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Abstract 
Tobias, G. 2022. Brain distribution of a bispecific antibody targeting Aβ. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1817. 
66 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1436-5. 

Alzheimer’s disease (AD) is characterised by aberrant protein aggregation in the brain with 
subsequent synaptic loss, neuroinflammation, and brain atrophy that ultimately clinically 
manifests as cognitive impairment. Histopathological findings in AD are extracellular 
plaques of the protein amyloid-beta (Aβ), Aβ in blood vessels (CAA), and intracellular 
neurofibrillary tangles (NFT) of hyperphosphorylated tau. The FDA recently approved the 
antibody aducanumab for AD treatment, and several antibodies are now in clinical phase 3 trials, 
demonstrating that Aβ-directed immunotherapy is a viable treatment option in AD. 

In this thesis we evaluated the therapeutic Aβ antibodies 3D6 and RmAb158 in comparison 
with the bispecific RmAb158-scFv8D3, which penetrates the blood-brain barrier (BBB) by 
transferrin receptor mediated transcytosis. Emphasis lies in antibody brain uptake and intra brain 
distribution, in their use as potential treatment options in AD and how such treatment affects 
BBB integrity. 

Vascular disturbances are common side effects of anti-Aβ immunotherapy. However, we 
demonstrated that the BBB permeability of large molecules is unchanged following acute 3D6 
treatment in an Aβ mouse model (paper I). Next, brain uptake and distribution of radioiodinated 
RmAb158 and its bispecific variant RmAb158-scFv8D3 were investigated with SPECT in an 
Aβ mouse model. Due to its active transport across BBB, RmAb158-scFv8D3 had a higher brain 
uptake than RmAb158, resulting in greater total brain exposure, and higher concentration at Aβ 
plaques (paper II). In paper III, we labelled RmAb158-scFv8D3 with the radiometal indium-111 
(111In), using chelators CHX-A”-DTPA or DOTA, and SPECT was used to investigate brain 
retention and biodistribution. The 111In-labelled bispecific antibody entered the brain, and 
although brain retention was higher in Aβ mice, the wild type (wt) background was high. SPECT 
revealed high bone uptake of all tracers, and subsequent ex vivo measurement pinpointed 
retention to the bone marrow. With the knowledge gained from paper II, we addressed whether 
RmAb158-scFv8D3 would improve treatment efficacy in different treatment regimes. We also 
assessed the immunogenicity of different antibody constructs upon chronic administration 
(paper IV). As all tested bispecific antibody constructs elicited a humoral response, immune cell 
depletion was necessary before repeated antibody treatment. Overall, long-term treatment of 
RmAb158-scFv8D3 did lower total brain Aβ but compared with RmAb158, it did not improve 
treatment efficacy. 

In conclusion, acute anti-Aβ immunotherapy did not negatively affect BBB integrity, and 
bispecific antibodies displayed improved brain distribution and long-term accumulation at 
parenchymal Aβ. However, this did not translate into an added treatment effect in a chronic 
therapeutic setting. 

Keywords: Alzheimer's disease, amyloid-beta, blood-brain barrier, single-photon emission 
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Abbreviations 

124I  Iodine-124 
125I  Iodine-125 
111In  Indium-111 

Aβ  Amyloid-beta 

APP  Amyloid precursor protein 

AD  Alzheimer´s disease 

Arc  Arctic mutation in APP 

ARIA  Amyloid-related imaging abnormalities 

BACE-1  β-amyloid cleaving enzyme-1 

BBB  Blood-brain barrier 

BCSFB  Blood-cerebrospinal fluid barrier 

bsAb  Bispecific antibody 

CAA  Cerebral amyloid angiopathy 

CHX-A”-DTPA  [(R)-2-Amino-3-(4-aminophenyl)propyl]-trans-

(S,S)-cyclohexane-1,2-diamine-pentaacetic 

acid 

CNS  Central nervous system 

CSF  Cerebrospinal fluid 

DOTA 2,2′,2′′,2′′′-(1,4,7,10-Tetraazacyclododecane-

1,4,7,10-tetrayl)tetraacetic acid 

ISF  Interstitial fluid 

I.V  Intravenous 

MCI  Mild cognitive impairment 

mTfR  Mouse transferrin receptor 

NFT  Neurofibrillary tangle 

NVU  Neurovascular unit 

PET  Positron-emission tomography 

RMT  Receptor-mediated transport 

ScFv  Single-chain variable fragment 

SPECT  Single-photon emission computed tomography 

Swe  Swedish mutation in APP 

Tf  Transferrin 

TfR  Transferrin receptor 

WT  Wild-type 
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Introduction 

Alzheimer's disease 

As of 2019, approximately 50 million people worldwide are living with de-

mentia. This number is projected to increase to 150 million people by 2050, 

and the global economic burden of caring for people with dementia is 

estimated to rise to 2 trillion USD annually by 2030 [1]. Dementia is not a 

new concept; during the antiquity the ancient Greeks formulated the idea of 

dementia. Alois Alzheimer was the first to describe the clinical and 

histopathological findings in Alzheimer’s disease (AD). On November 26, 

1901, Alois Alzheimer met Auguste Deter, a patient in a mental asylum in 

Frankfurt. Clinically, Deter was found to be disoriented and confused, which 

worsened over time, and after 5 years she died due to sepsis. During post-

mortem examination of Deter’s brain, Alzheimer found the now well-

established hallmarks of AD, such as brain atrophy, amyloid plaques and 

tangles [2].  

 

AD is the leading cause of dementia and is characterised by progressive neu-

rodegeneration that takes decades to develop, resulting in a detrimental effect 

on cognitive functions such as memory and language. Initial symptoms 

include a reduction in the ability to form new memories, which subsequently, 

as the disease progresses, impairs AD patients' ability to retrieve declarative 

long-term memories [3]. Canonical histopathological findings in the AD brain 

include extracellular amyloid plaques (senile plaques), composed of insoluble 

amyloid β (Aβ) fibrils, and intraneuronal neurofibrillary tangles (NFTs) 

formed by hyperphosphorylated tau protein [4]. The pathological processes 

leading to AD begins to develop decades before symptom onset. Imaging and 

biomarker studies in AD patients demonstrate a lag period where Aβ 

accumulates years, or decades, before the onset of clinical symptoms. 

Amyloid positron emission tomography (PET) and cerebrospinal fluid (CSF) 

biomarkers indicate that the progressive buildup of Aβ precedes other 

pathological changes in AD [5].  
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Amyloid beta 

APP processing and Aβ aggregation  

Aβ is produced by proteolytic processing of the amyloid β precursor protein 

(APP). The APP gene, located on chromosome 21, can be alternatively spliced 

into three isoforms, where the 695 amino acid splice variant is the predomi-

nant isoform found in neurons [6]. APP is a transmembrane protein consisting 

of a single transmembrane domain, an extracellular domain, and a cytoplasmic 

tail. Neuronal APP metabolism can be divided into an amyloidogenic and a 

non-amyloidogenic pathway (Figure 1). In the amyloidogenic pathway the Aβ 

protein is produced via the action of two enzymes: β-site amyloid precursor 

protein cleaving enzyme-1 (BACE-1), an aspartyl protease, and γ-secretase, 

an intramembrane enzyme complex including the presenilin proteins. The am-

yloidogenic pathway starts with cleavage of APP's β-site by BACE-1, gener-

ating a 99 residue protein, APP-CTF99, which is further cleaved at its γ-site 

by the γ-secretase complex. This results in the formation of the approximately 

4.5 kDa Aβ peptide [7, 8], with a length between 38 to 43 amino acids[9]. 

 

 

 
Figure 1. Processing of APP via the (left) non-amyloidogenic and amyloidogenic 

pathway (right). Aβ is generated from APP via the action of BACE-1 and the gamma-

secretase complex.    

 

Natively, Aβ is an unstructured protein but it can adopt a β-hairpin motif that 

promotes the formation of dimers, tetramers, and oligomers that aggregate into 

protofibrils. The protofibrils can be organised into insoluble fibril structures 

that aggregate and deposit into plaques (Figure 2) [10]. 
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Figure 2. Aβ aggregation. Aβ monomers aggregate into larger soluble structures, in-

cluding oligomers and protofibrils. Continued aggregation forms large insoluble Aβ 

amyloid fibrils deposited as plaques in brain. 

 

Aβ deposition 

Aβ plaque morphology in AD brains are often classified into dense-cored, fi-

brillary, or diffuse plaques. Dense-cored plaques are characterised by a central 

mass, surrounded by a void, and an outer spherical shell of Aβ. Fibrillar 

plaques present as a dense structure with spoke-like structures emanating from 

the centre. Diffuse plaques are generally larger, less compact and display a 

homogenous distribution with no substructures [11]. Examined in detail, Aβ 

plaques comprise central core Aβ fibrils surrounded by a halo of smaller fi-

brillar and non-fibrillar Aβ structures [12]. The core is mainly composed of 

Aβ40, whereas Aβ42  is the primary Aβ species found in the surrounding halo 

[13]. A majority of AD patients display Aβ-aggregation in blood vessels in the 

brain, also known as cerebral amyloid angiopathy (CAA)[14], which destabi-

lises the brain vasculature and increases the risk for intracerebral haemorrhage 

[15, 16]. Aβ40 constitutes the majority of amyloid deposits in vessel walls 

[17, 18], and is thought to reflect the failure of Aβ clearance into the blood 

[19].   

Normal function and pathological gain-of-function of Aβ 

Much of the research exploring the properties of APP and subsequent 

generation of Aβ has focused on the detrimental effects of high Aβ 

concentrations in the brain. However, low physiological concentrations of 

monomeric Aβ may be beneficial and be involved in several brain functions, 

such as modulating synaptic activity, enhancing memory formation [20, 21], 
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and may even have antimicrobial properties that protect the brain from 

infections [22]. 

 

Yet, there is clear evidence of aberrant accumulation and Aβ-induced toxicity 

in AD. The amyloid cascade hypothesis states that accumulation of Aβ in the 

brain is the main cause of AD, facilitating subsequent pathological changes 

such as NFT formation and cell loss leading to dementia [23]. Initially, 

insoluble Aβ in the form of senile plaques, was considered to be the causative 

driver in AD pathogenesis, but focus has shifted to soluble oligomeric Aβ 

species as the underlying agent of the detrimental effects seen in AD [24]. 

Supporting this is the general lack of correlation between the cognitive 

severity of AD and plaque burden [24]. In addition, a pronounced plaque 

burden is often observed also in the cognitively normal aging population [25]. 

Instead, soluble oligomeric Aβ species have adverse effects on neuronal 

synaptic function [26], impair memory [27], and are toxic to neurons [28]. 

Clearance of Aβ from the brain 

Normally, Aβ is cleared by enzymatic degradation or transport out of the 

brain. A shift favoring accumulation over clearance is believed to contribute 

to the progressive accumulation of Aβ over time and AD development.  

 

Zinc metalloproteases are an enzyme class that facilitate Aβ degradation. 

These include neprilysin, insulin-degrading enzyme, and matrix 

metalloproteinases [29]. Neprilyisn is located at the cell membrane and its role 

in Aβ catabolism has been extensively studied. In vivo evidence where 

neprilysin deficient mice were cross-breed with an A mouse model, resulted 

in increased oligomeric Aβ and cognitive deficits [30]. Furthermore, reduced 

neprilysin concentration is seen in AD brains [31], highlighting the potential 

protective role the enzyme typically plays in AD disease progression. 

 

Non-enzymatic Aβ removal relies on microglial phagocytosis, interstitial fluid 

bulk flow clearance, and efflux transport over the blood-brain barrier (BBB). 

Brain-residing phagocytic cells such as microglia [32] and supportive 

astrocytes [33] have been suggested to remove parenchymal Aβ through 

phagocytosis. Other clearence pathways include  interstitial fluid (ISF) bulk 

flow transports Aβ into cerebrospinal fluid (CSF). Alternatively, Aβ in ISF is 

transported via perivascular pathways to the subarachnoid space where Aβ is 

taken up in cervical lymph nodes. P-glycoprotein 1 (ABCB1) and low-density 

lipoprotein receptor-related protein 1 (LRP1), both located at the BBB, are 

transport proteins facilitating Aβ efflux. ApoE plays a central role in this 

system, in which Aβ bound to ApoE is transported by these receptors across 

the BBB to the blood circulation [34].  

 



 13 

Genetics in Alzheimer's disease 

Sporadic, or late-onset AD, is the most common form of the disease, and ac-

counts for >95% of all new AD cases. However, familial causes of AD (FAD) 

have been discovered that lead to early onset of the disease. The majority of 

the mutations are found in the APP gene or in the PSEN1 and PSEN2 genes 

[35], which encode presenilin proteins that are essential for the function of the 

γ-secretase complex. The Swedish mutation KM670/671NL is a double mu-

tation in APP near the β-secretase cleavage site, which increases the produc-

tion and secretion of Aβ [36, 37]. The arctic mutation is a single amino acid 

substitution, E693G, within the Aβ protein, which results in an increased pro-

pensity for aggregation into large soluble protofibrils [38]. The Iberian muta-

tion, I716F, is located close to the C-terminal of Aβ and alters γ-secretase 

cleavage increasing the Aβ42/40 ratio, leading to increased Aβ aggregation 

[39].  

Tau  

The protein tau is primarily expressed in neurons, where it stabilises microtu-

bules [40]. Alternative splicing of the MAPT gene gives rise to 6 different tau 

isoforms in the brain [41]. Tau is a soluble protein with a natively unstructured 

and is generally not prone to aggregation. Still, aggregates of hyperphosphor-

ylated tau are found in NFTs in AD brains. The exact mechanism leading to 

tau aggregation remains elusive, but pathological conformation changes in tau 

monomers and hyperphosphorylation promote aggregation and nucleation 

units, increasing the aggregation [42]. NFTs first appear in the transentorhinal 

cortex and then spread to the hippocampus, followed by extensive cortical 

spreading [43]. In AD, tau deposition and spreading correlate better than Aβ 

with cognitive decline and neurodegeneration [44, 45].  However, evidence 

points to Aβ as the initiator of the pathological processes that ultimately lead 

to AD. Temporally, Aβ deposition starts before tau [46], and Aβ oligomers 

enhance tau seeding [47], ultimately leading to synaptic dysfunction and tau 

mediated neurotoxicity  .The exact mechanism behind Aβ and tau interplay is 

not known but likely important [48]. There are no known tau mutations 

causing AD.  

Barriers of the brain 

The brain parenchyma is enclosed by two distinct barriers, the BBB and 

blood-cerebrospinal fluid barrier (BCSFB) (Figure 3). Compared with the fe-

nestrated and "leaky" peripheral vasculature, the brain vasculature is com-

posed of specialised endothelial cells forming a barrier that separates the brain 

parenchyma from the blood circulation. 
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Figure 3. Illustration of the components forming (A) the blood-brain barrier (BBB), 

including astrocyte endfeet, pericytes, and endothelial cells connected with tight-

junctions, and (B) the blood-cerebrospinal fluid barrier (BCSFB), including 

endothelial cells forming fenestrated capillaries, and ependymal cells connected with 

tight-junctions and patrolling immune cells. 

BBB 

 

The BBB is composed of tight-junction connected endothelial cells, pericytes, 

astrocytic endfeet projections, and neurons that together form the neurovascu-

lar unit [49]. This structure protects the brain from potentially harmful blood-

borne molecules, supports the regulation of brain homeostasis, and establishes 

an environment viable for neurotransmission. Tight junctions are located close 

to the apical membrane of endothelial cells and are the main component re-

stricting paracellular transport in between endothelial cells [50]. In addition to 

tight junctions, both pericytes [51] and astrocytes [52] support the BBB and 

contribute to the junction integrity of the barrier. A proteoglycan and glyco-

protein rich viscous layer called the glycocalyx lines the luminal side of the 

endothelium, forming a mechanical barrier [53]. In addition, the high concen-

tration of sugar-rich proteoglycans gives the glycocalyx a negative charge. 

The glycocalyx plays an important role in BBB regulation and insults to the 

structure result in increased BBB permeability, coagulation activation, and in-

itiation of neuroinflammatory processes [53]. At the abluminal side of BBB, 

lies the basement membrane surrounding endothelial cells and pericytes [54]. 
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At the NVU, the basement membrane provides structural support, cell anchor-

age and is involved in signal transduction [54]. In AD, vascular Aβ deposition 

has several detrimental effects on the NVU and the BBB, including activation 

of pro-inflammatory events, which could lead to increased permeability. Fur-

thermore, Aβ has been reported to disrupt tight-junctions, either by altering 

expression of tight-junction proteins or by generating reactive oxygen species 

damaging tight-junctions, resulting in loss of BBB integrity [55]. In addition 

to structural damage, Aβ lowers the expression of ABCB1 protein involved in 

Aβ efflux [56]. 

BCSFB 

The BCSFB, located at the choroid plexus in brain ventricles, is the main pro-

ducer of cerebrospinal fluid (CSF), and separates the CSF and systemic circu-

lation compartments. Unlike the BBB, the vasculature in BCSFB is permea-

ble. Instead, tight junction between epithelial cells lining the choroid plexus 

establish the barrier [57]. Contrary to the BBB, the BCSFB is not an immune-

privileged brain structure [58]. A variety of immune cells monitor passage of 

blood-derived compounds over BCSFB into the CSF. 

BBB transport 

Nonetheless, the brain is a highly metabolically active organ demanding a 

constant influx of nutrients from the circulation, which need to pass the BBB.  

Examples of transport routes over the BBB (Figure 4) include diapedesis of 

peripheral immune cells that can enter the brain under specific pathological 

processes in the CNS. Blood gases and small lipophilic molecules can pass 

the BBB and enter the brain via passive diffusion. Nutrients, such as glucose 

and amino acids are transported with solute carriers across the BBB. Paracel-

lular transport (although restricted due to tight junction). Large macromole-

cules, such as peptides and proteins, are transported over the BBB by receptor-

mediated transcytosis or adsorptive-mediated transcytosis. Brain capillaries 

express multiple receptors reported to facilitate brain delivery of protein lig-

ands via receptor-mediated transcytosis (Table 1). 

 

Table 1. Receptor-mediated transport systems located at the BBB 

Receptor Ligand  

Insulin receptor Insulin  

Insulin-like growth factor receptor Insulin-like growth factor  

Low-density lipoprotein receptor Low-density lipoprotein  

Leptin receptor Leptin  

TNFα receptor TNFα  

Transferrin receptor Transferrin  
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Figure 4. Transport over BBB. (A) diapedesis, (B) passive diffusion, (C) carrier-me-

diated transport, (D) paracellular transport, (E) receptor-mediated transcytosis, and 

(F) adsorptive transcytosis.  

 

Human transferrin protein (Tf) is a 76 kDa glycoprotein produced in the liver 

that binds and transports iron in the blood [59]. The transferrin protein consists 

of near-identical lobes at the N- and C-termini, connected with a linker region 

[60]. Binding of ferric iron (Fe3+) to transferrin is pH dependent, such that iron 

affinity is highest at neutral pH and affinity decreases with lowering of pH 

[61]. Tf can bind two iron ions, one at each lobe. A fully occupied Tf protein 

is called holo-Tf, whereas Tf devoid of iron is called apo-Tf [61].  

 

Circulating holo-Tf enters cells by binding to the transferrin receptor (TfR) 

located at the cell membrane, which initiates clathrin-mediated endocytosis 

[62]. The TfR has two isoforms, TfR1 and TfR2, where TfR1 is ubiquitously 

expressed but especially highly expressed on rapid proliferating cells. TfR2, 

on the other hand, is expressed on hepatocytes, enterocytes and erythroid cells. 

There is a species-dependent differential gene expression of TfR, such that 

isolated brain microvessels from mice displayed a higher relative gene expres-

sion of the gene coding for TfR1 compared with human brain microvessels 

[63]. The human TfR1 receptor is a homodimer of two identical 90 kDa sub-

units linked with disulphite bonds. Each subunit can bind one holo-Tf protein, 

and TfR1-holo-Tf affinity is highest at physiological pH [64]. Brain uptake of 

iron is governed by TfR1 on the luminal side of endothelial cells of the BBB. 

The exact mechanism how iron is transported over the BBB is under debate, 
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and there are two main hypotheses. According to the first hypothesis, holo-Tf 

binding to cell surface TfR1 triggers endocytosis and formation of an endo-

some. Subsequent lowering of endosomal pH reduces Tf affinity to iron, 

which is released and pumped out of the endosome. Next, free intracellular 

iron is transported out of the endothelial cell and released into the brain paren-

chyma. The second hypothesis states that holo-Tf binding to cell surface TfR1 

triggers endocytosis, but iron never dissociates from Tf, and the holo-Tf com-

plex is transported through the endothelial cells and released into the brain 

parenchyma, either as free iron or holo-Tf. Shortcomings of the latter hypoth-

esis are that more iron than Tf is transported into the brain and that it fails to 

explain how endothelial cells acquire iron [65]. 

Neuroinflammation  

Neuroinflammation is an inflammatory response localised to the CNS due to 

trauma, infection, toxins, and hypoxia and is mediated by activated glial cells, 

also known as reactive gliosis. Activated glial cells release signal molecules, 

including pro-inflammatory cytokines, chemokines, and reactive oxygen spe-

cies [66]. Short term or acute neuroinflammation can be beneficial if inflam-

mation can be resolved. On the other hand, chronic inflammation has an ap-

parent detrimental effect on the brain, causing a self-perpetuating cycle, and 

in the context of AD this contributes to disease progression. Studies with PET 

tracers for neuroinflammatory imaging have hinted at a bi-phasic activation 

pattern [67], indicating an initial attempt to clear and resolve the inflamma-

tion, but ultimately fails giving rise to chronic neuroinflammation seen in AD 

[68]. 

Astrocytes 

Astrocytes are star-shaped glial cells with a neuronal origin, and support brain 

homeostasis in multiple ways, including, contribution to the BBB, fluid 

maintenance, neuronal synaptic activity and remodelling, neurotransmitter 

metabolism [69], and as a vital player in the brain's glymphatic system [[70]. 

In the context of AD, reactive astrocytes close to Aβ plaques change morphol-

ogy and develop hypertrophic processes and increased expression of glial fi-

brillary acidic protein (GFAP). Astrocytes have been reported to be involved 

in Aβ clearance [33] and post-mortem studies of AD brains reveal astrocytes 

containing amyloid granules close to plaques hinting at attempted A clear-

ance [71].  

Microglia 

Microglia have a myeloid origin and are considered the brain's professional 

phagocytic cells. In the brain, microglia survey the environment and maintain 

tissue homeostasis. They are also important in neuronal development, regulat-

ing neuronal apoptosis, synaptic pruning, and synaptic plasticity [72]. As with 
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astrocytes, if microglia sense pathological stimuli they become activated, re-

leasing inflammatory mediators. Microglia close to plaques display intracel-

lular Aβ deposits, suggesting they are engaged in plaque removal [73].  

 

The triggering receptor expressed on myeloid cells 2 (TREM2) has surfaced 

as a potential biomarker for AD progression in recent years. TREM2 is ex-

pressed on the microglial cell membrane and consists of an extracellular, a 

transmembrane and an intracellular domain. TREM2's extracellular domain 

can be cleaved off, generating soluble TREM2 (sTREM2) [74]. TREM2 is an 

active player in innate immune responses and binding of lipids, lipoproteins, 

apoliproteins, including apolipoprotein E, initiating downstream signalling 

pathways that modulate proliferation, phagocytosis and inflammation [75, 

76]. Identification of several AD-associated TREM2 mutations has revealed 

plausible ways how TREM2 is involved in pathological processes in AD, such 

as microglial clustering at Aβ plaques [77]. 

Diagnostic biomarkers in AD 

Biomarkers can be defined as cellular, biochemical, or molecular constituents 

that can be measured in biological materials such as fluids, cells or tissues and 

reflect biological processes or pathological changes [78].  

 

Fluid biomarkers 

Compared with many peripheral tissues, brain tissue is inaccessible for direct 

measurement by biopsy sampling. Nonetheless, CSF sampling and brain im-

aging can be utilised to illuminate processes that reflect brain function. CSF 

is a transparent fluid produced by the choroid plexus of the brain ventricles. 

Pulsations drive the CSF flow from the ventricular system into the brain and 

spinal cord's subarachnoid space and the CSF is ultimately reabsorbed by sev-

eral routes, including blood absorption via venous sinuses of the arachnoid 

villi or lymphatic absorbance [79].  

 

In the context of AD, CSF measurements of Aβ, total tau (T-tau) and phos-

phorylated tau (P-tau) are all used in the diagnosis of AD. Alterations in these 

markers are already seen at an early stage of AD [80], where patients typically 

show low CSF concentration of Aβ42. This is likely because of sequestration 

of Aβ42 in plaques, and thus, Aβ42 levels in CSF correlate inversely with 

brain levels [81]. Aβ40 is more abundant in CSF, but remains stable and does 

not correlate with brain levels, and is thus not in itself used as a marker in AD. 

However, measuring the Aβ42/Aβ40 ratio in CSF provides a better predictive 

indication of risk for AD progression than CSF A42 levels alone [82, 83]. T-

tau and P-tau concentrations are both elevated in CSF in AD patients. An in-

crease in CSF T-tau indicates neuronal death and axonal damage, whereas 

high CSF P-tau indicates the presence of NFTs in the AD brain [84, 85].  
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As aberrant microglia activation is seen in AD, measuring released protein 

components of the neuroinflammatory processes could aid in understanding 

the disease progress and be used as a diagnostic marker. Due to microglia’s 

central position acting as a key player in neuroinflammation, intensive re-

search has tried to identify biomarkers in microglial activation. One interest-

ing biomarker for microglial activation is TREM2. Increased levels of 

sTREM2 have been found in CSF and correlate with high CSF T-tau and P-

tau [86]. 

 

Compared with CSF sampling and brain imaging, blood sampling is less in-

vasive, less expensive, and is routinely performed at all levels of the healthcare 

system. The discovery of blood biomarkers related to AD could be of great 

use in population screening and as a tool for the early identification of indi-

viduals that could benefit from therapeutic intervention. As a result of receptor 

mediated transport and CSF drainage of AD related proteins into the blood, 

brain derived biomarkers can be measured in the systemic circulation. Initial 

ELISA-based measurements of plasma Aβ42/Aβ40 were inconclusive in de-

termining a difference between AD patients and controls [87]. More recently, 

it was reported that using a single-molecule array (SIMO) assay, a weak but 

significant correlation of plasma and CSF levels of Aβ42 and Aβ40 and an 

inverse correlation between amyloid PET and plasma Aβ42 was found in the 

Swedish BioFINDER cohort [88]. Combining immunoprecipitation and mass 

spectrometry for quantifying plasma APP/Aβ42 and Aβ40/Aβ42 ratios brain 

Aβ could be predicted with 90% accuracy [89]. Although promising, quanti-

fication of plasma Aβ is confounded by Aβ production in peripheral tissues 

[90]. Plasma P-tau has sprung up as a biomarker useful for discrimination of 

AD from non-AD. Plasma P-tau181 is increased and followed AD progression 

and correlated with positive tau PET [91], and discriminate AD from non-AD 

8 years before death [92]. Recently, plasma P-tau217 has risen as marker with 

better discriminative accuracy than P-tau181 in differentiating AD from non-

AD [93].    

PET imaging in AD 

Amyloid PET can help clinicians in the diagnosis of AD and be used for in-

clusion of patients or as a tool to measure therapeutic effects in clinical trials. 

PET has also been extensively used in research to understand the disease pro-

cess. [11C]Pittsburgh compound B ([11C]PiB) is a derivate of thioflavin-T and 

was the first PET tracer for imaging amyloid deposits in AD patients [94]. PiB 

binds with high affinity to the β-sheet structure of insoluble amyloid fibrils 

[95], and with low affinity to protein aggregates in NFT and Lewy bodies. A 

shortcoming of [11C]PiB PET, and all 11C labelled tracers, is the half-life of 
11C (20 min) that requires on-site cyclotron production of the radionuclide. 

Development of 18F (T½ 110min) labelled amyloid PET tracers have increased 
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availability and regional delivery. Second generation 18F labelled tracers, ap-

proved by the FDA, are [18F]florbetapir, [18F]florbetaben, and [18F]flutemeta-

mol [96]. A drawback shared by [11C]PiB and other amyloid PET tracers based 

on small drug-like compounds is that they only reflect the burden of insoluble 

Aβ plaques and not the toxic soluble and diffuse Aβ aggregates. Since the 

amyloid burden reaches a plateau early in the disease progression, [11C]PiB 

PET signal remains stable and fails to detect disease progression at later stages 

[97]. However, amyloid PET can be used to identify AD patients at an early 

stage in the disease development [98].  

 

Accumulation of hyperphosphorylated tau is seen in multiple neurodegenera-

tive diseases, including AD. Not unexpectedly, multiple tau PET tracers have 

been developed for quantification of tau deposition in the brain. A first gener-

ation tau tracer, [18F]THK523, displayed specific tau binding, and tau trans-

genic mice, compared to wild-type (WT) mice, displayed increased tracer re-

tention [99]. Furthermore, [18F]THK523 brain uptake was elevated in AD pa-

tients, but high monoamine oxidase-B (MAO-B) [100] and white matter bind-

ing complicated quantification of PET images in a clinical setting [101]. A 

second generation tau tracer, [18F]flortaucipir (AV-1451 or T807), has been 

approved by the FDA to image tau pathology in AD. Assessment of flortauci-

pir’s binding properties in in vitro studies on post-mortem brain tissues from 

AD patients have demonstrated that flortaucipir binds with high affinity to 

NFTs [102, 103]. Subsequent clinical studies have demonstrated the usability 

of [18F]fortaucipir PET, in which tracer retention follows brain tau distribution 

and correlates with AD symptomatology [45, 104]. However, [18F]fortaucipir 

PET shows off-target binding, to MAO proteins [105] and substantia nigra 

[106, 107].  

 

The involvement of astrocytes and microglia in AD has prompted the devel-

opment of PET tracers to investigate neuroinflammatory processes in the AD 

brain. The 18 kDa translocator protein (TSPO) is the most well-studied neu-

roinflammatory PET target. TSPO is expressed in the mitochondrial mem-

brane of astrocytes and microglia, and expression is upregulated in neuroin-

flammation [108]. A first-generation TSPO PET ligand, [11C]PK-11195, has 

been extensively evaluated for neuroinflammation imaging in AD, and a pos-

itive correlation between [11C]PK-11195 and [11C]PiB retention occurs in 

brains of patients with mild cognitive impairment [109]. Yet, a drawback with 

[11C]PK-11195 is high background due to low BBB penetration and binding 

to plasma proteins [110]. Development of second and third generations of 

TSPO ligands have overcome some of the limitations mentioned above with 

PK-11195. Still, these new TSPO ligands suffer from large interindividual 

variation in TSPO binding due to the genetic polymorphism rs6971 in the 

TSPO gene [111]. 
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Immunotherapy in Alzheimer's disease 

With the realisation that Aβ plays a central role in AD, it has been hypothe-

sised that reducing Aβ production or enhancing its brain clearance could halt 

disease progression. For a long time, the future of immunotherapy in AD 

seemed bleak after multiple anti-Aβ antibodies failed in clinical trials. Factors 

contributing to this are targeting of wrong Aβ species or suboptimal patient 

selection. The recent FDA approval of aducanumab has invigorated and high-

lighted the feasibility of brain directed immunotherapy in AD.  

Active immunisation 

Active immunisation, or vaccination with Aβ, has been evaluated as a thera-

peutic approach in AD. An initial study in an AD mouse model demonstrated 

that vaccination with full length synthetic Aβ42 lowered brain Aβ and im-

proved cognitive function in behavioural tests [112]. In a clinical phase IIb 

trial with synthetic Aβ42 (AN-1792) given to patients with mild to moderate 

AD, only 19.7% developed an antibody response, and the study was termi-

nated due to meningoencephalitis in 6% of participants [113]. A T-cell epitope 

in the mid region of Aβ is believed to cause an Aβ-specific T-cell response 

leading to meningoencephalitis seen in vaccination with full length Aβ [114]. 

To circumvent unfavourable T-cell activation, subsequent immunisation trials 

have utilised N-terminal fragments of Aβ, lacking T-cell epitopes [115]. Com-

pared with AN-1792, none of the clinical trials with second generation Aβ 

vaccines have so far resulted in meningoencephalitis, demonstrating their 

safety. Although safe, no second generation vaccines have shown any clinical 

benefits, but several vaccines are still being evaluated in phase II studies [116]. 

An alternative approach in active immunisation involves stabilising specific 

aggregation forms of Aβ by introducing intramolecular disulfate bonds in Aβ 

monomers. The resulting Aβ molecule adopts a stable beta-hairpin structure 

prompting the formation of Aβ oligomers, but without further fibrillisation 

[117]. In October 2021, a phase 1b study launched where early AD patients 

received active vaccination with Aβ stabilised in oligomeric form [118]. 

Passive immunisation 

In passive immunisation, an unimmunised person is administered an 

exogenous source of antibodies giving a temporary humoral immunity 

towards the antigen. The benefits of passive immunisation are that the 

antibody concentration can be adjusted to achieve an optimal treatment effect.  

This could be especially important in an ageing population that display 

reduced humoral response to active immunisation [119]. The identification of 

Aβ deposition as an early pathological event in AD has initiated the 

development of multiple anti-Aβ monoclonal antibodies that have been 

evaluated in clinical trials (Table 2). Several hypotheses have been put 
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forward on how antibodies can reduce brain Aβ. These include blocking 

fibrillar or oligomeric Aβ elongation, microglia mediated phagocytosis of Aβ, 

or enhancement of brain Aβ efflux through a peripheral sink effect.    

 

Table 2. Anti-Aβ antibodies (and their Aβ epitopes), which have been or are currently 

evaluated in clinical trials.  

Name Aβ epitope Status 

Bapineuzumab N-terminal (Aβ1-5), no Aβ species selectivity 

[120]  

 

Failed 

Solanezumab Mid region (Aβ16-26), soluable monomeric Aβ 

[121] 

Failed 

Gantenerumab N-terminal (Aβ3-7), mid region (Aβ18-27), 

preferable fibrillar Aβ [122]  

Ongoing, phase III 

Donanemab Pyroglutamate form of Aβ (Aβp3-42), bind Aβ 

plaques [123] 

Ongoing, phase III 

Aducanumab Conformational selective, insoluble Aβ fibrils 

and Aβ oligomers [124]  

Approved, phase IV 

Lecanemab Conformational selective, mainly Aβ 

protofibrils, also oligomeric and fibrilar Aβ 

[125] 

Ongoing, phase III 

 

Bapineuzumab 

Bapineuzumab (humanised version of the mouse antibody 3D6) binds to the 

N-terminal end of Aβ and displays no selectivity among different Aβ species 

[120]. Bapineuzumab was the first passive immunotherapy antibody tried in 

AD patients and has been extensively evaluated in large phase III trials; 

however, compared to control, no beneficial clinical effects were seen among 

patients with mild to moderate AD [126]. The bapineuzumab trials were 

partially terminated due to vascular disturbances seen as amyloid-related 

imaging abnormalities  (ARIA) [127, 128].  

 

Aducanumab 

Aducanumab (Aduhelm) is a conformation-selective monoclonal antibody 

recognising insoluble Aβ fibrils and soluble Aβ aggregates, but not Aβ 

monomers [124]. A first in human study involving 56 patients with mild to 

moderate AD demonstrated that aducanumab was safe in doses up to 30 

mg/kg, whereas ARIA was seen in all patients receiving the highest dose, 60 

mg/kg [129]. PRIME, a phase 1b follow-up study, including 165 AD patients 

demonstrated a dose-dependant lowering in amyloid PET and slowing of 

clinical progression [124]. The success of the PRIME study prompted the 

launch of two large phase III clinical trials, EMERGE and ENGAGE. Eligible 
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patients had MCI or amyloid PET-positive mild dementia. In 2019, Biogen 

announced that both trials were halted because of the unlikeliness that the 

clinical endpoints would be met [130]. However, re-analysis of EMERGE trial 

data showed that primary and secondary endpoints, such as slowing of clinical 

decline, were met in the highest dose group [131]. Not without controversy, 

in June 2021, the FDA issued an accelerated approval of aducanumab 

(Aduhelm) to treat AD. 

Lecanemab 

Large soluble Aβ species (oligomers and protofibrils) are believed to correlate 

better than insoluble Aβ fibrils with AD progression and seems to be more 

neurotoxic. Targeting them instead of fibrillar or monomeric Aβ with 

antibodies could potentially halt disease progression [132]. Lecanemab is the 

humanised version of mAb158, developed in our lab, that displays preferable 

binding to Aβ protofibrils over monomeric and fibrillar Aβ, and does not bind 

to soluble fragments of APP [133]. Preclinical studies in transgenic mice 

demonstrated that mAb158 injected weekly for 13 weeks significantly 

reduced brain protofibril levels in a dose-dependent manner [125]. These 

findings have prompted progression to human clinical trials, and a phase IIb 

trial including 856 early AD patients demonstrated lowering of brain Aβ in a 

dose-dependent manner and slowed clinical decline. Lecanemab was well-

tolerated with <10% ARIA-E among patients receiving the highest dose [134]. 

The successful phase IIb trial prompted the launch of a large phase III trial 

Lecanemab proceeded into a large phase III study in March 2019 [135]. 

Enhancement of antibody brain uptake  

From a neuropharmacological perspective the effectiveness of BBB limits the 

delivery of pharmacological compounds to targets in the brain parenchyma. 

Nonetheless, it has been reported that approximately 0.1% of injected anti-

bodies enter the brain [136], although this number might be an overestimation 

of true antibody brain uptake because CSF measurement as a proxy for brain 

parenchyma overestimates brain levels due to greater antibody penetration 

over the BCSFB [137].  

 

Large proteins, such as antibodies, cannot efficiently penetrate the BBB. 

Instead, a variety of concepts have been explored to enhance brain uptake of 

large compounds, including invasive techniques that cause temporary BBB 

disturbance by pharmacological means [138] or by focused ultrasound [139-

141]. A less invasive method is the utilisation of endogenous transcytosis sys-

tems such as the insulin receptor [142], insulin-like growth factor-1 [143], 

Tmem30a [144, 145], or the transferrin receptor [146, 147], located at the sur-

face of endothelial cells forming the BBB. The availability of receptors that 

mediate receptor-mediated transcytosis (RMT) of compounds across the BBB 
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has promoted the development of molecular "trojan horses", which utilise en-

dogenous RMT systems for enhanced brain uptake. An example is bispecific 

antibody constructs that bind to the protein mediating RMT across the BBB, 

with subsequent release into the brain parenchyma for interactions with the 

target molecule [148] (Figure 6).  

 

Figure 5. Presumed mechanism behind TfR brain shuttling of protein therapeutics. In 

this case, a bispecific antibody targeting TfR and Aβ binds to the extracellular domain 

of TfR, forming a complex. The bispecific antibody-TfR complex is internalised 

within a vesicle. The bispecific antibody dissociates from TfR, is transported to the 

abluminal side and released into the brain parenchyma where it interacts with Aβ. 

 

 

Ideally, to be successful as an RMT bispecific antibody, specific criteria need 

to be fulfilled: (1) The antibody must bind to the extracellular domain of the 

RMT protein facing the blood vessel lumen. (2) The antibody should bind off-

site of endogenous ligands so as not to interfere with the endogenous cellular 

processes. (3) The antibody should target the RMT system while evading the 

endolysosomal degradation pathway, and (4) the bispecific construct should 

efficiently be transported to the abluminal membrane of the endothelial cell 

and released into the brain parenchyma. 

 

One of the most studied RMT systems that have been explored in brain protein 

therapeutics is TfR, and research has pinpointed several essential factors that 

need to be considered for successful brain delivery. The affinity of the 

antibody towards TfR is an important determinant of successful BBB 

trancytosis [149, 150]. Antibodies that target the TfR with moderate to low 

affinity show greatest BBB penetrance [151]. Also the valency of the TfR 
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interaction is important. Monovalent TfR binding is favourable and results in 

a higher degree of successful BBB transcytosis. Bivalent TfR interaction, on 

the other hand, seems to alter intracellular trafficking and shift transport to the 

lysosome for degradation. Probably due to TfR clustering  [152]. In addition, 

administered dose also influences BBB transcytosis [153, 154].  

 

The monoclonal antibody 8D3 is a rat anti-mouse TfR antibody that has been 

extensively used in antibody constructs to increase brain uptake [152, 153, 

155-158]. We have created multiple Aβ-binding bispecific antibody 

constructs based on 8D3 (Figure 6) [154]. The first construct was a F(ab)2 of 

the humanized mAb158 chemically linked with 8D3. When radiolabeled with 

iodine-124 (124I), PET imaging with the bispecific construct could detect and 

quantify Aβ load in transgenic mice [156]. We improved the format by 

recombinantly expressing a single-chain variable fragment (scFv) of 8D3 

linked to the C-termini of mAb158's light chains. RmAb158-scFv8D3, 

compared with unmodified mAb158, displayed 80-fold higher brain uptake 2 

h after injection [153]. To improve PET imaging we have created two smaller 

bispecific versions. The first version is a 100 kDa bispecific TribodyTM 

construct containing two mAb158 scFv connected to a Fab fragment of 8D3 

[157]. The second construct is a tandem di-scFv of 3D6 and 8D3 [155]. The 

58 kDa tandem di-scFv construct lies just at the renal clearance threshold and 

is rapidly cleared from the blood. 

Brain elimination of therapeutic antibodies 

Inside the brain, there are multiple pathways a therapeutic antibody bound to 

its target can be eliminated through. The formation of antigen-antibody 

immunocomplexes in the brain can also trigger phagocytic degradation 

processes. Microglia fulfill this role as the professional phagocytic cell in the 

brain. Microglia cells express cell surface Fcγ-receptors (FcγR) that bind to 

the antigen-antibody complex, triggering engulfment and phagocytosis of 

immunocomplexes [159]. The glymphatic system could also be implicated in 

clearance of  antigen-antibody complexes. The glymphatic system depends on 

convective flow generated by aquaporin 4 channels located at astrocytic end-

feet projections. The convective flow in brain parenchyma transports solutes, 

in this case immuno complexes, toward perivenous spaces where it is 

collected. Lastly, the fluid in perivenous space drains into the cervical 

lymphatic system [70]. The role of the aquaporin 4-generated contribution to 

convective flow has come into question due to the high hydrostatic resistance 

in the brain parenchyma, which favors diffusion transport [160]. 
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ImmunoPET imaging with bispecific antibodies 

ImmunoPET is based on radiolabelling of an antibody with a positron-emit-

ting radionuclide. There are several advantages of immunoPET. For example, 

antibodies can be created to target a variety of antigens, including specific 

post-translation modification or aggregation states of proteins. Another attrac-

tive property of immunoPET is theranostic imaging. The imaging (diagnostic) 

target is the same as the therapy target. Compared with PiB, which binds in-

soluble fibrils found at the core of plaques, antibodies can bind to Aβ aggre-

gates in the diffuse halo surrounding the plaque core. With immunoPET, 

bispecific antibodies can image soluble Aβ burden in vivo. We have demon-

strated that radiolabeled RmAb158-scFv8D3 can be used as a PET tracer if 

labeled with 124I or 18F. In a transgenic AD mouse model, PET imaging of 

RmAb158-scFv8D3 permitted A to be visualized  72 h after injection. Tracer 

retention closely correlated to pathological burden [153] and detected changes 

in Aβ burden after Aβ lowering treatments [161, 162]. The half-life in blood 

of a compound directly translates to its usability as a PET-tracer. Ideally, to 

achieve a high contrast image, the radiolabelled compound should bind to its 

target with high affinity and display fast blood clearance because prolonged 

blood retention will give rise to high signal background. Due to its size of 58 

kDa, our di-scFv construct has a blood half-life of 3-4 h, which enables earlier 

PET imaging (~24h after injection) compared with the full-size bispecific an-

tibody [155]. 

Anti-drug antibodies 

The introduction of biological therapeutics for the treatment of disease has 

presented new challenges in which the host immune system can initiate im-

munological responses because the biotherapeutic drug is recognised as for-

eign by the body. One outcome can be an induction of humoral responses, 

including anti-drug antibodies (ADA), that target the protein drugs. ADA may 

lead to loss of drug effectiveness or side effects and may even be life-threat-

ening [163]. As such, regulatory agencies require ADA responses to be mon-

itored during trials with biological therapeutics. Although a serious issue, the 

shift toward humanised or fully human antibodies in immunotherapy has 

largely mitigated the problem with ADA in humans. ADAs against protein 

drugs are classified as neutralising (NAb) or non-neutralising (non-NAb) an-

tibodies, both of which reduce efficacy through different mechanisms. NAb 

blocks a drug's pharmacological function by binding to and sterically prevent-

ing target binding, whereas non-NAb binds to the drug and enhances clearance 

[164]. Protein drugs forming large in vivo aggregates can cross-link B-cell 

receptors and initiate ADA production, leading to an early release of IgM an-

tibodies that bind to the protein drug [165].  
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Protein drug aggregates can also incite uptake by splenic residing B-cells, 

which digest the protein to a 12-15 amino acid peptide sequence that are 

loaded and presented by the B cell MHC II receptor [166, 167]. If the MHCII-

peptide complex is recognised by CD4+ T helper cells (TH cells), primed B-

cells migrate to lymph nodes and interact with follicular TH cells, which in 

turn migrate to the follicular germinal center, activating B-cells to form anti-

body-producing plasma cells. Repeated immunogenic stimulus causes Ig class 

switching and affinity maturation, producing high-affinity binding ADA 

[167]. 
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Aim 

This thesis aimed to improve AD treatment and diagnostics by evaluating and 

comparing a bispecific brain penetrating anti-Aβ antibody, RmAb158-

scFv8D3, to its parent version, RmAb158. We assessed brain uptake and intra-

brain distribution of both antibodies with different types of radiolabeling. We 

also evaluated treatment efficacy in Aβ mouse models and studied whether 

BBB permeability to large molecules is affected following acute treatment 

with an anti-Aβ antibody. 

Paper I 

To investigate BBB permeability to large molecules in tg-ArcSwe mice and 

age-matched WT mice, with or without single dose anti-Aβ antibody treat-

ment. 

Paper II 

To compare long-term brain uptake, spatial distribution, and blood pharmaco-

kinetics of the monospecific Aβ targeting antibody, RmAb158, with its 

bispecific variant, RmAb158-scFv8D3, in 18 months old tg-ArcSwe mice. 

Paper III 

To explore how 111In labelling with compatible chelators affect brain uptake 

and peripheral biodistribution of RmAb158-scFv8D3 in 18 month old tg- 

ArcSwe and age-matched WT mice. 

Paper IV 

To evaluate the therapeutic effects of RmAb158-scFv8D3 in comparison with 

RmAb158 in a multi-treatment study design in AppNL-G-F mice. Furthermore, 

we assessed the immunogenicity of RmAb158-scFv8D3 and attempted to de-

sign an immune evading variant.  
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Methods 

Animal models 

Animal models have become an invaluable tool in modern biological or med-

ical research, providing researchers with a way to address and investigate nor-

mal biology and pathological processes in a complex biological system. The 

most commonly used animals are mice and rats, accounting for the majority 

of all laboratory animals used. The use of mice is frequent in AD research, in 

which several transgenic and gene knock-in mouse lines have been created 

recapitulating different pathological aspects of AD. 

Tg-ArcSwe 

Tg-ArcSwe is a transgenic mouse model expressing the human APP gene (iso-

form 695) with the Swedish (KM670/671NL) and Arctic (E693G) mutations, 

which increase Aβ production and promote aggregation, respectively. The 

gene is expressed under the neuron-specific Thy1 promotor and the model 

exhibits a three-fold overexpression of human APP. Intracellular Aβ starts to 

accumulate from 1 month of age followed by parenchymal plaque formation 

from 5-6 months of age. Brain levels of Aβ protofibrils and total Aβ increase 

with age and in older transgenic mice there is a larger interindividual differ-

ence in Aβ burden, a problem that most Aβ mouse models have. Aβ deposition 

is found in the cortex, hippocampus and thalamus, and at later stages also in 

the cerebellum [168, 169]. The plaque morphology in Tg-ArcSwe mice re-

sembles that seen in AD patients, with dense core Aβ plaques [169]. Vessel-

associated Aβ pathology (CAA) is also abundant in thalamic and cortical 

blood vessels [169]. Tg-ArcSwe mice exhibit spatial learning deficit inversely 

proportional to Aβ protofibril concentration [170]. 

AppNL-G-F 

AppNL-G-F is a human APP gene knock-in mouse model containing the Swedish 

(KM670/671NL), Arctic (E693G) and Iberian (I716F) mutations. Like the tg-

ArcSwe model, the Swedish and Artic mutations increase Aβ production and 

promote Aβ aggregation. The addition of the Iberian mutation, I716F, affects 

γ-secretase cleavage and increases the Aβ42/Aβ40 ratio. Homozygous AppNL-

G-F mice present with early cortical Aβ deposition, starting from 2 months of 

age and deposition increases with age. Subcortical Aβ deposition starts from 
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4 months of age and increases with age. The mouse model also displays pro-

nounced neuroinflammatory alterations with astro- and microgliosis surround-

ing Aβ plaques. Lastly, AppNL-G-F mice present with synaptic changes, a de-

crease in synaptophysin and PSD95 staining near Aβ plaques, and memory 

impairment [39]. 

Recombinant expression of bispecific antibodies 

Antibodies used in the present studies were in-house produced according to 

Fang et al. [171]. The construct sequence was cloned into a pcDNA3.4 vector 

and transfected into E.coli (TOP 10 cells). Bacteria were expanded and plas-

mid DNA was extracted. Expi293 cells were used as the expression system. 

The cells were transfected with plasmid DNA and incubated for 7 days. Con-

structs were isolated from cell medium with affinity chromatography. Full-

size antibodies were isolated with a protein G column (which binds to the Fc 

or Fab region) and eluted by pH change. Constructs lacking Fc regions, but 

congaing a His-tag, were isolated using a nickel-ion column (binding to the 

His-tag) and eluted with imidazole. Buffer exchange was performed to trans-

fer produced antibodies (Figure 6) in a suitable buffer for subsequent experi-

ments. 

 

Figure 6. Produced antibodies/antibody constructs. (A) unmodified IgG. In paper I, 

3D6; paper II and IV, RmAb158. (B) In paper II-IV, bispecific antibody (IgG) based 

on RmAb158 and scFv fragments of mTfR binding antibody 8D3. (C) paper IV, di-

scFv of 3D6 and 8D3 antibodies (di-scFv3D6-8D3). 

   

Design of antibodies with reduced immunogenicity 

Since 8D3 is a rat-derived antibody and since our bispecific proteins contain 

various linkers between protein domains, we attempted to lower their immu-

nogenicity in mice by selectively mutating the protein to lower a potential 

ADA response toward RmAb158-scFv8D3. 

 

Phagocytosis of foreign peptides with subsequence proteolytic fragmentation 

and MHCII presentation of peptide fragments is a major step in initiating CD4+ 
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T-cell mediated humoral response. In paper IV, scFv8D3 (rat-derived anti-

body fragment) and the linker connecting it to RmAb158-scFv8D3 were sub-

jected to in silico analysis of potential MHCII binding affinity, using the 

MHCII binding prediction tool (http://tools.immuneepitope.org/mhcii/) at the 

Immune Epitope Database (IEDB) analysis resource. Sequences predicted to 

bind with high affinity to the MHC II receptor were selected for amino acid 

substitution. To decrease the risk of reducing mTfR binding of scFv8D3, 

amino acid substitutions in the CDR regions were kept to a minimum. In ad-

dition, proline and cysteine residues were not altered due to the risk of causing 

alterations in protein secondary structure and formation of new intra-peptide 

disulfide bonds, respectively. Non-restricted amino acids were systematically 

changed and re-analysed in the MCH II binding predictor until a maximum 

reduction in MHC II binding was attained. 

Radioiodine labelling of antibodies 

Antibodies used in the projects were labelled with iodine radioisotopes to in-

vestigate tissue uptake and biodistribution of administered radioactive com-

pounds. Macromolecules such as proteins can readily be directly radioio-

dinated using an oxidising agent such as chloramine-T. Oxidation of radioio-

dine results in an electropositive form, which subsequently can form an io-

dine-carbone bond of predominantly tyrosine residues. The two main iodine 

radioisotopes used in this work were 125I and 124I. 125I has a half-life of 60 days 

and decays via electron capture, emitting with maximum energy of 35 keV 

photons and electrons (auger and conversion electrons) and its main use is in 

biological assays. 124I has a half-life of 4.2 days and decays 74.4% via electron 

capture and 25.6% via positron emission (mean energy: 819 keV), and thus, 

can be used in PET. In papers I, II, and IV, antibodies were directly labelled 

using chloramine T. Reactions were quenched with the reducing agent sodium 

metabisulfite, and radiolabelled antibodies were purified with size exclusion 

chromatography. In papers I, II, and IV, antibodies were labelled with 125I to 

facilitate investigation of blood pharmacokinetics, tissue retention, spatial 

brain distribution and to enable longitudinal SPECT imaging (paper II). In 

paper IV, RmAb158-scFv8D3 was labelled with 124I to facilitate dynamic 

PET imaging of biodistribution in immunised mice. Since chloramine T is an 

oxidising agent that can disrupt intra protein bonds and severely damage the 

ability of antibodies to bind their antigen, all iodinate antibodies underwent a 

post-labelling binding assay with ELISA.  

Radiometal labelling of antibodies 

Since metals do not readily form a covalent bond to carbon atoms, an alterna-

tive approach is needed to attach radiometals to proteins. Proteins are func-
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tionalised by conjugating a bifunctional chelator that facilitates radiometal la-

belling through the chelate effect, were one or more functional groups (such 

as O, N, and S) of the chelator molecule donates electrons facilitating metal 

binding. Successful labelling depends on properties of the radiometal ion, such 

as ion charge and radius, and the match of chelator. For successful labelling, 

the size of the chelator’s binding pocket need to accommodate the radiometal 

and coordination number should match the radiometals ionic charge and adopt 

a suitable coordination geometry.   

 

In paper III, RmAb158-scFv8D3 was labeled with 111In. The radiometal 111In 

has a half-life of 2.8 days and decays via electron capture, emitting 171 keV 

(90%) and 245 keV (94%) γ-rays. The relative low γ-ray energy, high percent-

age of detectable γ-rays together with a 2.8 days half-life makes 111In a good 

radionuclide for use in antibody-based SPECT imaging. To facilitate 111In la-

belling, RmAb158-scFv8D3 was functionalised with either CHX-A”-DTPA, 

DOTA, or by a multistep process involving in vitro inverse electron demand 

Diels-Alder (IEDDA) reaction. In the first step, RmAb158-scFv8D3 is conju-

gated with transcyclooctene (TCO). Subsequently, tetrazine-DOTA was la-

belled with 111In and [111In]tetrazine-DOTA was clicked with TCO-

RmAb158-scFv8D3. 

Real-time measurement of tracer kinetics using Ligandtracer 

LigandTracer is a technique for real-time measurement of ligand-receptor in-

teractions, either as protein-protein or protein-cell interactions. The assay is 

based on a tilted rotating support with a fluorescent or γ-ray detector. Cells or 

proteins are coated on a cell culturing dish in a defined target area and placed 

on the rotating support. Ligand solution is added, and the support slowly ro-

tates, taking multiple measurements from the target area and a defined refer-

ence area. The association phase of ligand-receptor formation is evaluated 

with two or more different ligand concentrations, followed by a dissociation 

phase. In paper II, the kinetic parameters, ka, and kd , and binding affinity, 

KD, were evaluated with LigandTracer. [125I]RmAb158 and [125I]RmAb158-

scFv8D3 binding to Aβ protofibrils and [125I]RmAb158-scFv8D3 binding to 

mTfR were analysed and kinetic parameters were extracted with a 1:1 curve 

fitting model (Eq. 1), with and without correction for depletion of the ligand.  

Eq 1 [𝐿] + [𝑅]

𝑘𝑎
→ 

𝑘𝑑
← 
[𝐿𝑅] 
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Molecular imaging 

Molecular imaging includes imaging techniques that permit investigation of 

biological processes in vivo, and provides means of studying molecular pro-

cesses in health and disease in the natural context inside a living organism. 

PET and SPECT are examples of molecular imaging techniques in which  

high-energy photons can be detected and quantified in vivo. Of importance is 

the choice of radionuclide, in which the physical half-life of the decaying iso-

tope needs to be long enough to encompass distribution, target binding, and 

blood elimination of radiolabelled compound. Additional desired properties 

include a decay mode with high percentage of low energy positron emission 

(PET) and γ-ray emission with energy of 100-200 keV (SPECT). In paper II-

IV, RmAb158 and RmAb158-scFv8D3 were radiolabelled with 125I, 124I, or 
111In, and mice were scanned earliest three days after injection to achieve op-

timal imaging contrast [154], i.e. high target binding and low blood-derived 

background signal.  

PET 

PET relies on coincident detection of the annihilation event when a positron 

(β+) combines with an electron, and in the process emits two 511 keV photons 

traveling in opposing direction (1800) [172]. A detector ring registers the an-

nihilation photons, and only near instant (<10 ns) detection of two photons 

constitutes a true detection event. The location of the annihilation event is es-

timated by the line-of-response between the two detectors that record the an-

nihilation photons [173]. In paper IV, dynamic PET, 0-60 min, was used to 

investigate how biodistribution differed between naïve and immunised mice, 

after treatment with mutated RmAb158-scFv8D3. From the point of 

[124I]RmAb158-svFv8D3mut injection, the acquisition was recorded in event-

by-event mode (list mode) to enable dynamic PET. Data were reconstructed 

in several time frames, in which changing radioactivity retention was investi-

gated. 

SPECT 

In SPECT, a single photon is detected from the decay of γ-emitting radionu-

clides. By rotating detector head(s) around the subject, a volume of radioac-

tivity will be collected. SPECT incorporates collimators that only allow pas-

sage of γ rays of a specific angle so that the point of origin of activity distri-

bution can be determined [174]. A drawback with the collimator is a reduced 

sensitivity because most γ rays are blocked [175]. In paper II, radiolabelling 

RmAb158 and RmAb158-scFv8D3 with 125I (t½ 59.5 days) enabled SPECT 

imaging of brain retention of radioiodinated antibodies over a month. In paper 

III, RmAb158-scFv8D3 was conjugated with CHX-A”-DTPA or DOTA to 

facilitate labelling with 111In (SPECT radionuclide). Whole-body distribution 

and tissue retention of 111In labelled RmAb158-scFv8D3 was investigated 
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three days after injection in 18 month old tg-ArcSwe and aged-matched WT 

mice. In paper IV, SPECT was used to visualise the depletion of CD4+ T-cells 

following immunodepletion with an anti-CD4 antibody. 

Assessment of BBB permeability 

Multiple lines of evidence indicate that the integrity of the BBB is affected in 

AD. The likely culprit is vascular Aβ deposits or CAA, destabilising the BBB 

and increasing permeability, probably mediated by inflammation. Further ex-

aggerating permeability is anti-Aβ antibodies binding to CAA. Dextrans are 

polymers of sugar molecules not actively transported over the BBB, making 

them a good tool for assessing BBB permeability.  

In paper I we investigated whether BBB permeability is increased in tg-

ArcSwe with or without a single dose of 3D6. Permeability was assessed with 

two different sized dextran molecules, a 4 kDa fluorescein-labelled dextran 

and a 150 kDa Antonia red-labelled dextran. Aged tg-ArcSwe and WT mice 

were i.v. injected with [125I]3D6 or PBS as control, and the treatment period 

was 72 h. Mice received both dextrans by i.v. injection just before intracardiac 

perfusion – the 150 kDa dextran was given at 10 min and the 4 kDa dextran 

at 5 min before perfusion. The brain was separated into hemispheres, where 

one was sectioned and the other dissected, removing the cerebellum. The cer-

ebrum was subsequently diluted 1:3 in PBS and homogenised. Dextran con-

tent in brain and terminal blood was measured with a spectrophotometer, and 

dextran extravasation was determined by calculating brain-to-blood ratio.  

Brain tissue processing 

Extracted mouse brains were either directly coronally cryosectioned or the 

cerebellum and brain hemispheres were separated, in which one hemisphere 

was cryosectioned and the other hemisphere was homogenised, and proteins 

were isolated with sequential sequences of extraction and centrifugation. Pro-

tein isolation was performed according to the following protocol: brain parts 

were homogenised in a PBS or TBS buffer and centrifuged at 16 000xg for 1 

h. The supernatant was collected, and a portion of TBS supernatant was re-

centrifuged at 100 000xg for 1 h and the supernatant was collected. Pellets 

from the first extraction were re-homogenised in TBST and centrifuged at 

16 000xg for 1 h and the supernatant was collected. In the last step pellets 

were homogenised in formic acid and centrifuged at 16 000xg for 1 h with 

subsequent supernatant collection (Figure 8). In paper I and IV, Aβ species 

were sequentially isolated in PBS/TBS (soluable Aβ) fraction, TBST (mem-

brane-associated Aβ) fraction, and formic acid (fibriallar Aβ). 
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Figure 7. Schematic illustration of brain tissue processing and Aβ isolation. Brain was 

homogenised in TBS (PBS) buffer and centrifuged at 16 000xg. Supernatant contain-

ing soluble Aβ was split in two fractions, where one was further centrifuged at 

100 000xg and the other was collected. Pellet from TBS fraction was TBST extracted 

and centrifuged at 16 000xg for 1h, and the supernatant containing membrane associ-

ate Aβ was collected. Lastly, TBST pellet was homogenised in formic acid, centri-

fuged at 16 000xg for 1h, and formic acid total Aβ was collected. 

 

Autoradiography/emulsion autoradiography 

Autoradiography is a method for detecting radioactive decay in a sample. 

Here, photostimulated luminescence was used to investigate ex vivo distribu-

tion in the brain of injected radiolabelled antibodies. To detect tissue radioac-

tivity, incoming radioactivity is “stored” when Eu2+ is ionized and electrons 

are released, converting it to Eu3+.  Electrons are “stored” in the atoms of the 

crystal lattice. Shining a laser releases the electron, which converts Eu3+ back 

to Eu2+, and in the process releases energy as light. The amount of emitted 

light is proportional to the amount of radioactivity and can be detected and 

produced as a digital image (autoradiogram). In paper I-IV, autoradiography 

was used to investigate the ex vivo spatial distribution in brain cryosections of 

injected radiolabeled antibodies. 

 

In emulsion radiography, radioactivity is visualised in a liquid photographic 

film. The photographic film contains silver halide crystals, for example, silver 

bromide (AgBr), in a gelatin matrix. The emulsion is applied to the tissue sec-

tion and the radioactivity ionises silver halide crystals, forming free electrons, 
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bromine ions, and clusters of silver atoms, also known as "latent image cen-

tres". Clustered silver atoms are selectively amplified during the development 

process, forming silver deposits seen as dark grains. Lastly, the amplified la-

tent image centers are fixed. In paper I, emulsion autoradiography combined 

with Congo red staining was used to demonstrate the interaction of 3D6 with 

Aβ in CAA. In paper II, the degree of Aβ and vascular interactions of admin-

istrated radioiodinated RmAb158-scFv8D3 and RmAb158 was quantified 

with emulsion autoradiography. 

Tissue staining 

Histological stainings are performed to visualise and examine the microscopic 

anatomical structure in a tissue section. Congo red is a member of the azo dye 

family that produces a red colour under alkaline conditions and can qualita-

tively be used to stain tissues and visualise amyloidosis by binding to its β-

sheets.  

 

Figure 8. Depict indirect immunohistochemistry and indirect immunoflurescent stan-

ing of antigens in brain tissue. 

 

In immunostaining, antibodies raised against specific antigens are used to de-

tect tissue-residing molecules. In direct immunostaining, antibodies are con-

jugated with a detection molecule, usually a fluorophore or the enzyme horse 

radish peroxidase (HRP). Indirect staining is based on two sets of antibodies, 

a primary antibody binding to a tissue antigen and a secondary detection an-

tibody recognising the primary antibody. In paper II and III, indirect im-

munohistochemistry and indirect immunofluorescence were used to detect 

brain tissue antigens (Figure 9). Aβ burden was investigated with Congo red 

stain (paper I), and  polyclonal anti-Aβ40 antibody (paper II and III). Vas-

cular architecture was visualised with an anti-CD31 antibody (paper II).  
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Enzyme-linked immunosorbent assay (ELISA) 

 

Figure 9. ELISA setup in described projects. The affinity of radiolabelled antibodies 

toward antigens was assessed with indirect ELISA. Protein concentration in brain ho-

mogenates was determined with sandwich ELISA. Presence of anti-drug antibodies 

in blood plasma was evaluated with bridging ELISA. 

 

ELISA is an immunoassay in which antigens in solution from a complex bio-

logical sample can be detected and quantified using antibodies. Detection is 

based on a horseradish peroxidase (HRP) catalysed reaction of a chromogenic 

substance, which is detected with a spectrophotometer. The absorbance signal 

of antigen samples, correlated with absorbance of a serially diluted standard 

of known concentration, can determine antigen concentration in samples. 

Depending on ELISA type, either a capture antibody or the antigen is immo-

bilised in a 96-well plate. All ELISA experiments in described studies were 

perfomed with an indirect, sandwich, or bridging ELISA (Figure 10).  

 

In paper II and III indirect ELISA was used as quality control of bispecific 

antibodies post-radiolabeling. Aβ and mTfR were immobilised and affinity 

was assessed with saturation assay comparing radiolabelled antibodies with 

unlabelled counterparts. In paper I and IV, brain Aβ load was quantified with 

different sandwich ELISAs. Soluble Aβ aggregates were quantified with a ho-

mogeneous ELISA using antibody 82E1 (paper I) or 3D6 (paper IV) (sharing 

the same N-terminal epitope), for both capture and detection. This setup en-

sures that only dimers or larger Aβ aggregates are detected due to self-epitope 

blocking. Total Aβ40/42 was measured using polyclonal anti-Aβ40/42 anti-

bodies for capture and 82E1 or 3D6 for detection. In paper IV, the presence 

of ADA in plasma was detected with a bridging ELISA, in which capture and 

detection antibodies were the same as the treatment antibody. Since animals 

were immunised with the same antibody used for capture and detection, the 

resulting ADA in plasma will recognise the ELISA antibody pair and form a 

“bridge” (Figure 10). 

 



 38 

Results and discussion 

Paper I 

Vascular Aβ deposition, or CAA, is a common histopathological finding 

among AD patients and is suggested to contribute to AD development, ulti-

mately leading to neuronal loss.  Evidence pinpoints vascular Aβ as an initia-

tor of pro-inflammatory processes that ultimately increase BBB permeability, 

leading to dysregulated barrier transport and brain influx of blood residing 

molecules. From a neurotherapeutic perspective, the increased BBB permea-

bility seen in AD could be beneficial for treatment delivery as it is permissive 

of a higher intra brain concentration of pharmacologically active substances. 

Moreover, the transient opening of the BBB has been explored as a possible 

way of increasing brain delivery of drugs.  

 

In paper I, we examined whether the BBB of aged tg-ArcSwe mice is com-

promised due to abundant CAA. Furthermore, we assessed if a single dose of 

3D6 (the murine version of Bapineuzimab) would increase the BBB permea-

bility of dextrans. Early trials with the anti-Aβ antibody, Bapineuzumab, 

demonstrated that antibody treatment caused a dose-dependent increase in 

ARIA-E incidence in AD patients. Here, aged tg-ArcSwe mice were chosen 

due to advanced brain Aβ pathology with accompanying CAA in cortical and 

thalamic vessels. Tg-ArcSwe mice, 18 months old, and age-matched WT mice 

were administered a single dose of [125I]3D6 or PBS as control. After three 

days, all animals received 4 kDa FITC-labelled dextrans and 150 kDa Antonia 

Red-labelled dextrans, and dextran extravasation was quantified as a dextran 

concentration brain-to-blood ratio, as measured by fluorescence. Brains were 

measured in a gamma counter to determine uptake of [125I]3D6, and antibody 

distribution in brain tissue was investigated with autoradiography and emul-

sion autoradiography combined with Congo red staining to confirm the pres-

ence of Aβ pathology. 

 

Generally, acute treatment with 3D6 did not increase extravasation of 4 kDa 

or 150 kDa dextrans, and brain-to-blood ratios were low in both tg-ArcSwe 

and WT mice. However, for the 150 kDa dextran, a minor correlation was 

observed between brain Aβ40 and Aβ42 concentration and dextran blood-to-

brain ratio, where two mice with the highest brain Aβ concentration gave rise 

to the correlation, indicating increased BBB permeability. Brain uptake of 
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3D6 differed between transgenic and WT mice, such that transgenic mice had 

higher brain uptake (P=0.015) and an increased brain-to-blood ratio 

(P=0.0072). Autoradiography showed localised retention of [125I]3D6 in cor-

tex and thalamus of tg-ArcSwe mice, whereas WT mice were devoid of de-

tectable antibody retention. Congo red staining and emulsion autoradiography 

confirmed accumulation of 3D6 in proximity of Aβ in CAA. 

 

The BBB was relatively unaffected after a single dose of 3D6, although a 

slight correlation was seen between Aβ40/42 and 150 kDa dextran, indicating 

the possibility of BBB perturbances in tg-ArcSwe mice. Though enticing, cau-

tion is warranted since only two tg-ArcSwe mice drove this correlation. It has 

been hypothesised that BBB breakdown, seen as ARIA, in AD immunother-

apy is a prerequisite for delivering antibodies into the brain [176]. Although 

tg-ArcSwe mice had extensive CAA, the BBB was intact and 3D6 retention 

was higher than WT mice, indicating a certain degree of antibody brain entry 

and intra brain target engagement. Research has shown that perivascular 

transport pathways can transport antibodies in the brain [177]. Thus, the ex-

tensive CAA interaction of 3D6 could indicate that the antibody is transported 

via the perivascular space into the brain and that interactions with Aβ take 

place in certain vulnerable parts of brain vessels. In conclusion, we show that 

acute treatment with 3D6 does not negatively impact BBB permeability in tg-

ArcSwe mice. Nevertheless, the pronounced 3D6 retention in CAA implies 

alternative intra brain transport pathways for antibodies.    

Paper II 

We have designed several bispecific antibody constructs that penetrate the 

BBB through RMT. The seminal construct was a chemically linked fusion 

protein of 8D3 and F(ab')2 of mAb158 that could, when labelled with 124I, be 

used as a PET ligand for imaging of soluble Aβ in the brain of Aβ mouse 

models [156]. The next iteration was a recombinantly produced version, 

RmAb158-scFv8D3, in which two scFv of 8D3 were fused to the light chain 

C-terminal of RmAb158. With this construct, brain uptake was improved, and 

in an acute immunotherapeutic study, RmAb158-scFv8D3 was ten times as 

efficient as RmAb158 in removing soluble Aβ. Since little is known about the 

long-term brain retention of antibodies, we expanded the time frame in paper 

II and explored RmAb158-scFv8D3's brain retention and distribution for a 

whole month in Tg-ArcSwe mice which have abundant Aβ pathology. We 

compared RmAb158-scFv8D3 against its parent construct, RmAb158, which 

is currently being evaluated in a clinical phase III trial for AD treatment. Fur-

thermore, looking at high resolution how RmAb158-scFv8D3 and RmAb158 

interact with intra-brain Aβ pathology would provide valuable information re-

garding treatment mechanisms and efficiency. 
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In Paper II, to enable investigation of brain distribution and blood pharmaco-

kinetics over a month, RmAb158-scFv8D3 and RmAb158 were radiolabelled 

with the relatively long-lived radionuclide 125I, (half-life 59.5 days). The study 

was conducted in aged tg-ArcSwe mice, which display abundant Aβ plaque 

pathology in the cortex, hippocampus and thalamus, and pronounced CAA, 

especially in the thalamus and cortex. Brain retention was addressed at multi-

ple levels with different techniques. SPECT was used to explore brain uptake 

and antibody distribution at a gross level. Next, we utilised ex vivo autoradi-

ography and emulsion autoradiography in combination with staining for Aβ 

and vascular marker (CD31) to pinpoint the exact location of injected radio-

labelled antibodies. 

 

Interestingly, there was a pronounced difference in brain uptake, distribution 

and blood pharmacokinetic profiles of RmAb158-scFv8D3 and RmAb158. 

Despite a 5.5 fold higher blood exposure of RmAb158, its bispecific variant 

displayed higher brain uptake and total brain exposure, highlighting RMT as 

a valuable tool for enhancing protein delivery into the brain. The rapid uptake 

and fast blood clearance of RmAb158-scFv8D3 translated into better SPECT 

imaging contrast with clear pathology interaction three days post-injection. 

Throughout the study, investigation with SPECT demonstrated that 

[125I]RmAb158-scFv8D3 and [125I]RmAb158 exhibited a  profoundly differ-

ent intra-brain distribution pattern, in which [125I]RmAb158-scFv8D3 pre-

sented a uniform distribution pattern that was localised in areas known to har-

bour Aβ depositions, such as cortex, thalamus and hippocampus. On the other 

hand, at three days post-injection, brain uptake of [125I]RmAb158 could not 

easily be visualised with SPECT. Most likely due to high blood background. 

Nevertheless, after six days, [125I]RmAb158 SPECT scanning revealed a con-

centrated accumulation in what appeared to be the brain ventricles, which was 

more evident after two and four weeks. The spatial brain distribution of anti-

bodies investigated with ex vivo autoradiography essentially confirmed 

SPECT findings. Tissue distribution of [125I]RmAb158-scFv8D3 was uniform 

throughout the study and co-localised closely with Aβ40 pathology. 

[125I]RmAb158, on the other hand, displayed antibody retention as hots-pots 

throughout the study. Autoradiography of WT mice given [125I]RmAb158-

scFv8D3 or [125I]RmAb158 did not show any retention after three days.  

 

RmAb158 displayed a remarkably similar brain distribution pattern in tg-

ArcSwe mice as observed with 3D6 in paper I, suggesting a shared uptake 

and distribution mechanism. Again, this was substantiated with emulsion au-

toradiography, which demonstrated high vascular retention [125I]RmAb158 in 

CAA. A possible explanation for the observed vascular retention could be 

perivascular transport mechanisms where 3D6 and RmAb158 encounter and 

bind to perivascular Aβ. BBB breakage and leakage could also be a possible 

explanation for the hot spots, although this may be less likely since treatment 
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with 3D6 in tg-ArcSwe mice did not increase BBB permeability of large mol-

ecules. [125I]RmAb158-scFv8D3, on the other hand, was substantially less as-

sociated with CAA and displayed a greater vascular escape, suggesting that 

RMT of anti-Aβ antibodies could reduce side effects like ARIA. Furthermore, 

high detailed assessment of parenchymal antibody distribution with emulsion 

autoradiography demonstrated a clear difference, where RmAb158-scFv8D3 

exhibited a more pronounced cortical and hippocampal plaque interaction. 

Although RmAb158-scFv8D3 and RmAb158 displayed different brain distri-

bution patterns, both had a similar half-time in the brain, underscoring a shared 

elimination mechanism. The similar brain half-life of RmAb158-scFv8D3 and 

RmAb158 could be attributed to a near-identical Aβ off-rate. Additional ex-

planations could be phagocytosis by microglial cells or clearance via ISF flow.    

 

In conclusion, in paper II we demonstrate and highlight the benefit of RMT 

for brain-directed immunotherapy. High-detail mapping of intra brain anti-

body distribution demonstrated that RMT resulted in lower CAA interaction 

and greater antibody interaction with parenchymal Aβ depositions, which 

would likely reduce ARIA and improve the effect of anti-Aβ treatment, re-

spectively.  

Paper III 

In previous studies of Aβ imaging and antibody pharmacokinetics, we have 

successfully labelled BBB penetrating bispecific constructs with radioactive 

isotopes from the halogen group, including 124I, 125I, and 18F. In paper III we 

expanded our radionuclide repertoire by labelling RmAb158-scFv8D3 with 
111In, a radiometal suitable for SPECT imaging. Our rationale was partly based 

on safety concerns with radioiodine, in which the thyroid readily takes up free 

radioiodine. Although iodine supplementation can block thyroidal uptake of 

radioiodine, this could be a concern in brain immunoimaging where a high 

dose is needed due to low BBB penetration (with RMT systems, approxi-

mately 1 % of the injected dose reaches the brain). Other interesting aspects 

of radiometals are prolonged cellular retention if the radiotracer is internal-

ised. Another objective was to investigate potential alterations in brain reten-

tion and biodistribution of 111In labelled RmAb158-scFv8D3. 

 

The study design in paper III had a similar setup as in Hultqvist et al. [153], 

but here, we performed whole-body SPECT imaging to visualise antibody dis-

tribution to peripheral organs. To facilitate 111In labelling, RmAb158-

scFv8D3 was first conjugated with the chelators CHX-A"-DTPA, DOTA, or 

a DOTA-tetrazine variant. Brain uptake of 111In labelled RmAb158-scFv8D3 

was explored after 2 h in 4 months old WT mice, and after 72 h in 18 months 

old tg-ArcSwe mice and aged-match WT mice. Biodistribution was explored 

both with SPECT and ex vivo measurement of isolated organs. Blood samples 
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were collected to investigate blood pharmacokinetics of 111In labelled 

RmAb158-scFv8D3, and brain distribution was investigated with ex vivo ra-

diography. 

 

Blood pharmacokinetic profiles and blood half-life were similar for all 111In-

labelled variants of RmAb158-scFv8D3 and corresponded with previously re-

ported data from 124/125I labelled RmAb158-scFv8D3 [153, 178] and 3D6-

scFv8D3 [179]. At 2 h, brain uptake was similar for all variants ranging from 

1-2% of injected dose, which resembles previously reported data on brain up-

take of  124/125I labelled RmAb158-scFv8D. Whole-body SPECT scanning in-

dicated high liver, spleen, and bone accumulation of RmAb158-scFv8D3. 

Subsequent ex vivo measurement of organ retention confirmed SPECT data, 

with high retention in spleen, liver, and bone – with very high bone marrow 

retention. Interestingly, unlike what has been reported with radioiodinated 

RmAb158-scFv8D3, WT mice displayed unexpectedly high brain retention of 
111In labelled RmAb158-scFv8D3 after 72h. Nonetheless, tg-ArcSwe mice, 

compared with WT mice, had higher brain retention after 72h. Ex vivo brain 

autoradiography confirmed gamma measurement of the brain. In addition, au-

toradiography showed that distribution was uniform in both WT and tg-

ArcSwe brains.  

 

In paper III we demonstrate that a bispecific BBB penetrating antibody can 

successfully be 111In labelled and retain its ability to be transported into the 

brain and bind its intra brain target. Although RmAb158-scFv8D3 success-

fully entered the brain, we demonstrated that 111In labelling increased brain 

retention compared with its radioiodinated counterpart. In contrast to results 

in paper II, where the brains of WT mice administered radioiodinated 

RmAb158-scFv8D3 were completely devoid of activity after three days, the 

prolonged brain retention seen with 111In label could be explained with several 

biological processes such as neuronal or microglial uptake of RmAb158-

scFv8D3. Neurons have been reported to express the TfR [180, 181], and in 

our case, neuronal internalisation and subsequent degradation could explain 

the retention of 111In. In paper IV we established that RmAb158-scFv8D3 is 

immunogenic due to its scFv8D3 moiety (rat-derived antibody fragment). 

Brain-residing activated microglia may recognize 111In labelled RmAb158-

scFv8D3 either in an Aβ immunocomplex or the scFv8D3 moiety as foreign, 

causing phagocytosis and intracellular degradation, ultimately resulting in mi-

croglia retention of 111In. We also pinpointed bone marrow tissue as a place 

with high 111In retention. Since the bone marrow's high iron demand is fulfilled 

by TfR mediated uptake, the observed 111In retention is likely a result of nor-

mal TfR biology, where RmAb158-scFv8D3 is simply internalised and de-

graded. Hence, peripheral bone marrow uptake of bispecific constructs target-

ing TfR is unavoidable, although adjustment of binding valency and affinity 

toward TfR can alter peripheral uptake of the bispecific antibody. From the 
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perspective of radiopharmaceutical drugs, high bone marrow retention is a 

disadvantage due to the radiosensitivity of cells in the bone marrow.  

 

Here, we expand and build on knowledge from paper II, further demonstrat-

ing a new intra brain retention pattern of RmAb158-scFv8D3. Furthermore, 

we highlight and underpin the need for careful investigations to understand 

the biology of the RMT systems currently being explored in brain-directed 

immunotherapy in AD and other CNS diseases. 

Paper IV 

Paper IV was based on knowledge gained from paper II, where we demon-

strated that RmAb158-scFv8D3, compared with RmAb158, had a higher total 

brain exposure and greater interaction with parenchymal Aβ—highlighting 

that RMT could be utilised for improvement of brain-directed immunotherapy 

in AD. Furthermore, we have previously shown that a single injection of 

RmAb158-scFv8D3 is ten times as potent as RmAb158 in lowering soluble 

Aβ in tg-ArcSwe mice [182].  

 

Combining insights from previous studies, we set out to evaluate if RmAb158-

scFv8D3 is more efficient at removing Aβ than RmAb158. We explored this 

in three study regimes, targeting different pathological aspects of Aβ aggre-

gation. All therapeutic studies were carried out in AppNL-G-F mice. The first 

study was similar to our previous acute therapy study in tg-ArcSwe mice 

[182], but conducted in 5 months old AppNL-G-F mice. Mice received a single 

dose of either RmAb158-scFv8D3, RmAb158 or PBS control, and the treat-

ment period was three days. In the second treatment regimen, we attempted to 

target Aβ aggregates in 3 months old AppNL-G-F mice to inhibit seeding and 

further formation of Aβ plaque pathology. Animals received in total three in-

jections (one every second day during one week) of RmAb158-scFv8D3, 

RmAb158, or PBS control followed by a period of 10 weeks without treat-

ment. In the last treatment arm, the study was conducted in two phases.  In 

phase 1, all mice were immunodepleted with an anti-CD4 antibody to enable 

repeated injection with RmAb158-scFv8D3 without eliciting an immune re-

sponse directed to the antibody. In phase 2, mice were given weekly injections 

of RmAb158-scFv8D3, RmAb158, or PBS control for 8 weeks. A final diag-

nostic dose of [125I]RmAb158-scFv8D3 was given to all treatment groups to 

correlate putative treatment effects with ex vivo brain uptake of 

[125I]RmAb158-scFv8D3. 

 

A second goal was to determine and potentially reduce the immunogenicity of 

RmAb158-scFv8D3 by repeatedly inoculating 4 months old WT mice with 

various antibody constructs. We assessed which factors or structural elements 
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of RmAb158-scFv8D3 would give rise to a humoral immune response result-

ing in anti-drug antibody (ADA) production. Since scFv8D3 is a rat-derived 

antibody fragment, we first attempted to reduce the immunogenicity by chang-

ing amino acids at positions predicted to lower MCHII binding affinity, thus 

lowering CD4 T-cell mediated immune response. Subsequently, we addressed 

whether a mouse chimeric 8D3 would escape detection of the immune system 

as it lacks the peptide linkers used between antibody domains of RmAb158-

scFv8D3. We also assessed the influence of protein aggregation by testing an 

aggregation free preparation of RmAb158-scFv8D3. Lastly, the antibody's Fc 

region's influence and valancy of mTfR bidning was asses with a di-scFv frag-

ment, lacking an Fc domain and having monovalent binding to mTfR.  

 

Although we have shown that RmAb158-scFv8D3 successfully enters the 

brain and can be used as a PET ligand, not much is known about its immuno-

genic potential. Repeated injections lowered blood exposure which decreased 

the brain uptake of RmAb158-scFv8D3. We subsequently confirmed the pres-

ence of ADA, thus demonstrating a host reaction toward RmAb158-scFv8D3. 

Furthermore, creating a mutant version with predicted lower MCHII binding 

affinity did not lower the ADA response. In addition, chimeric 8D3, aggrega-

tion free RmAb158-scFv8D3 did not lower ADA response. Interestingly, 

treatment with di-scFv3D6-8D3 resulted in a less severe ADA response.  Im-

munised and naïve mice had similar blood retention and spleen uptake. Fur-

ther, brain uptake of di-scFv3D6-8D3 in immunised mice were higher com-

pared with mice immunised with mutated or aggregation free RmAb158-

scFv8D3. In conclusion, RmAb158-scFv8D3 elicited a humoral immune re-

sponse and attempts to lower its immunogenicity were unsuccessful. Still, the 

di-scFv constructed had an attenuated ADA response indicating that the Fc 

region or mTfR binding valancy partly explains the immunogenicity of 

RmAb158-scFv8D3. We circumvented ADA formation by depleting CD4+ T-

cells in mice and thus allowing repeated injection of RmAb158-scFv8D3. 

  

Comparing RmAb158-scFv8D3's treatment efficacy against RmAb158 in 

multiple treatment regimes. We have previously shown that a single dose of 

RmAb158-scFv8D3 is ten times more potent than RmAb158 in removing sol-

uble Aβ [182]. Here, single-dose treatment did not lower soluble Aβ in AppNL-

G-F mice in either of the treatment groups compared with PBS control. The 

exact mechanism why single dose treatment failed is unknown. A possible 

explanation could be the Iberian mutation, which increases Aβ42, shifting the 

aggregation pathway towards insoluble Aβ, thus lowering soluble Aβ concen-

tration. Indeed, a comparison showed that AppNL-G-F had substantially lower 

levels of soluble Aβ aggregates compared to tg-ArcSwe mice. Next, we at-

tempted to prolong time to Aβ deposition by removing Aβ seeds at a young 

age. Significant treatment effects was seen in Aβ42 (main Aβ pool for AppNL-

G-F) in hippocampus for RmAb158 (p<0.05) and a trend was seen for 
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RmAb158-scFv8D3 (p=0.066) . In cortex a trend was seen for RmAb158 in 

lowering Aβ42. 

 

In the last treatment regimen, initial CD4 cell depletion successfully lowered 

ADA response towards RmAb158-scFv8D3. Interestingly, repeated treatment 

with RmAb158-scFv8D3 resulted in a dose-dependent shift in blood and 

plasma kinetics of the final diagnostic dose of [125I]RmAb158-scFv8D3, 

where high dose treatment had lowest concentration in plasma but highest 

concentration in whole blood. Repeated RmAb158 treatment did not alter 

blood or plasma kinetics. Observed alterations in blood and plasma kinetics 

correlated with brain uptake of [125I]RmAb158-scFv8D3, where the high dose 

group had the lowest brain uptake. The expected result was that low brain 

uptake of [125I]RmAb158-scFv8D3 would indicate a reduced brain Aβ burden 

as a result of successful treatment. Indeed, RmAb158-scFv8D3 and RmAb158 

displayed a statistical significant reduction in total Aβ1-42, the most abundant 

Aβ species in the brain, but the difference in brain concentration of the diag-

nostic [125I]RmAb158-scFv8D3 rather reflected a treatment induced differ-

ence in tracer pharmacokinetics. In line with the two first studies, neither of 

the long-term treatment groups displayed reduction of soluble Aβ.   

 

Although we have shown in paper II that RMT increases antibody interaction 

with parenchymal Aβ, long-term treatment with RmAb158-scFv8D3 did not 

demonstrate any added benefits in lowering of Aβ despite successful mitiga-

tion of ADA response. There are several potential explanations for the ob-

served lack of treatment effects with repeated RmAb158-scFv8D3 administra-

tion. One possibility could be ascribed to lowering of bioavailability due to 

increased blood cell expression of TfR that sequesters RmAb158-scFv8D3 in 

the peripheral circulation. The observed increase in blood retention in the high 

dose treatment group supports this. Another mechanism leading to a reduced 

brain uptake of RmAb158-scFv8D3 could be a higher concentration of soluble 

truncated TfR in plasma, which binds to the 8D3 fragment, blocking TfR me-

diated BBB transport. It is also possible that repeated RmAb158-scFv8D3 ad-

ministration resulted in reduced TfR expression on the BBB, and thus lowered 

brain delivery, resulting in loss of treatment effects. Further, it has been sug-

gested that microglial phagocytosis of Aβ-antibody complexes is the main 

mechanisms to mediate Aβ clearance in AD immunotherapy [136]. Here, it is 

possible that the scFv moiety lowers binding of the RmAb158-scFv8D3-Aβ 

complex to Fc gamma receptors on microglia, leading to blunted activation of 

phagocytosis.  

 

Knowledge gained in paper I, II and III led to the project in paper IV. One 

of the main findings in paper II was that BBB RMT increased brain uptake 

of bispecific antibodies, leading to a greater parenchymal Aβ interaction, 

likely translating into better therapeutic effects. We further explored intra 
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brain distribution of RmAb158-scFv8D3 by labelling the antibody with an in-

tracellular residualizing tag (111In) (paper III). Results showed increased cel-

lular retention in the brain, which could be interpreted as a possible treatment 

mechanism where Aβ-RmAb158-scFv8D3 complex is phagocytosed by, for 

example, microglia. However, it could also reflect a previously undetected in-

teraction with neuronal TfR that could in fact reduce interactions with Aβ and 

thereby therapeutic effects of the bispecific antibody. 

 

Synthesis of the above-described projects warranted a comprehensive investi-

gation addressing if a long-term treatment study with repeated injection of the 

bispecific antibody, RmAb158-scFv8D3, would result in additional improve-

ment in lowering Aβ of the brain. We found out that RmAb158-scFv8D3 was 

immunogenic, resulting in a humoral immune response leading to ADA pro-

duction. CD4+T-cell immunodepleting mitigated the ADA response, enabling 

repeated injection RmAb158-scFv8D3, and thus an immunotherapy study was 

initiated. Although we managed to control the ADA response, long-term treat-

ment with RmAb158-scFv8D3 did not out-perform RmAb158.   
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Conclusion and future perspectives 

A considerable amount of resources have been invested in the development of 

Aβ targeting antibodies, and until recently, with limited success. The lack of 

success of the many tested antibodies could partially be explained by a failure 

to target the most pathologically relevant aggregation state of A. Further-

more, several clinical trials with anti-Aβ antibodies have highlighted safety 

concerns such as vascular disturbances seen as ARIA, which are believed to 

result from antibody interaction of vascular Aβ deposits. A problem in brain 

directed immunotherapy is that the BBB reduces brain uptake of antibodies. 

Although problematic, the identification of several transcellular transport sys-

tems at the BBB has prompted the development of engineered bispecific anti-

bodies that utilize these systems for increased brain uptake.  

 

In this thesis, we assessed the BBB integrity in an Aβ mouse model with and 

without immunotherapy. Furthermore, we explored the intra brain distribution 

and peripheral biodistribution of a bispecific BBB penetrating anti-Aβ anti-

body and assessed whether transport over the BBB translated into a more sig-

nificant reduction of brain Aβ in a transgene Aβ mouse model. Clinical studies 

with Bapineuzumab have demonstrated that AD patients develop ARIA [183]. 

Here, a single dose of 3D6 (murine Bapineuzumab) did not increase BBB per-

meability. However, 3D6 was highly retained in vascular Aβ deposits, sug-

gesting BBB breakdown is not a prerequisite for intra brain targeting of anti-

bodies (paper I). Next, radiolabeling a bispecific antibody with 125I (paper 

II) or 111In (paper III) made it possible to investigate its distribution in brain 

and peripheral organs with SPECT. Bispecific antibodies labelled with 125I and 
111In entered the brain and had a uniform intra brain distribution pattern. In-

terestingly, 111In labelled bispecific antibody given to WT mice had unexpect-

edly prolonged brain retention. Furthermore, 111In labelled antibodies had a 

high uptake in the bone marrow (paper III). 125I labelling enabled prolonged 

in vivo investigation with SPECT which showed retention of the bispecific 

antibody coincided with areas harbouring Aβ pathology. Detailed ex vivo ex-

amination showed that the bispecific antibody displays greater vascular escape 

and more avid Aβ plaque binding, lowering the risk of vascular disturbances 

and perhaps improving brain-directed immunotherapy (paper II). The differ-

ence in biodistribution of RmAb158-scFv8D3 labelled with 125I  and 111In  is 



 48 

probably due to different intracellular retention properties of iodine and met-

als, in combination with the biology of the TfR receptor. Careful consideration 

is warranted when choosing the RMT system to transport radiometal labelled 

bispecific antibodies. In the final project (paper IV) we set out to evaluate the 

bispecific antibody in comparison to its unmodified parental counterpart in a 

long-term immunotherapy study in an Aβ mouse model. We found that RMT 

delivery of an antibody did not improve treatment efficacy, and brain Aβ lev-

els were comparable with that of mice receiving regular antibody treatment. 

We hypothesised that the lack of improved treatment effect with the bispecific 

antibody could be due to alteration in its blood pharmacokinetics or in its de-

sign, where structural properties reduce phagocytosis of antibody-antigen 

complexes. Additional structural problems with the bispecific antibody, pos-

sibly explaining the prolonged brain retention (paper III) and altered phar-

macokinetics after repeated injections (paper IV), could be attributed to the 

administered high dose. It is possible that both scFv8D3 fragments attached 

to the antibody engage with and cluster mTfR in a dose dependent manner.  

The recent FDA conditional approval of aducanumab (Aduhelm) has invigor-

ated and renewed interest in brain directed immunotherapy for treatment of 

AD. Although successful, AD immunotherapy faces challenges such as low 

brain uptake that requires a high dose to achieve the desired treatment effect. 

Another dose-related challenge is vascular disturbances. Here we demonstrate 

that RMT of anti-Aβ antibodies seems to reduce vascular Aβ binding and with 

increased parenchymal Aβ, likely providing benefits in immunotherapy. And 

indeed, Roche is now evaluating a bispecific version of Gantenerumab, 

targeting human TfR, for treatment of early AD [184]. 

However, bispecific antibodies present a host of new challenges that need to 

be addressed. Careful consideration regarding the structure of the bispecific 

antibody is of importance. For example, the structural placement of RMT 

targeting moiety could reduce potential treatment effect by reducing Fcγ 

mediated phagocytosis. Another important structural factor is valancy of 

mTfR interaction. As such it would be interesting to assess  treatment efficacy 

of and biodistribution of a bispecific antibody with a “true” monovalant mTfR 

interaction. To date there is no clear in vivo evidence of how anti-Aβ 

antibodies lower brain Aβ, which needs to be extensively investigated to de-

sign strategies to achieve optimal treatment efficacy. Furthermore, the biology 

of the targeted RMT system needs to be carefully investigated. This is of 

particular importance when using radiolabelled bispecific antibodies targeting 

the TfR. Bone marrow tissue is highly radiosensitive due to rapidly dividing 

hematopoietic cells. These cells have a high iron need and thus express high 

levels of TfR, and utilisation of TfR targeting radiolabelled antibodies would 

greatly increase the radioactive dose, which is even more problematic with 

residulising radiometals. 
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Populärvetenskaplig sammanfattning 

Globalt lever ungefär 50 miljoner människor med demens vilket är en siffra 

som förväntas stiga till 150 miljoner till år 2050. Alzheimers sjukdom är den 

vanligaste formen av demens och står för 70% av alla fall. Sjukdomsmekan-

ismerna som ger upphov till Alzheimers sjukdom beror på aggregering av pro-

teiner i hjärnan. Framförallt är det proteinet amyloid-beta (Aβ) som bildar 

”plack” utanför hjärncellerna eller Tau-proteinet som bildar ”proteinnystan” 

inuti nervceller. Tillväxten av proteinaggregaten startar ogynnsamma proces-

ser i hjärnan så som inflammation, synapsstörningar och slutligen nervcells-

död. Oroväckande är att dessa processer startar decennier innan symptomde-

but och fram tills nyligen fanns det endast symptomlindrande behandling. 

 

Blod-hjärnbarriären är en speciell vaskulär struktur i hjärnan som begränsar 

inflödet av potentiellt farliga molekyler till hjärnan. Från ett läkemedelsper-

spektiv är blod-hjärnbarriären ett hinder då den blockerar passage av läkeme-

del in i hjärnan. Då blod-hjärnbarriären även förhindrar upptag av livsnödvän-

diga näringsämnen finns det ett flertal transportproteiner som faciliterar trans-

port av näringsämnen in i hjärnan. Forskare har upptäckt att genom att låta 

läkemedelsmolekyler åka snålskjuts med dessa transportproteiner kan man 

kraftigt öka införseln av läkemedel i hjärnan. Ett av dessa transprotsystem är 

transferrinreceptorn som bland annat transporterar järn in till hjärnan, och lä-

kemedelsbolag och forskargrupper världen över har använt detta för transport 

av proteinbaserade läkemedel in i hjärnan. 

 

I denna avhandling har jag utvärderat antikroppsläkemedel mot Aβ. För att 

kunna fastställa behandlingseffekt och eventuella biverkningar så använder vi 

oss av genetiskt modifierade möss som producerar mänskligt Aβ i hjärnan. 

Mer specifikt så har jag jämfört en bispecifik antikropp (som binder till både 

transferrinrecptorn och Aβ) med en omodifierad variant (som enbart binder 

till Aβ). Antikropparna märktes med radioaktiva spårämnen för att kunna mäta 

hjärnupptag och se distributionen i mössen. 

 

I delarbete I utvärderade vi om blod-hjärnbarriären är påverkad och läcker i 

en Aβ-musmodell, antagligen till följ av patologin eller p.g.a antikroppsbe-

handling mot Aβ. För att kunna fastställa att närvaron Aβ-patologi orsakar 

skada på blod-hjärnbarriären så inkluderade vi ocksp möss utan Aβ som kon-

troll. Generellt var blod-hjärnbarriären opåverkad och ingen skillnad kunde 
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ses mellan Aβ-möss och kontrollmöss. Dock observerades en trend där anti-

kroppstillförsel orsakade ett litet läckage hos möss med högst koncetration av 

Aβ i hjärnan. När vi analyserade antikroppsdistrubitionen i detalj så påträffa-

des en stor del av antikropparna i blodkärl som  innehöll Aβ. 

 

I delarbete II och III utvärderade vi hjärnupptag och kroppsdistribution av en 

bispecifik antikropp. I delarbete II märktes den bispecifika antikroppen och 

en motsvarande omodifierad antikropp med radioaktivt jod och hjärnupptag 

och vävnandsdistrubition jämfördes i Aβ-möss. Den omodifierade antikrop-

pens distribution liknade den i delarbete I och påträffades i blodkärl med Aβ, 

men även i viss mång kring Aβ-plack inne i hjärnan. Hjärndistributionen för 

den bispecifika antikroppen, som aktivt transporteras in i hjärnan, var bättre 

och påträffades till mindre del i blodkärl. Intressant, och även gynnsamt ur ett 

behandlingsperspektiv, så påträffades den bispecifika antikroppen till större 

del kring Aβ plack i hjärnan. I den efterföljade studien kopplades radioaktivt 

indium till den bispecifika antikroppen. Om indium, till skillnad från jod, tas 

upp av en cell så stannar det kvar längre och därmed kan vi undersöka 

huruvida den bispecifika antikroppen tas upp av celler i hjärnan. Den bispeci-

fika antikroppen utvärderades i Aβ-möss och kontrollmöss utan Aβ. Vi fann 

att antikroppen som var märkt med indium kom in i hjärnan precis som vi 

observerat för de tidigare jod-märkta antikroppen. Dock hade möss utan Aβ 

en oväntat hög antikroppsretention vilket tyder på cellupptag.  

 

I delarbete IV utvärderade vi den bispecifika och den omodiferade antikrop-

pen i ett fleral olika behandlingstrategier med målet att reducera Aβ i hjärnan. 

En singeldos med båda antikropparna påvisade inga förändringar i det mest 

lösliga Aβ. I nästa behandling administerades totalt 3 doser med 2 dagars mel-

lanrum mellan varje dos. Vi fann en trend där möss som behandlades med den 

bispecifika antikroppen hade mindre Aβ tio veckor efter avslutad behandling. 

I den sista studien dämpades immunförsvaret för att kunna göra upprepade 

injektioner med den bispecifika antikroppen under en längre tid. Trots ökat 

hjärnupptag, var den bispecifika antikroppen inte bättre än den omodifierade 

versionen. Möjliga orsaker kan vara strukturella skillnader mellan antikrop-

parna där den bispecifika antikroppen, trots ökat upptag, inte förmår avlägsna 

Aβ. En annan orsak kan vara den förändrade bloddistrubition där den bispeci-

fika antikroppen binder till och fångas upp av blodceller.  

 

Utvecklingen av bispecifika antikroppar som penetrerar blod-hjärnbarriären 

har stor potential för behandling av olika sjukdomar i hjärnan. I denna avhand-

ling visar jag att en bispecifik antikropp som aktivt transporteras in i hjärnan 

hittar och binder till sitt mål, Aβ, och skulle kunna användas som behandling 

i Alzheimers sjukdom. Dock, trots ökat hjärnupptag, så var den bispecifika 

antikroppen marginellt bättre än sin omodifirade variant i en långtidsbehand-

lingsstudie. För att optimera och förbättra behandling bör framtida studier un-

dersöka hur bispecifika antikroppars struktur påvekar behandlingseffekter.  
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