitro BBB cell-

model and an in vivo mouse model of AD, antibodies binding bivalently to 

TfR were associated with higher TfR clustering, reduced TfR recycling to cell-

surface and co-localization with lysosomal degradation markers compared to 

those binding monovalently to TfR [157]. This suggests that monovalent 

biding to TfR is advantageous over bivalent binding. In addition to the binding 

valency and affinity, another factor that contributes to a better TfR mediated 

transport across the BBB is pH dependent binding. TfR binders such as the 

8D3 antibody that displays a low TfR affinity at acidic pH (pH 5.5 in late 

endosomes) have been shown to cross the BBB more efficiently than pH 

independent TfR binders [146]. 

An example of a protein-drug containing a TfR binding moiety is the 

bispecific antibody RmAb158-scFv8D3 that was used as a control in several 

experiments throughout the current work. RmAb158 is the recombinant 

version of mAb158, an A-protofibril selective antibody and the murine 

version of Lecanemab [158]. The design of the bispecific antibody version 

includes the recombinant fusion of scFv of 8D3 antibody (scFv8D3) to the C-

terminal end of RmAb158 light chains (Figure 8A).The position of scFv8D3, 

the length of the linker and the nature of the amino acids used in the linker 

provided a monovalent binding to the TfR despite the two available scFv8D3. 

By binding to TfR, the antibody-TfR complex is endocytosed, followed by 

antibody dissociation from TfR in the low pH of the endosomes and finally 

internalized into the brain parenchyma (Figure 8B). Compared to RmAb158 

antibody without the TfR binding arm, the bispecific antibody exhibited 80 

times higher brain uptake when intravenously injected in mice [159]. 

RmAb158-scFv8D3 has been used as a PET ligand to follow disease 

progression, to evaluate effects of A reducing treatments and as a therapeutic 

drug to reduce the levels of A protofibrils in transgenic mouse models of AD 

[160–163].  
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Figure 8 Design of a bispecific antibody and a proposed mechanism to cross the 
BBB. A: schematic representation of RmAb158-scFv8D3 antibody design. The 
bispecific antibody consists of a therapeutic arm (from RmAb158) binding to A 
protofibrils and two BBB carrier arms (from scFv8D3) binding to mouse TfR. B: the 
bispecific antibody binds to TfR expressed on the endothelial cells of the BBB. At 
the low pH of the endosomes, the antibody dissociates from TfR and internalizes 
into the brain parenchyma, where it can bind its intra-brain targets.  

Antibody selectivity to A (role of avidity)  

Antibody affinity and avidity are two terms used to describe the strength of 

interaction between an antibody and its targeted antigen. Affinity refers to the 

strength of interaction between the antigen binding site of an antibody and the 
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epitope of the targeted antigen. While avidity refers to the unified strength of 

the multiple interactions between the antibody and its target. Hence, avidity is 

based on both the overall affinity of an interaction and the overall number of 

binding sites [164]. Avidity increases with more binding sites attached to the 

same antigen. For example, IgM antibodies, which have ten available binding 

sites, have a higher avidity than IgG antibodies, which have two available 

binding sites. 

As mentioned in the previous sections, the soluble intermediate species of 

A, termed as oligomers and protofibrils, correlate better with AD progression 

compared to the insoluble fibrils and plaques. In addition, monomers might 

exert some physiological functions and are present at high quantitates in the 

periphery. Therefore, A oligomers and protofibrils are suitable targets for 

therapeutic intervention. Antibodies binding with increased strength and 

selectively to these soluble aggregates over their fibrillar and monomeric 

counterparts, could be of great therapeutic potential.  

Avidity has been described as a decisive factor in the ability of antibodies 

to discriminate between aggregated and monomeric species of A. Anti-A 

antibodies that strongly bind to aggregates, but weekly to monomers, utilize 

the avidity effect. Examples include the recently approved antibody 

Aducanumab and the two antibodies Lecanemab and Gantenerumab that are 

currently in phase III clinical trials. These antibodies bind strongly and with 

avidity to A fibrils and/or protofibrils and demonstrate a very weak binding 

to monomers [115]. However, it has been difficult to create IgG antibodies 

that bind with high avidity to the small oligomers. Previous studies have 

demonstrated that the distance between the two arms of an IgG antibody is 

around 100 Å [165,166], while the size of an A oligomer consisting of 12-

monomeric units is around 50 Å (PDB ID 2BEG). No matter how flexible they 

are, the spatial distance between the two arms of an IgG antibody is likely to 

be too large to allow binding of both arms to the same oligomer [124,167]. 

Therefore, developing antibodies that bind with avidity to A oligomers, with 

retained binding capacity to protofibrils and weak binding to monomers, may 

be a promising strategy towards developing refined and effective anti-AD 

therapies.  
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Aims 

The overall aim of the current thesis was to generate protein-based biological 

drugs and investigate them as anti-AD therapies in pre-clinical settings. By 

applying protein engineering, we aimed at developing protein-drugs with 

improved binding properties, an ability to cross the BBB and enhanced 

therapeutic potential.  

 

In paper I, we wanted to develop an anti-AD protein therapy capable of 

enhancing the degradation of A in the brain. SST peptide has previously been 

reported to degrade A in vitro through upregulating the activity of NEP, the 

major Aβ-degrading enzyme. However, the therapeutic significance of SST is 

limited in vivo due its extremely short half-life (2-3 minutes) and poor brain 

delivery. In this paper, our approach was to recombinantly link SST to the 

BBB transporter (scFv8D3) and investigate the half-life, brain delivery and 

therapeutic significance of SST-scFv8D3 in degrading Aβ in a transgenic 

mouse model of AD.  

 

Paper II aimed at further evaluating the treatment effects of SST-scFv8D3. 

In addition to enhancing NEP activity and Aβ degradation presented in paper 

I, treatment with SST-scFv8D3 can be associated with alteration in the levels 

of several, as of yet, unconnected proteins involved in AD pathology. Hence, 

this study aimed at using liquid chromatography-mass spectrometry (LC–MS) 

to analyse the brain proteome in AD mice following treatment with SST-

scFv8D3. Furthermore, the study involved quantification of  

neuroinflammatory markers and neuropeptide substrates of NEP other than 

A in the brain and plasma of the treated mice.  

 

In paper III, we focused on the other challenge in AD immunotherapy, which 

is the binding selectivity of anti-A antibodies. Oligomers and protofibrils 

have been suggested as the most neurotoxic A species. Hence, we developed 

a multivalent antibody with additional binding sites and a shorter distance 

between the binding sites, assessing the binding strength to a wide size range 

of soluble A aggregates in vitro. 

 

In paper IV, and based on the results obtained in paper III, we evaluated the 

therapeutic potential of the multivalent antibody in vivo. By developing a 
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BBB-penetrant variant of the multivalent antibody, this study specifically 

aimed at investigating the biodistribution of the new antibody format and its 

ability to clear Aβ aggregates in transgenic mouse models of AD.   

 

Finally, in paper V, recombinant proteins based on NEP and capable of 

passing the BBB, were developed to study the treatment effects of this enzyme 

on AD brains. Specifically, this paper evaluated Aβ degradation capacity of 

these recombinant proteins, both in vitro and in vivo, along with in vivo brain 

uptake and blood pharmacokinetics studies in AD mice. 
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Methodology  

Protein design  

The discovery of recombinant DNA technology allows for the development 

of protein-drugs that can be modified in several ways. Once the sequence of a 

protein is determined, it can be reverse translated into a nucleotide sequence 

and inserted into DNA plasmids. In addition, this technology has made it 

possible to combine more than one protein in the same design forming 

bispecific/multispecific proteins or to generate small fragments such as scFv 

[168].  

In the current work, 11 protein-drugs were used. Schematic illustrations of 

the protein designs can be found in Figure 9. For SST-scFv8D3 (Figure 9A) 

that was used in paper I and II, the 14 amino acid SST peptide was linked to 

scFv8D3 using a APGSYTGSAPG linker. The scFv8D3 (Figure 9B) 

consisted of the heavy and light chain variable domains of the 8D3 antibody 

linked together with a glycine-serine (G4S)3 linker. A histidine-tag was 

attached to the N-terminal end of these designs, aiding downstream 

purification purposes. 

 The antibody designs used in paper III were based on RmAb158, a murine 

IgG2c antibody (Figure 9C). DVD-RmAb158 was generated by 

recombinantly adding a heavy variable domain to the N-terminal end of 

RmAb158 heavy chain and a light variable domain to the N-terminal end of 

the antibody’s light chain (Figure 9D). scFvs consisting of the heavy and light 

variable domains of RmAb158 were added to the N-terminal end of RmAb158 

heavy chain only to generate Tetra-RmAb158 (Figure 9E) or to both the 

heavy and light chains to generate Hexa-RmAb158 (Figure 9F).  

In paper IV, Rmab158-scFv8D3 (Figure 9G) and HexaRmAb158-

scFv8D3 (Figure 9H) were generated by adding scFv8D3 to the light chain 

of RmAb158 and Hexa-RmAb158, respectively. scFv8D3 was added to the 

C-terminal end of the antibodies’ light chain using the following 

APGSGTGSAPG linker.  

Finally, in paper V, scFv8D3 was linked to a single-chain fragment 

constant (scFc) that is generated from the Fc region of an IgG2c antibody 

(Figure 9K). These two antibody fragments were then linked either to sNEP 

(aa 52-749 of NEP) to form sNEP-scFc-scFv8D3 (Figure 9I), or to a mutated 

variant of NEP (G399V/G714K) to form muNEP-scFc-scFv8D3 (Figure 9J). 
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To connect the different protein domains in the last three designs, the 

following APGSGGGSGPA linker was used. 

 

Figure 9 Design of the protein/antibody ligands used in the current work. A: SST-
scFv8D3, where SST peptide is recombinantly linked to scFv8D3 using a 
APGSYTGSAPG linker. B: scFv8D3, where the heavy and light variable domains of 
8D3 antibody are connected via a (G4S)3 linker. C: RmAb158, an A protofibril 
selective antibody. D: DVD-RmAb158, the dual variable domain format of 
RmAb158. E: Tetra-RmAb158, where scFvs are added only to RmAb158 heavy 
chain. F: Hexa-RmAb158, where scFvs are added to both heavy and light chains of 
RmAb158. G: RmAb158-scFv8D3, where scFv8D3 is added to the C-terminus of 
RmAb158 antibody’s light chain. H: HexaRmAb158-scFv8D3, where scFv8D3 is 
added to the C-terminus of HexaRmAb158 antibody’s light chain. I: sNEP-scFc-
scFv8D3, consisting of soluble NEP linked to an Fc fragment (scFc) and scFv8D3. J: 
muNEP-scFc-scFv8D3, based on a mutated variant of NEP linked to scFc and 
scFv8D3. K: scFc-scFv8D3, lacking NEP and consisting of scFc linked to scFv8D3.  
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Protein expression and purification  

The complete sequence of each design was incorporated into a single 

pcDNA3.4 vector. However, for antibody expression, the heavy and light 

chain plasmids were cloned into two different vectors. To the N-terminal end 

of each design, signal peptides were added to ensure that the expressed 

proteins are secreted into the cell media. Signal peptides are 19-20 aa long and 

are not part of the final protein, as they are cleaved off during translocation 

[169].  

The plasmids were amplified using E. coli Top10 cells and purified using 

a commercially available maxiprep kit. For the transfection, human Expi293 

cells were used as the expression system. Mammalian cells were used as the 

expression system since these cells can provide proper protein folding and 

post-translational modifications that prokaryotic cells cannot provide [170]. A 

previously described protocol used for the expression of 

multispecific/multivalent antibodies in Expi293 cells was followed [171]. 

Expi293 cells were transiently transfected with the plasmid DNA. In case of 

antibodies, a 3:7 ratio of heavy chain: light chain plasmids was used. 

Polyethyleneimine (final concentration 1 mg/mL) was used as a transfection 

agent and valproic acid (final concentration 0.5 M) as a cell cycle inhibitor. 

Seven to nine days post transfection, cell media was harvested by 

centrifugation or through the addition of Celpure, a form of silica powder, 

upon which the supernatant was filtered using vacuum filter membranes.  

For protein purification, filtered cell media was loaded on different binding 

columns using an Äkta system. Proteins with histidine-tag (SST-scFv8D3 and 

scFv8D3) were purified using nickel columns and eluted with high 

concentrations of imidazole. All the other proteins containing an Fc region 

were purified using protein G columns. In this case, an increasing gradient of 

low pH buffer (0.7% acetic acid) was used as the elution buffer and 1 M tris 

(pH 8.5) as the neutralization buffer. Following elution of the proteins, the 

buffer was exchanged to PBS using desalting columns or dialysis. Proteins 

were then concentrated using centrifuge filter units and their concentration 

was measured based on their absorbance values at 280 nm corrected for the 

extinction coefficient and molecular weight. Extinction coefficient, molecular 

weight and isoelectric point of the recombinant proteins could easily be 

determined by pasting their amino acid sequence into the ExPASY ProtParam 

tool (https://web.expasy.org/protparam/). Purity and size of the generated 

proteins were evaluated using SDS-PAGE. Proteins were loaded onto Bis-Tris 

gels with and without the addition of reducing reagents. Gels were stained 

with page blue protein-staining solution. A schematic workflow of 

recombinant protein expression and purification used in the current work can 

be found in Figure 10.  

https://web.expasy.org/protparam/
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Figure 10 Schematic workflow of recombinant protein expression and 
purification. Different protein designs were back-translated to nucleotide sequence 
and cloned into pcDNA3.4 vectors. The plasmids were transformed and replicated 
using E.coli cells. Purified plasmid DNA was transiently expressed in human Expi293 
cells using polyethyleneimine as the transfection agent and valproic acid as a cell 
cycle inhibitor. Cell media was harvested 7-9 days post transfection and filtered using 
vacuum filter membranes. Filtered media was passed through protein G or nickel 
columns using an Äkta system. Following elution of the proteins, the buffer was 
exchanged using dialysis or desalting columns. Proteins were concentrated using 
centrifuge filter units and their purity was assessed using SDS-PAGE.  

Enzyme linked immunosorbent assay (ELISA) 

ELISA is an antibody-based assay used to detect and quantify different protein 

targets. In our study, three ELISA setups were used to evaluate the binding 

properties of the recombinant proteins to their antigens.    

Indirect ELISA 

To demonstrate whether the generated recombinant proteins/antibodies bound 

to their targets or not, an indirect ELISA was used (Figure 11A). This setup 
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was used in papers I, III, IV and V, and consisted of coating ELISA plates 

with the targeted antigen (mouse TfR protein or A), followed by the addition 

of a serial dilution of the recombinant proteins. This was followed by the 

addition of a horseradish peroxidase (HRP) conjugated antibody as the 

secondary antibody, tetramethylbenzidine (TMB) for signal development and 

H2SO4 as the stop solution. Absorbance values were measured at 450 nm.  

Sandwich ELISA 

In this ELISA setup, the targeted antigen was captured by an antibody (capture 

antibody) coated on the surface of the ELISA plates. This was followed by the 

addition of another antibody that detected the antigen (detection antibody). 

Signals were developed as described in the previous section. This ELISA 

setup was used in all the 5 papers. Specifically, in paper III and V, a 

sandwich ELISA was used to evaluate the binding strength of the recombinant 

proteins to different conformations of A. The reason behind having the 

sandwich setup was to exclude the possibility of small A species association 

into bigger aggregates when having them coated on the surface of the plate as 

an  indirect ELISA setup. The sandwich ELISA setup was built in a way that 

the capture antibody detected an epitope in the C-terminal part of A, while 

the detection antibody recognized an epitope in the N-terminal part (Figure 

11B). Such setup detects full length A and avoids epitope self-blocking when 

both capture and detection antibodies recognize the same epitope.  

Inhibition ELISA 

In paper III and V, an inhibition ELISA setup was applied to illustrate the 

binding preferences of the recombinant antibodies to different species of A 

(Figure 11C). In this setup, the surface of the plates was coated with the 

antigen, which in our case was A monomers (for NEP based proteins) or 

protofibrils (for mAb158 based proteins). A fixed concentration of the 

antibodies was pre-incubated with a serial dilution of different species of A 

(monomers, oligomers, protofibrils and fibrils) in a non-binding plate. The 

pre-incubated mixture was then added to the coated plates. If the antibodies 

have a high affinity to A species present in the pre-incubation mixture, then 

less unbound antibody will be available to bind to the surface-coated protein.  
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Figure 11 Schematic representation of the different ELISA setups used to analyse 
the binding properties of the generated recombinant proteins. A: indirect ELISA, 
where plates are coated with the antigen, followed by the addition of the generated 
recombinant antibodies. B: sandwich ELISA, where plates are coated with a capture 
antibody followed by the addition of the antigen and the detection antibody. C: 
inhibition ELISA, where the antigen and the antibody are incubated in a non-binding 
plate, and the mixture is then added to a protein-coated plate. In all these setups, an 
HRP conjugated secondary antibody is added that is specific for the detection 
antibody. HRP converts the substrate (TMB) into a coloured product. The reaction is 
stopped with 1M H2SO4 and absorbance at 450 nm is measured.  

Real-time interaction analysis with LigandTracer 

To measure the kinetic properties of the recombinant antibodies to A 

protofibrils in paper III, LigandTracer was used (Figure 12). This method 

provides a real-time analysis of protein-protein interaction on immobilized 

proteins or cells [172,173]. In this method, proteins are coated on a defined 

area of a petri dish and the area opposite the target area is defined as the 
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background area. The petri dish is then placed on an instrument that is tilted. 

Solution containing Iodine-125 labelled antibodies is then added to the petri 

dish and a motor starts to rotate the petri dish. A low-energy gamma detector 

that is fixed on the top of the instrument can then detect binding of the labelled 

antibodies to the coated proteins. Two antibody concentrations (300 pM and 

1 nM) were used to measure the association rate constant. To measure the 

dissociation rate constant, the antibody solution was removed and the petri 

dish was incubated overnight with 0.1% BSA in PBS buffer. The advantage 

of this method over surface plasmon resonance (SPR) is the possibility to 

perform kinetic evaluation of very strong binders having a low rate of 

dissociation [174]. 

 

Figure 12 Schematic representation of LigandTracer workflow. Protein-targets 
are coated on a defined area (brown) of the petri dish. The petri dish is placed on a 
tilted and rotating support. A low-energy gamma detector is mounted on the top of the 
instrument. Solution containing 125-Iodine labelled antibodies is added to the petri 
dish. Signal intensity representing binding of the antibodies to the target and the 
background signal is measured per rotation. 

Cell-based assays 

Functionality of the generated recombinant proteins was evaluated in vitro 

using several cell-based assays. In paper I, ability of SST peptides to enhance 

cell-surface NEP activity was measured using primary neuronal cultures and 

neuroblastoma cell lines. The assay is based on the ability of cell-surface NEP 

to cleave a synthetic compound (MCA) that is added to the cells 24 hours post 

treatment with SST peptides. This cleavage releases a fluorophore that can be 

quantified using a microplate reader. As a control, NEP inhibitor (Thiorphan) 

was added to half of the wells. Fluorescence intensities representing NEP 
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activity are measured by subtracting the fluorescence values of thiorphan 

positive wells from those in the thiorphan negative wells [175]. 

In paper III, MTT assay was used to evaluate the ability of the 

recombinant antibodies to rescue cells from the toxic effects of A. MTT 

assay is one of the most commonly used assays to measure A toxic effect on 

different cell lines [176,177]. This assay does not necessarily measure cell 

death, but rather, it measures cell metabolic activity [178]. In this study, 

Neuro2a cells were treated with A aggregates, with or without the addition 

of the recombinant anti-A antibodies. Cell metabolism was assessed with 

MTT assay based on the reduction of tetrazolium salt into a formazan product. 

The latter is solubilized and the absorbance is measured reflecting cell 

metabolic activity.  

In paper IV, transcytosis of the recombinant bispecific antibodies was 

evaluated in vitro using a cell-based BBB model. This an in-house developed 

system based on the mouse cerebral endothelial cell line (cEND) is similar to 

previously published models with some modifications [179,180]. A 

monolayer of the cEND cells is coated on permeable support membranes 

called transwells. The media above the transwell (apical layer) represents the 

blood circulation side of the BBB, while the media under the transwell 

(basolateral layer) represents the brain parenchymal side of the BBB. 

Antibodies were added to the apical layer of the system. Aliquots from both 

apical and basolateral layers were collected after 1 hour (pulse), washing with 

serum-free media (wash) and a 4 or 12 hours post-wash (chase). Concentration 

of the antibodies in the different aliquots was then analysed using a sandwich 

ELISA setup as describe in the previous sections.  

Animal models 

Three AD mouse models were used in this work (Table 2). Two of these are 

transgenic mouse models that overexpress human APP and the third-one is 

a second-generation knock-in mouse model. 

The first AD mouse model that overexpresses human APP is APPswe. 

This model has a double mutation in the APP gene (KM670/671NL) that is 

proximate to the -secretase cleavage site. Due to this mutation, A 

production is significantly increased, but the relative abundance of A42 and 

A40, i.e. the A42/40 ratio is not affected. A aggregation starts at the age 

of 6 months and plaque deposition at the age of 12 months [181]. 

The second AD mouse model that overexpresses human APP is tg-

ArcSwe. This model harbours both the Arctic mutation (E693G) and the 

Swedish mutation (KM670/671NL) in the APP gene. These mutations result 

in increased A production, along with increased A oligomers and protofibril 

formation. The tg-ArcSwe model is therefore a suitable model when studying 
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soluble A aggregates. A protofibrils can be detected as early as 2 months 

of age in these mice. Plaque deposition starts at the age of 6 months. First 

signs of learning and memory deficits are reported at 4 months of age and 

these impairments correlate well with the levels of A protofibrils, but not 

with the levels of A plaques [181–184]. 

The third model used in this work is AppNL-G-F, a knock-in mouse model of 

AD. In this model, human APP is not overexpressed. Instead, human APP 

is expressed at wild-type levels. The expressed APP has three mutations: 

Swedish (KM670/671NL), Arctic (E693G) and Iberian (I716F), resulting in 

increased A production, fast-rate of A oligomerization and increased 

A42/40 ratio, respectively. Plaque onset starts already at 2 months of age, 

while cognitive impairment is detected at around 6 months of age [185,186].  

AD mouse models have made it possible to pre-clinically study AD 

pathology and test new therapeutic and diagnostic tools. However, it is worth 

mentioning that these models mainly represent one part of AD, which is the 

A pathology. The three models used in this study do not take into account 

other factors such as tau deposition, genetic factors other than APP mutations 

and environmental factors. Furthermore, in order to study human A in these 

models, overexpression of APP and/or introducing mutations in the APP 

sequence are required, which might interfere with the expression and function 

of other AD related proteins. Finally, an important factor that is usually 

overlooked is that the transgenic mouse models also express native/mouse A, 

which has been shown to interfere with the distribution and solubility of the 

over expressed transgenic human A in vivo [187]. Hence, there is a need to 

generate AD mouse models that are more similar to human AD pathology in 

order to accelerate the transition of pre-clinical results into the clinic.  

Table 2 List of AD mouse models used in this work.  

 APPswe Tg-ArcSwe AppNL-G-F 

APP mutation  Swedish Arctic, Swedish Swedish, Arctic, 
Iberian 

Mutated amino-
acids on APP 

KM670/671NL E693G 
KM670/671NL 

KM670/671NL 
E693G 
I716F 

Effects on A  Increased A 
production 

Facilitated A 
oligomerization 
Increased A 
production 

Increased A 
production 
Facilitated A 
oligomerization 
Increased 
A42/40 ratio 

A plaque onset  12 months 6 months 2 months 

Cognitive  
impairment  

Unknown  
 

4 months 6 months 

Used in paper I and II IV and V IV 
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Iodine-125 labelling 

Recombinant proteins generated in paper I, IV and V were labelled with 

Iodine-125 (125I) in order to investigate their uptake and retention in different 

tissues in vivo. Labelling of proteins with Iodine-125 is an electrophilic 

reaction between the phenolic ring of the tyrosine residues present in the 

sequence of the proteins and the oxidized Iodine-125. The reaction is initiated 

by the addition of chloramine-T and stopped by the addition of sodium 

metabisulfite [188]. Free iodine is then removed from the labelled proteins 

using desalting columns. This isotope of iodine has a half-life of around 59 

days, making it a suitable isotope for long-term studies. In paper III, the same 

procedure was performed to label the recombinant anti-A antibodies with 

Iodine-125 prior to their application in LigandTracer experiments.  

Biodistribution studies  

To assess their BBB delivery and brain uptake, 125I-labelled recombinant 

proteins were intravenously injected via tail vein into AD mouse models and 

WT controls. Mice were euthanized at different time points by transcardial 

perfusion with 0.9% NaCl. This is a crucial step since the concentration of the 

injected proteins is high in the blood, especially at the early time points, which 

might affect the accuracy of brain uptake if the mice are not properly perfused. 

Brains were then dissected and activity was measured using a gamma counter 

and presented as injected dose (%ID) per gram brain tissue (%ID/g = 

radioactivity measured per gram tissue / injected radioactivity).  

In addition to the brain, peripheral organs including liver, spleen, heart, 

lung, kidney, pancreas, thyroid, muscle and bone were also dissected to 

determine the concentration of the injected protein ligands in these organs.  

Blood pharmacokinetics were also evaluated in this work. To estimate the 

blood half-life of the injected proteins, blood samples from tail vein were 

taken at different time-points. Furthermore, concentration of the injected 

proteins in different blood compartments was also determined. Terminal 

blood samples were centrifuged to generate supernatant (plasma) and pellet 

(containing blood cells), followed by activity measurement in these fractions 

using a gamma counter as described above.  

Preparation of brain tissue extracts 

Post-mortem brain tissues were divided into two hemispheres. The right 

hemisphere was saved for histological analysis, while the left hemisphere was 

used for quantitative studies of protein content. The left hemisphere was 

divided into cerebrum and cerebellum (paper IV and V) or into hippocampal 
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area, rest of cerebrum and cerebellum (paper I and II). Brain parts were 

homogenized with different buffers to generate different extracts of A 

(Figure 13). First, brain parts were homogenised with tris-buffered saline 

(TBS) containing protease inhibitors and centrifuged at 16,000 xg for 1 hour 

at 4 C to generate soluble A extracts. The remaining pellet was 

homogenised with TBS-Triton (TBS-T) containing protease inhibitors and 

centrifuged at 16,000 xg for 1 hour at 4 C to generate soluble membrane-

bound A extracts. Finally, the remaining pellet was homogenised with 70% 

formic acid (FA) and centrifuged at 16,000 xg for 1 hour at 4 C to generate 

brain extracts containing insoluble proteins such as deposited A plaques. In 

paper IV, aliquots from both TBS and TBS-T soluble extracts were ultra-

centrifuged at 100,000 xg or 200,000 xg to generate brain extracts containing 

smaller soluble protein aggregates than those present in the 16,000 xg extracts.  

 

Figure 13 Schematic workflow of brain tissue processing. Left hemisphere is 
divided into different parts and homogenized with TBS buffer containing a protease 
inhibitor cocktail. Homogenates are centrifuged at 16,000 xg for 1 hour at 4 C to 
generate soluble A extracts. The remaining pellet is homogenized with TBS-triton 
(TBS-T) buffer containing protease inhibitor cocktail. Homogenates are centrifuged 
at 16,000 xg for 1 hour at 4 C to generate soluble membrane-bound A extracts. 
Aliquots from these two soluble extracts are ultra-centrifuged at 100,000 xg or 
200,000 xg to generate extracts containing smaller protein aggregates. The remaining 
pellet from TBS-T extraction is homogenized with 70% formic acid (FA). 
Homogenates are centrifuged at 16,000 xg for 1 hour at 4 C to generate brain extracts 
containing insoluble proteins.  
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Quantification of protein-targets using ELISA and MSD 

assays 

Sandwich ELISA was used to quantify the concentration of protein targets in 

biological samples. Quantification of A in the brain of AD mice following 

treatment with the recombinant proteins is an integral part of the current work. 

In order to measure the concentration of different A conformations 

(monomers, aggregates, plaques), different sandwich ELISA setups were 

applied (Figure 14).  

First, to measure the concentration of A aggregates in different brain 

extracts, 3D6 was used as the capture and detection antibody (Figure 14A). 

3D6 is the murine version of Bapineuzumab and binds to the N-terminus of 

A [115]. 3D6 binds equally well to A monomers and aggregates [116]. 

Having the same antibody for capture and detection will exclude 

quantification of monomers due to epitope self-blocking. Instead, A 

aggregates ranging from dimers to larger aggregates which have two or more 

identical epitopes, will be detected using this ELISA.  

For the quantification of A monomers, m266 was used as the capture 

antibody and 3D6 as the detection antibody (Figure 14B). m266 is the murine 

version of Solanezumab and binds to the mid-region of A [115,131]. This 

region becomes gradually hidden as A starts to aggregates, hence, m266 

binds stronger to monomers compared to aggregates.  

Finally, to quantify total A, antibodies binding to the C-terminal part of 

A and 3D6 were used as the capture and detection antibodies, respectively 

(Figure 14C). Since the capture antibody detects an epitope in the C-terminal 

part of A, while the detection antibody binds to the N-terminal part, such 

ELISA setup will detect full-length A and cannot discriminate between the 

different conformations of A. 

In addition to A, sandwich ELISA was also used to measure the levels of 

other proteins in brain homogenates and plasma samples isolated from AD 

mice. These included NEP, neuropeptide-Y and substance-P.  

Besides sandwich ELISA, highly-sensitive MSD assays were applied to 

measure the concentration of cytokines in TBS-soluble brain extracts and 

plasma samples from AD mice following treatment with the recombinant 

proteins. In these assays, plates pre-coated with different antibodies at defined 

spots were used. Following the addition of the samples and standards, sulfo-

tag labelled secondary antibodies were added and electrochemiluminescence 

was measured, which is proportional to the amount of the antigen present in 

the samples [189,190].  
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Figure 14 Sandwich ELISA setups to measure the concentration of A in 
biological samples (brain homogenates and plasma samples). A: A aggregates 
ELISA, where 3D6 is used as the capture and detection antibody. Having the same 
antibody as the capture and detection antibody excludes the detection of monomers 
due to epitope self-blocking, while aggregates starting from dimer and bigger will be 
measured. B: A monomer ELISA, where m266 is used as the capture antibody and 
3D6 as the detection antibody. m266 displays a higher affinity to A monomers 
compared to aggregates. C: total A ELISA, where antibodies to the C-terminal end 
of A are used as the capture antibodies and 3D6 as the detection antibody. Such 
ELISA setup cannot discriminate between the different species of A, and hence, total 
A concentration will be measured. In all setups, biotinylated 3D6 is used as the 
detection antibody, HRP-conjugated streptavidin for signal detection, TMB for signal 
development and H2SO4 as the stop solution.  

Immunohistochemistry 

Immunohistochemistry (IHC) is a method used to detect the presence and 

distribution of proteins on tissue sections. In this work, IHC was applied to 

detect NEP (paper I) and A (paper V) using tissue sections from mice 

brains. Frozen right brain hemispheres were cryo-sectioned on glass slides and 
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fixated with cold acetone. Antigen retrieval was performed using citrate buffer 

(pH=6) and primary antibodies detecting NEP or A were applied. 

Fluorophore-labelled secondary antibodies detecting the species of the 

primary antibodies were added and signals were visualized using fluorescence 

microscopy.  

Brain proteome analysis with LC–MS 

Proteomics refer to the analysis of types and levels of different proteins 

expressed in a specific tissue or cell. MS-based assays are one of the most 

commonly used tools for proteomic analysis.  

In paper II, LC–MS was used to analyse the brain proteome of AD mice. 

The first step before starting the assay is protein purification from the 

biological samples. Brain homogenates from APPswe and WT mice were 

lysed using top sonication in a Urea/HEPES buffer. Proteins were then 

purified using centrifuge filter units. Following purification, proteins are 

digested into peptides using trypsin, which is the most commonly used 

protease for such purposes. Trypsin digests proteins at the carboxy-terminal 

side of arginine and lysine amino acids. Following treatment with trypsin, 

peptides are desalted and concentrated to 150 ng/L. Concentrated-tryptic 

peptides are then injected onto an LC column, which is attached to the MS 

instrument, and peptides are separated based on their hydrophobicity. 

Following this, an electro ionization source connected to the LC-system is 

used to ionize the separated peptides. Electro-sprayed peptides then enter the 

MS instrument and their mass to charge ratio is determined [191].  

To sequence the peptides and match them to proteins, MS/MS is used. For 

protein identification, results generated from the LC–MS analysis are 

compared to those present in other protein databases. In our work, UniProt 

mouse database (UniProtKB version 14/01/2020) was used. A false discovery 

rate (FDR) of 0.01 was considered acceptable. In the current work, ISOQuant 

1.8 was used for data analysis [192,193].  
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Summary of investigations  

Paper I 

Enhancing the degradation and clearance of A is a potential therapeutic 

strategy in AD. This can be achieved by increasing the activity and/or 

expression levels of the major A degrading enzymes such as NEP. 

Experimental studies have demonstrated the ability of SST peptide to enhance 

NEP activity and degrade A42 in vitro [100]. However, in vivo applications 

of SST are limited due to its extremely short half-life and poor delivery over 

the BBB. Hence, the aim of this study was to develop an SST peptide that has 

a long blood half-life and improved ability to reach intra-brain SSTRs. In 

addition, we wanted to evaluate its therapeutic efficacy in an AD mouse 

model.  

To facilitate delivery over the BBB, the previously described BBB 

transporter (scFv8D3) [159] was recombinantly linked to the 14 aa SST 

peptide. Using ELISA, the new protein construct (SST-scFv8D3) 

demonstrated the ability to bind to mouse TfR protein, similar to other 

scFv8D3-fused proteins. 

In the first part of this study, we investigated the ability of SST-scFv8D3 

to enhance cell-surface NEP activity in vitro. Adding scFv8D3 to the N-

terminal end of SST peptide might interfere with its ability to bind to SSTR 

and activate NEP. However, the interaction sites between SST and its 

receptors, which are four aa in positions 7 to 10 [194], were kept intact in our 

design. Despite the addition of the BBB transporter, SST-scFv8D3 retained 

SST’s ability to significantly enhance NEP activity in primary neurons and 

neuroblastoma cell lines. These results indicate that adding BBB transporters 

at the N-terminal end of SST peptide is a suitable strategy to preserve the 

functionality of SST peptide.  

Biodistribution of SST-scFv8D3 was evaluated in vivo using C57BL/6 WT 

mice. SST-scFv8D3 displayed a blood half-life of 6 hours, which is 120-times 

longer than that of SST peptide (2-3 minutes). When intravenously injected, 

SST-scFv8D3 displayed a high brain uptake of 0.5% ID per gram brain tissue, 

similar to the brain uptake obtained with other scFv8D3-fused recombinant 

proteins [195]. Importantly, the brain to blood ratio that determines the 

concentration of the construct in brain compared to its concentration in blood 

increased significantly over time. These results indicate that the retention of 

SST-scFv8D3 in the brain is longer compared to its retention time in blood. 
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Therapeutic significance of SST-scFv8D3 was evaluated using the 

APPswe mouse model of AD. In the first therapeutic study, a single 

intravenous injection of 2 mg/kg of SST-scFv8D3 was administered to 14-

month-old APPswe mice, using PBS as a negative control. Twenty-four hours 

post injection, mice treated with SST-scFv8D3 displayed a significant 

increase in NEP protein expression compared to the PBS treated group. 

However, no effects on the concentration of A could be detected.  

The second therapy study included 8-months old APPswe mice treated with 

three doses of 1 mg/kg of SST-scFv8D3 every 36 hours, using scFv8D3 and 

PBS as negative controls. Mice treated with SST-scFv8D3 displayed a 

significant increase in membrane-bound NEP expression and activity 

compared to the control groups. An effect that was followed by a significant 

reduction in the concentration of membrane-bound A42, selectively in the 

hippocampal area.   

In summary, our results suggest a successful delivery of our newly 

designed SST protein into the brain and its ability to enhance NEP activity and 

Aβ42 degradation in the hippocampal area of APPswe mice.  

Paper II 

This was a follow-up study of paper I, where we aimed to further investigate 

the treatment effects of SST-scFv8D3 on protein levels in AD brains. 

Treatment with SST-scFv8D3 can potentially be associated with changes in 

the levels of several proteins, other than NEP and Aβ42, and these changes 

can be involved in AD pathology progression. Hence, in this study, brain 

homogenates were prepared from 8-month old APPswe mice treated with 

either triple intravenous injection of SST-scFv8D3 or PBS. Homogenates 

were lysed, trypsinized and analysed using LC–MS. To evaluate whether SST-

scFv8D3 treatment shifts the brain proteome towards normal (WT) levels or 

not, a transgenic study was added including untreated APPswe and WT mice 

having a similar age to the mice included in the treatment study.  

LC–MS analysis demonstrated 105 proteins to be significantly decreased 

in the hippocampus of APPswe mice treated with SST-scFv8D3 compared to 

those treated with PBS. The majority of these proteins were mitochondrial 

proteins involved in processes of fatty-acid oxidation and energy metabolism. 

When checking the brain proteome in the transgenic study, the majority of 

these mitochondrial proteins were significantly upregulated in the 

hippocampus of APPswe mice compared to WT controls. This suggests that 

SST-scFv8D3 treatment shifted the levels of these proteins towards WT 

levels. 

Furthermore, the levels of 55 proteins were significantly increased in the  

hippocampus of SST-scFv8D3 treated mice compared to PBS treated ones. 
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LC–MS analysis demonstrated the majority of these proteins to be either 

members of the SNARE (soluble N-ethylmaleimide-sensitive fusion protein 

attachment protein receptor) complex or proteins involved in regulating 

neuronal growth and development. The latter group was significantly 

decreased in the hippocampus of APPswe mice compared to WT controls. 

This suggests that SST-scFv8D3 treatment shifted the levels of neurons’ 

growth proteins towards WT levels. On the other hand, the observed increase 

in SNARE protein levels following SST-scFv8D3 treatment can be attributed 

to their role in regulating pre-synaptic localization of NEP [100].  

In addition to LC–MS analysis, this study evaluated the treatment effects 

of SST-scFv8D3 on the concentration of inflammation markers. KC/GRO, a 

chemokine involved in neutrophils activation and migration [196], was the 

only inflammatory marker with increased concentrations following SST-

scFv8D3 treatment. The effects were selectively detected in the hippocampus, 

suggesting that the changes in KC/GRO concentration are a result of SST-

scFv8D3 treatment. 

NEP has a variety of substrates in the brain other than Aβ [82]. Since SST-

scFv8D3 treatment was associated with a significant increase in NEP 

expression, we thought of quantifying the brain levels of other NEP substrates 

such as neuropeptide-Y and substance-P. Treatment of APPswe mice with 

SST-scFv8D3 was associated with a significant decrease in the hippocampal 

concentration of neuropeptide-Y, while no effects on substance-P 

concentration were detected. The enhanced degradation of neuropeptide-Y 

following treatment with SST-scFv8D3 further supports the ability of such 

treatment to enhance NEP expression. However, such effects should be 

carefully studied as neuropeptide-Y is regulating several physiologically 

relevant processes in the brain.  

Overall, this study demonstrates that treatment with SST-scFv8D3 to be 

associated with regulating the levels of several proteins that are important in 

AD pathology.  

Paper III 

Monoclonal antibodies targeting different species of Aβ have entered clinical 

trials for the treatment of AD. The majority of these trials have been 

discontinued, with three antibodies currently in phase III trials and one 

antibody recently conditionally approved by the FDA [122,134]. The 

beneficial effect of these antibodies on cognition is limited [139]. This could 

be related to targeting the wrong species of Aβ with these antibodies. The 

soluble aggregates of Aβ, termed oligomers and protofibrils, have been 

suggested as the most neurotoxic Aβ species [74,197]. Therefore, antibodies 

with strong and selective binding to these aggregates can be of great 

therapeutic potential.  
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In order to discriminate in binding between monomers and aggregates, 

avidity has been described as a decisive factor. Lecanemab, Gantenerumab 

and Aducanumab utilize avidity to strongly bind to Aβ aggregates over 

monomers. Nevertheless, it has been shown to be difficult to develop 

antibodies that can bind with avidity to the small oligomers. This is because 

the distance between the two binding sites of an IgG antibody is too large to 

enable binding with avidity to the same oligomer [165–167].  

In this study, we designed a multivalent antibody (Hexa-RmAb158) based 

on RmAb158, an Aβ-protofibril selective antibody and the murine version of 

Lecanemab [182,198]. The new antibody design included additional binding 

sites. These were in the form of scFv consisting of heavy and light variable 

domains of RmAb158 linked together via a (G4S)3 linker. scFvs were added 

to the N-terminal ends of the heavy and light chains of RmAb158, changing 

it from a bivalent antibody into a hexavalent antibody format.  

The first part of this study aimed at evaluating the binding strength of the 

different antibody formats to the rather large soluble aggregates, called 

protofibrils, using LigandTracer and SPR. Due to the additional binding sites, 

Hexa-RmAb158 demonstrated a stronger binding with a 40-fold lower rate of 

dissociation from Aβ protofibrils compared to RmAb158. 

In the second part of this study, binding strength of the different antibody 

formats to the small soluble aggregates, called oligomers, was evaluated using 

different ELISA setups. Due to the short distance between the additional 

binding sites, Hexa-RmAb158 demonstrated a stronger binding to Aβ 

oligomers compared to the other antibody formats. Hexa-RmAb158 retained 

RmAb158 antibody’s properties in displaying an intermediate and a weak 

binding to Aβ fibrils and monomers respectively. 

Finally, the therapeutic potential of the new antibody format was studied in 

vitro using Neuro2a cells and MTT assay. Hexa-RmAb158 could significantly 

reduce cell death induced by a mixture of Aβ aggregates. The same effect was 

observed with the other antibody formats, but more binding sites, as in Hexa-

RmAb158, tended to result in better protection against Aβ induced 

neurotoxicity.  

All in all, this study introduced a new antibody format that can bind with 

avidity to a wide-range of soluble Aβ aggregates, suggesting the use of such a 

design to generate more effective anti-AD therapies. 

Paper IV 

Based on the results obtained in paper III, we wanted to test the therapeutic 

potential of HexaRmab158 in vivo. Specifically, by adding the BBB 

transporter scFv8D3, this study aimed at developing a bispecific version of 

the multivalent antibody format (HexaRmAb158-scFv8D3). Further, the brain 

delivery and ability to clear Aβ aggregates in transgenic mouse models of AD 
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were investigated. As a control, the previously developed bispecific antibody 

(RmAb158-scFv8D3) was used [159,160].  

Binding of HexaRmAb158-scFv8D3 to TfR was first assessed in vitro 

using an ELISA. HexaRmAb158-scFv8D3 demonstrated a two-fold weaker 

TfR binding compared to RmAb158-scFv8D3. In addition, HexaRmAb158-

scFv8D3 was less efficiently transcytosed across an in vitro BBB cell model 

compared to RmAb158-scFv8D3. 

The ability of the new antibody format to measure soluble Aβ aggregates 

in biological samples was evaluated using brain homogenates from AppNL-G-F 

and tg-ArcSwe mice. By using it as the capture antibody in a sandwich ELISA 

setup, HexaRmAb158 could significantly capture more soluble Aβ aggregates 

in brain homogenates compared to RmAb158.  

When intravenously administered at tracer doses to WT mice, 

HexaRmAb158-scFv8D3 was efficiently transported across the BBB. Brain 

uptakes at 2 hours post injection were marginally lower compared to those 

obtained with RmAb158-scFv8D3, but 60-times higher compared to 

conventional IgG antibodies.  

When administered at therapeutic doses to two AD mouse models (tg-

ArcSwe and AppNL-G-F), similar brain retention was detected between 

HexaRmAb158-scFv8D3 and RmAb158-scFv8D3, 72 hours post injection. 

Interestingly, a two-fold faster blood elimination was detected for 

HexaRmAb158 compared to RmAb158-scFv8D3 in tg-ArcSwe mice. 

Following a single intravenous injection, both HexaRmAb158-scFv8D3 

and RmAb158-scFv8D3 efficiently cleared soluble Aβ aggregates in TBS 

soluble brain extracts ultra-centrifuged at 100,000 xg and 200,000 xg. No 

effects were detected in the TBS soluble extracts centrifuged at 16,000 xg, 

neither in the TBS-T soluble and FA soluble fractions. Treatment effects were 

only evident in the transgenic tg-ArcSwe mouse model and not in the knock-

in AppNL-G-F model. 

The results of this study highlight the potential of the BBB-penetrant 

format of HexaRmAb158 antibody to efficiently clear soluble Aβ aggregates 

and suggest its application as a new antibody-therapy for the treatment of AD.  

Paper V 

Here, we developed recombinant proteins based on NEP, with the aims of 

improving the plasma half-life and capability of crossing the BBB. Three 

recombinant proteins were designed (sNEP-scFc-scFv8D3, muNEP-scFc-

scFv8D3 and scFc-scFv8D3). scFc was added to provide a longer half-life and 

scFv8D3 as the BBB transporter.  

Aβ degradation capacity of the recombinant proteins was first assessed in 

vitro. sNEP-scFc-scFv8D3 retained NEP enzymatic efficiency in degrading 

Aβ. However, muNEP-scFc-scFv8D3, that was based on a mutated NEP 
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variant with higher efficiency to degrade Aβ compared to other NEP 

substrates [199], was surprisingly less efficient compared to sNEP-scFc-

scFv8D3.  

When intravenously injected into tg-ArcSwe mice, sNEP-scFc-scFv8D3 

displayed a 20-fold higher brain uptake compared to sNEP. However, both 

sNEP-scFc-scFv8D3 and muNEP-scFc-scFv8D3 were cleared fast from the 

brain. Blood half-life for both sNEP-scFc-scFv8D3 and muNEP-scFc-

scFv8D3 was around 15 hours, with a 40-fold decrease in plasma 

concentration compared to those obtained with the control scFc-scFv8D3 

protein.  

Seventy-two hours post injection of a single dose of 5 mg/kg, a significant 

reduction in the concentration of Aβ monomers was detected in the brain of 

tg-ArcSwe mice treated with sNEP-scfc-scFv8D3. No changes were detected 

in the concentration of soluble Aβ aggregates or total Aβ following the 

different treatments. Interestingly, plasma concentrations of Aβ were 

significantly reduced in tg-ArcSwe mice treated with either of the scFv8D3-

fused NEP-based proteins compared to the scFc-scFv8D3 treated control 

group.  

All in all, the results generated in this study demonstrate a successful 

delivery of NEP into the brain of AD mice, making it possible to centrally 

study the effects of recombinant versions of this enzyme on Aβ pathology.  



 

 53 

Conclusion and future perspectives  

In paper I, we developed SST-scFv8D3, a recombinant protein capable of 

passing the BBB, with a blood half-life that is 120-times longer compared to 

that of SST peptide. SST-scFv8D3 could significantly enhance NEP-mediated 

degradation of Aβ42, selectively in the hippocampal area, where SSTRs are 

highly expressed [200] and where Aβ pathology originates [201]. Since NEP 

favours the degradation of monomers, SST-scFv8D3 could potentially be used 

as a therapy during the early stages of AD. Future studies can use SST-

scFv8D3 in a combination therapy with, for example, mAbs targeting Aβ 

aggregates.  

In addition to its potential role in degrading Aβ, the findings in paper II 

demonstrate a wide-ranging effect on brain proteome of AD mice following 

treatment with SST-scFv8D3. Among the most affected protein groups were 

the mitochondrial and neuronal development proteins, with levels 

significantly altered by SST-scFv8D3 treatment and shifted towards WT 

levels. These results display unknown beneficial effects of SST-scFv8D3 

treatment and suggest further development of anti-AD therapies based on the 

SST peptide. 

In paper III, we provide a new multivalent antibody design with improved 

binding strength and slow rate of dissociation from a wide-range of sizes of 

soluble Aβ aggregates. In addition to targeting A, future studies could 

incorporate a similar design to generate future antibody-based drugs with 

enhanced binding properties to other aggregated protein targets.  

Paper IV concludes the ability of a bispecific-multivalent antibody to pass 

the BBB, bind to in vivo generated Aβ and efficiently clear soluble Aβ 

aggregates from the brain of tg-ArcSwe mice. In addition to Aβ oligomers, 

future studies could incorporate a similar design to generate antibody therapies 

capable of crossing the BBB and clearing other pathological protein 

aggregates from the brain. 

In paper V, our scFv8D3-fused NEP proteins can be used to dig deeper 

into the effects of NEP enzyme on AD brains. Despite the fast clearance of 

these proteins from the brain, such designs are of potential in the AD field, 

since they avoid the use of invasive intracranial administration or the 

generation of NEP transgenic mice.  
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Popular science summary  

Dementia is a progressive disease condition affecting over 50 million people 

worldwide. Alzheimer’s disease represents around two-thirds of dementia 

cases. Clinical symptoms of Alzheimer’s disease are progressive decline in 

memory and learning, personality changes, mood swings and language 

problems. The main risk factor in Alzheimer’s disease is age. Due to 

worldwide increases in life expectancy, the number of Alzheimer’s disease 

patients is predicted to increase to 150 million by 2050. This represents a big 

burden, not only on the patients, but also to their families and the whole 

society. Hence, there is a big need to develop new and effective treatments, as 

those currently available provide only symptomatic relief and have failed to 

stop the underlying cause of the disease.  

In Alzheimer’s disease, a protein called amyloid-beta accumulates in the 

brain to form aggregates. These aggregates have been suggested as the 

underlying cause for the loss of memory, from which the Alzheimer’s patients 

suffer. Hence, targeting these aggregates of amyloid-beta by stopping their 

formation, or enhancing their breakdown and degradation, can be a relevant 

therapeutic approach.  

In drug development, one of the fastest growing fields is protein-based 

biological drugs. Examples include antibodies, peptides, enzymes and 

hormones. In the last decade, more than 100 protein-drugs have been approved 

for clinical use, mainly for the treatment of different types of cancer. The 

unique property behind the success of protein-based biological drugs is the 

ability to re-engineer these products so that they can bind to any disease-

causing target.  

The aim of the current body of work was to develop protein-based 

biological drugs that target the disease causing forms of amyloid-beta, with 

the long-term goal of using them as novel therapies to treat Alzheimer’s 

disease.  

But when it comes to brain diseases such as Alzheimer’s disease, a problem 

arises with the use of protein-based drugs since the brain is protected by the 

blood-brain barrier (BBB). This is a layer of cells tightly connected to each 

other preventing large molecules such as protein-based biological drugs from 

travelling from the blood into the brain. One way to carry large molecules, 

such as proteins, into the brain is to use receptors that are expressed by the 

cells of the BBB. One of these receptors that has been extensively studied is 
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the transferrin receptor. In the current work, we have modified protein-based 

biological drugs by adding extra domains that can be recognized by the 

transferrin receptor. In this case, the transferrin receptor will act as a cargo to 

transport these protein-based drugs over the BBB. Without these 

modifications, only limited amounts of protein-based biological drugs can 

enter the brain.  

In papers I and II, we developed a new protein-based treatment that can 

bind to the building blocks of amyloid-beta and degrade them before they have 

a chance to form the disease-causing aggregates mentioned above. The new 

treatment was based on the peptide somatostatin, that has been shown 

previously to enhance the body’s own degradation of amyloid-beta. However, 

somatostatin has not been used as an anti-Alzheimer’s disease treatment 

because of its extremely short half-life in blood (2-3 minutes) and its inability 

to cross the BBB. In our design, we fused somatostatin to the brain transporter, 

which binds to transferrin receptor mentioned above. Such modifications 

proved to be very effective as the half-life of somatostatin was increased 120-

fold and high amounts were detected in the brain. Importantly, when testing 

the new treatment in mice having Alzheimer’s like symptoms, we could detect 

a 50% decrease in amyloid-beta concentrations in the brain. In addition to 

amyloid-beta, treatment with the modified somatostatin protein was 

associated with regulating the levels of several other proteins involved in 

Alzheimer’s disease pathology. All these effects were more evident in the 

hippocampus, the part of the brain responsible for learning and memory and 

where Alzheimer’s disease pathology originates.  

Antibodies (a protein-based drug) targeting amyloid-beta have entered the 

clinical trials for the treatment of Alzheimer’s disease. These antibodies bind 

strongly to the large aggregates of amyloid beta, but not as strong to the 

smaller aggregates called oligomers. The latter has been suggested to be 

harmful to the cells of the brain since they have high mobility and can move 

easily between the cells. Antibodies might not be able to detect small 

oligomers because the distance between the two arms of an antibody is bigger 

than the size of these oligomers. Hence, in paper III, we developed a new 

antibody format with additional binding sites and a shorter distance between 

the binding arms. Such antibody modifications gave rise to more interaction 

sites with the larger amyloid-beta aggregates, while still making it possible to 

bind to the smaller aggregates as well, which has been very challenging to 

achieve with the previous antibody formats. In paper IV, we fused the new 

antibody format developed in paper III with our brain transporter and tested 

its potential in mice with Alzheimer’s like pathology. A single intravenous 

injection of the new antibody format was enough to detect a remarkable 

decrease in the quantity of toxic amyloid-beta aggregates in the brain of the 

treated mice.  

Finally, in paper V, we developed protein-based drugs based on the enzyme 

neprilysin that has previously shown the ability to degrade amyloid-beta. 
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However, due to the molecular size of this enzyme, it cannot enter the brain 

via the BBB. The enzyme was linked to an antibody fragment (Fc-region) to 

prolong its half-life in blood and to the above mentioned brain transporter to 

allow delivery over the BBB. When tested in mice with Alzheimer’s like 

pathology, this new treatment showed high brain uptake and the ability to 

degrade amyloid-beta, both in the brain and blood.  

In conclusion, the proof of concept work performed in these five papers 

demonstrates how new protein-based biological drugs can be developed and 

employed in the treatment of Alzheimer’s disease. All the treatment studies 

were performed using mice having Alzheimer’s like pathology. However, we 

believe that such treatments can have similar effects when tested in humans. 

The results generated in this thesis can hopefully open up new avenues to 

develop effective treatments targeting not only amyloid-beta in Alzheimer’s 

disease, but also other relevant targets in brain diseases. 
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Populärvetenskaplig sammanfattning  

Demens är en progressiv sjukdom som drabbar över 50 miljoner människor 

värden över. Den vanligaste formen av demens är Alzheimers sjukdom, som 

representerar cirka två tredjedelar av samtliga fall av demens. Då den främsta 

riskfaktorn för Alzheimers sjukdom är hög ålder förväntas antalet drabbade 

att öka till 150 miljoner år 2050. De vanligaste symtomen vid Alzheimers 

sjukdom är försämring av minne och kognitiva förmågor, 

personlighetsförändringar samt språkproblem. Detta innebär en stor börda 

både för patienterna och deras anhöriga men även samhället i stort. De 

nuvarande behandlingarna ger endast symtomatisk lindring och kan inte 

stoppa den bakomliggande orsaken till sjukdomen. Därför finns det ett stort 

behov av att utveckla nya läkemedel som effektivare kan behandla patienter 

med Alzheimers sjukdom.    

Vid Alzheimers sjukdom bildas aggregat i hjärnan genom att proteinet 

amyloid-beta börjar att klumpa ihop sig. Dessa aggregat har föreslagits vara 

den huvudsakliga orsaken till utveckling av Alzheimers sjukdom. Potentiellt 

effektiva behandlingsmetoder skulle därmed kunna vara att stoppa bildningen 

av dessa amyloid-betaaggregat alternativt att öka nedbrytningen av dem.   

Ett av de snabbast växande områdena inom läkemedelsutveckling är 

proteinbaserade biologiska läkemedel, det vill säga behandlingar med till 

exempel antikroppar, peptider, enzymer eller hormoner. Under de senaste åren 

har mer än 100 proteinläkemedel godkänts på marknaden, framförallt för 

behandling av olika typer av cancer. Den främsta fördelen med 

proteinbaserade biologiska läkemedel är möjligheten att omkonstruera dessa 

så att de kan binda till nästan vilket sjukdomsframkallande mål som helst. 

Syftet med denna doktorandavhandling var att utveckla proteinbaserade 

biologiska läkemedel designade att binda till de lösliga formerna av amyloid-

beta för att sedan använda dem i behandling av Alzheimers sjukdom hos möss. 

Då dessa aggregat finns i hjärnan behöver därmed läkemedlen designas på ett 

sätt som gör att de kan passera hjärnans skyddande lager, blod-hjärnbarriären. 

Detta är en av de största utmaningarna med att använda proteinbaserade 

läkemedel mot hjärnsjukdomar såsom Alzheimers sjukdom. För att komma 

runt detta problem har vi i denna doktorandavhandling modiferat olika 

proteinbaserade läkemedel genom att koppla på en hjärntransportör som 

hjälper dem att passera in till hjärnan. 
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I studie 1 och 2 utvecklade vi en ny proteinbaserad behandling som binder 

till amyloid-beta och bryta ner dem innan de hinner aggregera. I dessa studier 

användes peptiden somatostatin. Ett tidigare problem med denna peptid som 

behandling för Alzheimers sjukdom är dess korta halveringstid på 2–3 minuter 

samt att den inte kan inte passera till hjärnan. I våra studier, kopplade vi 

somatostatin till ovannämnd hjärntransportören. När denna behandling 

testades i möss med Alzheimers sjukdom, detekterades en minskning av 

amyloid-betakoncentrationen i hjärnan med 50%. Den största effekten sågs i 

hippocampus det vill säga den delen av hjärnan som bildar minne och där 

utvecklingen av Alzheimers sjukdom börjar. 

Antikroppar som binder amyloid-beta har studerats i kliniska prövningar 

för behandling av Alzheimers sjukdom. Vanliga antikroppar kan binda stark 

till de stora aggregaten av amyloid-beta, men inte lika starkt till de mindre 

aggregaten som är mer skadliga. Detta på grund av att avståndet mellan de två 

armarna på en antikropp är större än storleken av de små amyloid-

betaaggregaten. För att undvika detta problem utvecklade vi i studie 3 ett nytt 

antikroppsformat som binder lika starkt till både de stora och små aggregaten 

av amyloid-beta. I studie 4, kopplade vi sedan på hjärntransportören till det 

nya antikroppsformatet från studie 3 och testade den i möss med Alzheimers 

sjukdom. Endast en injektion av det nya antikroppsformatet med påkopplad 

hjärntransportör var tillräckligt för att detektera en minskning av amyloid-

betaaggregat i hjärnan. 

I studie 5 utvecklade vi två proteinbaserade läkemedel bestående av 

enzymet neprilysin kopplat till ett antikroppsfragment (Fc-region) samt ovan 

nämna hjärntransportör. Detta för att både förlänga halveringstiden av 

läkemedlet i blodet samt möjliggöra transport till hjärnan. Dessa nya 

läkemedel visade nedbrytande effekter på amyloid-beta både i hjärnan och 

blodet hos möss med Alzheimers sjukdom.  

I alla ovan nämnda 5 studier utvecklade vi nya proteinbaserade biologiska 

läkemedel för användning vid behandling av Alzheimers sjukdom. Alla 

behandlingsstudier genomfördes i möss med Alzheimers sjukdom, men vi tror 

att sådana proteinbaserade biologiska läkemedel kan ha liknande effekter även 

i människa. Vi hoppas att dessa nya designer av protein och antikroppar kan 

användas för att utveckla nya effektiva behandlingsmetoder, inte bara i 

Alzheimers sjukdom, utan även i andra hjärnsjukdomar. 
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