ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2023

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1893

Factors influencing transferrin
receptor-mediated brain delivery

Evaluating preclinical antibody-based proteins for
PET imaging in Alzheimer’s disease

REBECCA FARESJO MELANDER

ISSN 1651-6206
ISBN 978-91-513-1685-7
URN urn:nbn:se:uu:diva-494103



Dissertation presented at Uppsala University to be publicly examined in Rudbecksalen, Dag
Hammarskjolds védg 20, Uppsala, Friday, 3 March 2023 at 09:15 for the degree of Doctor of
Philosophy (Faculty of Medicine). The examination will be conducted in English. Faculty
examiner: Associate Professor Robert Thorne (University of Minnesota - Department of
Pharmaceutics/Denali Therapeutics, Biology Discovery, South San Francisco, USA).

Abstract

Faresjo Melander, R. 2023. Factors influencing transferrin receptor-mediated brain delivery.
Evaluating preclinical antibody-based proteins for PET imaging in Alzheimer’s disease.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
1893. 83 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1685-7.

Antibody-based proteins targeting amyloid-beta (Af) could be used as radioligands in positron
emission tomography (PET) to study Alzheimer’s disease (AD) pathology in the living brain.
The prospective advantages of antibody-based PET are to detect pathology earlier, with
higher sensitivity, and to evaluate treatment effects of emerging immunotherapies against Ap.
However, antibodies and other proteins are too large to cross the blood-brain barrier (BBB). This
can be circumvented by fusing antibodies with transferrin-receptor (TfR) binders that penetrate
the BBB via receptor-mediated transcytosis.

In this thesis, I evaluated different bispecific antibody-based proteins that bind both TfR
and AP. The overall aim was to determine which factors are important for TfR-mediated brain
delivery of these proteins and their use as PET radioligands.

In paper I, we studied a large, high TfR-avidity antibody compared with a smaller antibody
fragment fusion with lower TfR avidity. The small antibody had fast elimination from blood
and was cleared from the brain earlier than the large antibody, thus providing better signal-to-
noise ratio for brainPET. In paper II, antibody-like proteins (affibodies), even smaller than the
previously studied antibody, had enhanced TfR-mediated brain delivery but had an imbalance
in binding to TfR and AP. This resulted in poor pathology-related retention of '*’I-radiolabeled
affibodies. In paper III, we observed that aged mice had poorer brain delivery of the bispecific
antibody, mAb3D6-scFv8D3, compared with young mice. Age was also related to increased
blood cell binding of the bispecific antibody, and a lower dose resulted in higher relative delivery
to the brain parenchyma. In paper IV, we evaluated single domain llama-based antibodies,
VHHs, which bound both mouse and human TfR, and were characterized by rapid elimination
from blood and brain. The VHHs were fused to an AP binding antibody fragment, scFv3D6,
which enabled increased brain retention of the '*I-radiobeled antibodies in an AD mouse model,
and, thus, provided high contrast to healthy controls.

In conclusion, antibody format, size, mouse age, dose, and TfR binding were important factors
influencing brain delivery and retention.

Keywords: brain delivery, bispecific antibody, transferrin receptor, Alzheimer's Disease,
amyloid-beta, aging, single domain antibody, PET

Rebecca Faresjo Melander, Department of Public Health and Caring Sciences, Geriatrics,
Box 609, Uppsala University, SE-75125 Uppsala, Sweden.

© Rebecca Faresjo Melander 2023
ISSN 1651-6206

ISBN 978-91-513-1685-7
URN urn:nbn:se:uu:diva-494103 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-494103)



“Little by little, one travels far”

J.R.R. Tolkien

Till min familj: Tomas Faresjé, Ashild Olsen Faresjo
och Joel Faresjo Melander






List of Papers

This thesis is based on the following papers, referred to in the text by their
Roman numerals.

L

IL.

I1I.

Iv.

Faresjo, R., Bonvicini, G., Xiaotian, T. F., Aguilar, X., Sehlin,
D., Syvénen, S. (2021) Brain pharmacokinetics of two BBB pen-
etrating bispecific antibodies of different size. Fluids Barriers
CNS, 18(1):26.

Faresjo, R., Lindberg, H., Stahl, S., Lofblom, J., Syvénen, S.,
Sehlin, D. (2022) Transferrin receptor binding BBB-shuttle fa-
cilitates brain delivery of anti-AB-affibodies. Pharm Res,
39:1509-1521.

Faresjo, R., Sehlin, D., Syvénen, S. Age, dose, and binding to
blood cells influence brain delivery of a TfR1-transported anti-
body. Submitted.

Faresjo, R., Sjostrom, E. O., Berglund, M. M., Eriksson, J., Seh-
lin, D., Syvénen, S. Single domain antibody conjugated to AB-
binding scFv penetrates BBB via TfR to interact with Ap.
Manuscript.

Reprints were made with permission from the respective publishers.



Additional Publications

Publications not included as part of this thesis:

V.

VL

VIL

Syvénen, S., Fang, X.T., Faresjo, R., Rokka, J., Lannfelt, L., Ol-
berg, D.E., Eriksson, J., Sehlin, D. (2020). Fluorine-18-Labeled
Antibody Ligands for PET Imaging of Amyloid-$ in Brain. ACS
Chem Neurosci 11:4460-4468

Syvinen, S., Meier, S. R., Roshanbin, S., Xiong, M., Faresjo, R.,
Gustavsson, T., Bonvicini, G., Schlein, E., Aquilar, X., Julku, U.,
Eriksson, J., Sehlin, D. (2022). PET imaging in preclinical anti-
AP drug development. Pharm Res 39.:1481-1496.

De la Rosa, A., Metzendorf, N., Morrison, J., Faresjo, R., Rofo,
F., Petrovic, A., O’Callaghan, P., Syvénen, S., Hultqvist, G.
(2022) Introducing or removing heparan sulfate binding sites
does not alter brain uptake of the blood-brain barrier shuttle
scFv8D3. Sci Rep 12(1):1-17.

Cover image by Rebecca Faresjo Melander, 2023 ©.
“Mouse brain capillaries and schematic illustrations of antibody-based
proteins used in this thesis.”



Contents

INETOAUCTION ...ttt 11
Biological drugs .......c..eeeviieiiiieiieeie e e 11
ANTDOAIES ...ttt sttt e 11
The Structure Of IZGS...ccvviiiiieeiiieeeecee et 12

Engineered antibodies and antibody fragments............ccccceevvereennnnnnen. 13
ATTIDOAIES ...t 15
AlZNEIMET’S dISEASE. ....evevieuietiriieiirtteteste ettt ettt eeenne 16

F N 10174 (03 o B USRS 16

I 1 SRS 17

The amyloid cascade hypothesis .........ccceeeveerciieiciiiriieee e, 17
ANti-AP antibOdIes ......oecviiiiiiieciie e e 19
Fluid biomarkers in AD.........cccociiiiiriiiiiieieeeeseesteeee et 20
Positron Emission Tomography in AD .......cccccovievieniiiniiiiiieireeeeeieene 21
Antibody-based AP-PET ......ccccoiiiiiiieiieeeeeeeteeeree e 22
Barriers of the Brain..........cocevieieiiiieeeeeeee e 23
Transport routes at the BBB .........ccoovciiiiiiiieceeeeee e 26
Receptor-mediated tranSCytosis.......cuveervrercveeeciererieeeiee e erreeereesvee e 27
The transferrin receptor (TTR).......ceoeviiiiiiiiiiieeecee e 27
TfR-mediated brain delivery of antibodies ............ccoceevviiriiiniiiiiiineenienns 28
Translation of TfR-antibodies ...........ccoecverieriiniiiiiiieee e 30
Pharmacokinetics of therapeutic antibodies ...........ccecvevveervieriveriereeninnns 31

MEthOAOIOEY ...eeeuviiieiieeiee ettt et b e eea e e sebeeeaes 33
Recombinant expression of fusion antibodies............ccceeevveevieencreeennenne. 33
ANTMALS Lottt ettt ettt et s 34
RadiOChEMISIIY ......vieivieiieiieiiere ettt neee 35
ELISA ettt sttt 35
LigandTracer® ..........ceeevieriieriieieerierresre e eseesieesteesseesenesereesseesseesseensens 36
IMMUNOSTAINING.....eeitiieiieeeiie et eeieeereeerre et eereeesereeereeesereeseseeesseeeens 37
SDS-PAGE and immunoblotting .............cceevverierverrenreeieenreesreeseesnenns 37
AUtOradiography.....cccviiiiiieiiieii ettt e 38

Ex vivo autoradiography ........cccceeeieriiriieieeieesieeceeeee e 38

Nuclear track emulsion (NTE) autoradiography .........ccccccceeveeerinnnnnns 39

In vitro autoradio@raphy .........ccceeeierierieeieeieere et eee e eeeens 39
Capillary depletion .........cccvveviievierierieciecie ettt sbe e reeseee s 40



Summary of papers [-IV .....c.oociiiiiieeeee e 44
Paper L ..o e 44

o o) 1 PRSP 45

o o) a1 1 PRSP 46
Paper IV oottt 47
Results and diSCUSSION ....c.eevuiiriiiriiiiiiiie ettt 49
Factors influencing transferrin receptor-mediated brain delivery ............ 49
D0ES SIZ€ MALET? ...ttt ettt 49
Binding - affinity and avidity .........cccocceveierirnciieieeeeseesee e 51

LS 410115 USSP 53

Is age just @ NUMDEI? .......ooiiiiiiiiiee e 54

AP PAtROLOZY ...t e 56

DIOSE et s 56
Conclusions and future PerspeCtives.......ccverververcreecreecreenreerreesreeseeseesnenens 58
Popular Science SUMMATY .........cccceriiiiiiiiieieeceeee sttt 60
Populdrvetenskaplig sammanfattning ............ccecceeveverciercinnciencienie e 63
FUNAING 1ottt s e e be e e 65
ACKNOWIEAGMENLS. ......ooueiiiiiiiiiiiieeieretee ettt e 66

RETEIENCES ..cooiiiiiiiiiie 69



Abbreviations

1 1C
1251
18
AP
AB PF
AD
APP
Arc
BBB
BCSFB
CNS
CSF
ELISA
FAD
Fab
Fc
FcRn
Fv
HRP
ID
IgG
ISF
kDa
mAb
MCI
mTfR1
NFTs
NTE
NVU
PBS
PD
PET
PiB
p-tau
PVS

Carbon-11

lodine-125

Fluorine-18

Amyloid beta

AP protofibril

Alzheimer’s disease
Amyloid precursor protein
Arctic mutation

Blood-brain barrier
Blood-cerebrospinal fluid barrier
Central nervous system
Cerebrospinal fluid
Enzyme-linked immunosorbent assay
Familial Alzheimer’s Disease
Fragment antigen binding
Fragment crystallisable
neonatal Fc-receptor
Fragment variable
Horseradish peroxidase
injected dose
Immunoglobulin G
Interstitial fluid

kilo Dalton

monoclonal antibody

Mild cognitive impairment
murine Transferrin receptor 1
Neurofibrillary tangles
Nuclear track emulsion
Neurovascular unit
Phosphate buffered saline
Parkinson’s disease

Positron emission tomography
Pittsburgh compound B
phosphorylated tau
Perivascular space



RMT
sdAb
SDS-PAGE
SPR
SUV
Swe
TCO
tg
scFv
TfR
VHH
WT

Receptor mediated transcytosis
single domain antibody
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Surface Plasmon Resonance
Standard uptake volume
Swedish mutation
Tetra-cyclooctene

transgenic

single-chain variable fragment
Transferrin receptor

Variable heavy chain domain
Wild type



Introduction

Biological drugs

Biological drugs have emerged in the latest 40 years with advances in biotech-
nology. In contrast to conventional drugs, which are chemically synthesized,
biological drugs are pharmaceutical products that originate from biological
material like cells or microorganisms. These products vary from nucleic acid
material and cells to protein-based therapeutic peptides, antibodies, and anti-
body fragments'. Compared with classical drugs (known as "small mole-
cules”), biological drugs are generally larger and more complex. Since they
have different properties from small molecule drugs, they can be an alternative
to treat otherwise “undruggable” targets”. There has been extensive growth in
approved biological drugs in the last decade, and the market for biological
drugs is expected to increase even more in the future’. Most biological drugs
on the market are protein-based, with the main class being monoclonal anti-
bodies (mAbs)*.

Antibodies

In nature, antibodies are part of the body’s natural defense; plasma B-lympho-
cytes produce antibodies in response to exogenous proteins or pathogens, such
as viruses and bacteria entering the body”. In humans, there are five different
isotypes of antibodies; IgA, IgD, IgE, IgG, and IgM, where IgG is the most
common antibody found in serum and the basis for most approved therapeutic
antibodies*®. IgGs bind with high affinity and selectivity to their target (anti-
gen) and help to identify and neutralize these pathogens by activating effector
mechanisms of the immune system. These effector functions can be divided
into four mechanisms; blocking, complement-dependent cytotoxicity (CDC),
antibody-dependent cell-mediated cytotoxicity (ADCC), and opsonization re-
sulting in antibody-dependent cellular phagocytosis (ADCP)’.

IgG has four classes (IgG1, 1gG2, 1gG3, IgG4) that differ in immunologic
effector function profiles®. The most common subtype for mAbs is IgG1, but
there are also drugs approved of the subtype IgG2 or IgG4°. IgG1 can effi-
ciently trigger both complement and cellular effector functions®. Human IgG1
is similar to mouse IgG2a in its effector function’. Endogenous IgGs have a
long blood half-life of up to three weeks to provide long-term immunity'°.
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Antibodies were first isolated from the serum of animals injected with a
target protein. These antibodies are genetically diverse or “polyclonal”. To
produce genetically identical antibodies (mAbs), for higher reproducibility,
splenic B-cells from the immunized animal are isolated and fused with lym-
phoma cancer cells to create immortalized cells lines (hybridomas) that pro-
duce clones of the antibody (thereby “monoclonal”)'!. Today, many mAbs are
generated in vitro by recombinant gene technology®. The genetic sequences
for the antibodies are stored in large libraries; these proteins are displayed on
the surface of phages, bacteria, mammalian cells, or yeast cells at a large scale.
The best binders can be isolated through multistep binding assays toward the
target protein’. Antibodies are widely used for bioanalytical, diagnostic, and
therapeutic purposes'?. The advantages of antibodies are that they are very
specific and bind with high affinity; they are easily engineered and in theory,
can be raised against any suitable biological molecule’.

Therapeutical mAbs have been effective in treating autoimmune diseases.
For example, TNF-a inhibitors are used in disorders like rheumatoid arthritis,
inflammatory bowel disease, and psoriasis'>™'°. They have also been ground-
breaking in oncology as treatment and diagnostic imaging agents owing to
their high specificity'®!’.

The structure of 1gGs

Structurally, IgG antibodies are proteins made of four peptide chains; two
heavy chains (50 kDa) and two light chains (25 kDa)°. The chains are con-
nected with disulfide bonds to form a symmetric Y-shaped protein (Fig 1A).
Each heavy chain has three constant domains and one variable domain. The
light chains consist of one constant and one variable domain. One arm of the
heavy and light chain is called a Fab (fragment, antigen binding) (Fig. 1B).
The variable domains of the heavy and light chains constitute the Fv (frag-
ment, variable) region, which contains the antigen binding sites. They bind to
antigens through six variable amino acid loops called complementarity-deter-
mining regions (CDRs)’. The variable heavy and light chains from one arm of
the antibody can be recombinantly linked to form an antigen-binding protein
called a single variable chain fragment (scFv) (Fig. 1C). Lastly, the Fc (frag-
ment, crystallizable) region consists of constant domain 2 and 3 of each heavy
chain. The Fc region modulates immune responses by binding to Fc receptors
to activate cellular effector functions'’.

Heavy chain IgG antibodies (Fig. 1D) are unique to species of the family
camelids (camels, dromedaries, llamas, and alpacas) and cartilaginous fishes
(i.e., sharks)'®!". The antigen-binding region consists of two single domains;
as the name suggests, the antibodies lack light chains. From these antibodies,
the smallest possible IgG-based antigen-binding unit has been isolated; single
domain antibodies (sdAb)*’. The camelid sdAbs are often referred to as VHHs
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to denote the “variable domain of a heavy-chain antibody”. The shark-derived
sdAbs are called VNARs (from “immunoglobulin new antigen receptor:
IgNAR”)'®!°_ The sdAb can bind targets with high affinities to act as biologi-
cal drugs despite lacking the light chain variable domain. In 2018, the first
sdAb drug, Caplacizumab, was approved for clinical treatment of adult-ac-
quired Thrombotic Thrombocytopenic Purpura (aTTP)?'.

A Conventional IgG antibody D Camelid heavy chain IgG antibody

MN-terminus

-L‘-fariahle region {

Fab region ]
Hinge region < C-terminus
>Constant region
Fc region
C-terminus B
| a | % |
Fab fragment Single chain variable Single domain antibody
fragment (scFv) (sdAb/VHH/Nanobody)

Figure 1: A Full-size IgG1 antibody; VL: variable light chain, VH: variable heavy
chain, CL: constant light chain, CH: constant heavy chain, Fab: antigen-binding frag-
ment, Fc region: constant Fc-receptor binding domain. B Fab fragment C Single chain
variable domain (scFv) D Full-size heavy chain IgG antibody; VHH: single domain
variable heavy chain E Single domain antibody (sdAb) from camelid IgG; VHH or
“Nanobody”?2.

Engineered antibodies and antibody fragments

Recombinant gene technology enables the production of non-naturally exist-
ing antibody formats and fusion proteins in prokaryotic or eukaryotic cells.
Engineered antibodies can be divided into two main groups; IgG-like and non-
IgG-like®. The IgG-like antibodies remain in the classical Y-shaped format,
while non-IgG-like antibodies can be of various sizes and formats but are typ-
ically antigen-specific fragments or several fragments fused with linkers’.
The valency, i.e., the number of binding sites for the same antigen, can be
one (monovalent) or two (bivalent), or multiple (multivalent). The specificity,
i.e., the number of antigens that the antibody can recognize, can be one (mon-
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ospecific) like for a conventional IgG or more than one (bispecific, multi-
specific). A monovalent or bivalent antibody towards one antigen can be made
bispecific by adding target binding domains towards a second antigen, such
as additional scFv fragments, or by modifying the existing target-binding do-
mains, for example, so that each arm binds a different target***.

Like endogenous IgGs, engineered IgG-like antibodies can display a very
long half-life in blood, up to a few weeks?**’. One reason for the prolonged
circulation time is the molecular size larger than the renal filtration cutoff
(around 60 kDa)*®. Additionally, because of the intact Fc region, the IgGs can
be rescued from cell degradation by interacting with the neonatal Fc receptor
(FcRn), which recycles IgGs back into the blood after they have been inter-
nalized by cells'®. The Fc-region also allows interaction with Fc-receptors
(FcyR) on cells to trigger desired immune responses but can contribute to a
higher risk of adverse effects through immunoreactivity'’.

Non-IgG-like antibodies usually lack the Fc-region and typically display a
faster half-life in the blood. Three main types of antigen-specific fragments
provide the basis for non-IgG-like antibodies; Fabs (=50-55kDa), scFv (=25
kDa), or sdAbs (=12-15kDa) (Fig. 1 B, C, E). In this thesis, scFvs were fre-
quently used to create bispecific antibodies (Fig 2 B, C, D, F), and in paper
IV, a scFv was combined with a VHH domain (Fig. 2 F).

A B Cc
AB AB Ap AB
mTfR
mTfR mTfR AB
mFc mFc
mAb3D6 (150 kDa) mAb3D6-scFv8D3 (210 kDa) di-scFv3D6-8D3 (58 kDa)
D E mTfR/hTIR mTfR/hTR F

AB

AB
%Jgf mTfR/hTR
mTfR

scFv8D3-ZAffibody (35 kDa) VHH-scFv3D6 (34 kDa)

hFe

VHH-Fc (75 kDa)
Figure 2: Examples of antibody-based proteins used in this thesis. A and E are mon-
ospecific (towards amyloid-p (AB) or mouse/human transferrin receptor (mTfR/hT{R)), while
B, C, D, and F are bispecific proteins targeting AB and TfR. mFc: mouse Fc region, hFc:
human Fc region.
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Affibodies

The affibody is a high-affinity protein that mimics antibodies but is not clas-
sified as such. Affibodies are the most widely used non-immunoglobulin an-
tibody-mimetic proteins that have emerged”. Affibodies are small protein
scaffolds with the potential of antibody-like high affinity but with significantly
smaller molecular size (around 6-7 kDa). Affibodies are based on the B-do-
main of protein A, naturally found in the bacteria Staphylococcus aureus. Pro-
tein A can bind to IgGs and is commonly used for affinity chromatography
purification of antibodies®’. The B-domain of protein A was engineered for
higher stability and solubility, providing the basis of the affibody scaffold do-
main used today, called the Z-domain®'. The affibody scaffold protein consists
of a bundle of three alpha-helix domains with a total length of 58 amino acids.
The randomization of 13 amino acids in the target binding region of a-helix 1
and 2 in the affibody allows the creation of a wide variety of binders. These
potential binders are collected in large genetic libraries, from which specific
target binders can then be isolated, e.g., by phage display.

Cerminus Figure 3: A schematic representation of
Helix 3 the general structure of an affibody pro-
tein (6-7 kDa). Three linked a-helical
domains (blue) form the affibody pro-
Helix 1 tein scaffold. The binding regions, 13
amino acid residues, are located on he-

lix 1 and helix 2 of the affibody.

Helix 2

N-terminus

There are more than 800 publications and a wide range of applications for
affibodies®”. For example, affibodies have been able to substitute antibodies
in analyses of human serum, affinity chromatography, and in vifro staining
with fluorescent probes™>°. Their unique properties enable their use as
theranostic (therapeutic and diagnostic) proteins. Affibodies combine molec-
ular stability, solubility, a small size, relatively high tissue penetration, and
fast blood clearance, with a potential for high affinity in the nanomolar to
picomolar range. These properties have been of particular interest for af-
fibody-based in vivo radioimaging applications in oncology. Rapid tumor pen-
etration and high specific binding will retain the affibody at the target, while
fast blood elimination will clear unbound affibody in the blood in a time frame
suitable for short-lived clinical radionuclides such as fluorine-18 '*F (ti2: 110
min) and gallium-68 **Ga (ti2: 68 min)*®. Tumor in vivo imaging has been
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extensively evaluated with, e.g., EGFR-, HER2-, and HER3-specific affibod-
ies using various labeling strategies®®. Affibodies for HER2 imaging have
also advanced into clinical studies, with ®*Ga and '*F radiolabeling®*°.

As therapeutic proteins, fast blood elimination can be problematic; there-
fore, affibody-based albumin-binding domains (ABD) are often conjugated to
the affibody, increasing the circulation time*'. The small size allows high
doses to be administered in a smaller volume than antibodies, facilitating, e.g.,
subcutaneous injections.

Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia, constituting
around 60-80% of all cases; other forms of dementia include frontotemporal
dementia (FTD), vascular dementia, and dementia with Lewy bodies**. AD is
characterized by a progressive decline in two or more domains of cognition,
such as memory, language, executive, or visuospatial function. As old age is
the leading risk factor for developing the disease, AD is expected to increase
from around 50 million to 150 million cases in 2050 due to the growing pop-
ulation of elderly worldwide®.

AD is a progressive neurodegenerative disorder, mainly diagnosed by clin-
ical symptoms, cerebrospinal fluid (CSF)-biomarkers, brain imaging tech-
niques, and histopathological findings in the post-mortem brain. The AD brain
is typically associated with neuroinflammation (activated microglia and astro-
cytes), synaptic loss, brain atrophy, and the aggregation of pathological forms
of proteins forming senile plaques and neurofibrillary tangles (NFTs). The se-
nile plaques are extracellular structures, mainly formed by aggregated amy-
loid-beta (AP) peptides, while NFTs are intraneuronal inclusions of aggre-
gated hyperphosphorylated tau protein.

Amyloid-8

The AP peptide is formed by cleavage of the transmembrane amyloid-f§ pre-
cursor protein (APP) expressed in the brain by neurons and astrocytes*. Two
enzymes are involved in producing AB; APP is first cleaved by B-secretase,
followed by cleavage by y-secretase. Since y-secretase has different cleavage
sites on APP, the resulting peptide fragment differs in length between 38-43
amino acids, but the most recognized forms are 40 or 42 (AP and APs)*.
Ao is more abundant in the brain, AB4, only differs from A4 by two amino
acids at the C-terminus, but this contributes to AP4’s hydrophobicity and a
higher propensity to aggregate®. Aggregated A4 is associated with early
forms of pathology in AD*75.
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In the brain, the AP peptides’ physiological function is related to synaptic reg-
ulation and memory formation in the hippocampus® and has also been sug-
gested to have protective antimicrobial effects®’. Aggregated AB could poten-
tially be involved in repairing leaks in the brain's vasculature®', as plaques are
typically found at or close to capillary vessels>, but is also known to disrupt
itin AD*.

Tau

The function of the tau protein is to stabilize axonal microtubules, a critical
structure for maintaining neuronal signaling. Tau is phosphorylated to a cer-
tain degree in healthy conditions to regulate the binding to microtubules. How-
ever, in AD, tau phosphorylation is three to four-fold higher than in the healthy
brain®*. Hyperphosphorylated tau (p-tau) results in self-assembly into aggre-
gated tau, eventually forming insoluble NFTs inside neurons. It also leads to
neurotoxicity, like disrupted neuronal signaling and, eventually, neuronal
death™. Pathologic tau deposition correlates better with cognitive decline than
AP pathology in AD*®. The detailed interaction between AP and tau is still
unknown, but they likely have a synergistic adverse effect that promotes the
pathological process®’. Evidence point to aggregated AP as an early event or
initiator of tau pathology. For example, it has been suggested that AB induces
tau phosphorylation by activating the kinases involved in tau phosphorylation
pathways™. AP also seems to promote tau neurotoxicity and spreading®”*’.

The amyloid cascade hypothesis

The amyloid cascade hypothesis proposes that AP aggregation is the main
cause of AD®'. The aggregation of AP is believed to start with misfolded mon-
omers that more easily dimerize and aggregate further into trimers, oligomers,
and larger structures; these large elongated pre-stages of amyloid fibrils have
also been referred to as “protofibrils”®. Protofibrils are soluble but eventually
precipitate into insoluble B-sheet fibrils that form AP plaques® (Fig 4).

AP plaques can be divided into three forms; 1) diffuse plaques of mainly
unstructured AP fibrils, ii) compact fibrillary plaques without a dense core,
and iii) plaques with a dense core of AB-fibrils; soluble AB-oligomers and
protofibrils often surround the plaques®*®. Plaques are also typically enclosed
by activated microglia and astrocytes, indicating that the plaques are trigger-
ing neuroinflammation®. The AP plaques were first considered the cause of
AD, but AP plaque load fails to correlate with the severity of the disease or
disease progression®”. Also, AB plaques are present in 10-30% of cognitively
normal elderly, albeit with a higher risk of developing cognitive decline than
individuals without AB-plaques®. The focus has shifted from plaques towards
the soluble oligomers and protofibrils as toxic agents initiating and driving
pathology® 7.
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Figure 4: The aggregation pathway of Ap.

There is much evidence of the harmful effects of aggregated AP related to
pathological processes in AD. In rodents, soluble AP aggregates can inhibit
long-term potentiation (LTP) and disturb signaling at the synapse’ ", impair
memory®®”7 contribute to neuroinflammation®, and ameliorate tau pathol-
ogy®.

Genetic mutations cause 5% of AD cases, known as familial AD (FAD),
while the majority of cases (95%) are called sporadic AD. The most common
genetic mutations in FAD are related to AB. These mutations are mainly found
in the genes encoding APP, or proteins of the y-secretase complex, presenilin
1 (PSEN1) and presenilin 2 (PSEN2)"®, The mutations can result in increased
total AP or AP4 production, a shift in APa4o/4 ratios, or alter Ap’s propensity
to aggregatew’gl.

The risk of developing sporadic AD is increased for carriers of a particular
polymorphism in the APOE gene, APOE-£4*. APOE transcribes the lipid-
transporter protein apolipoprotein E, the main transporter of cholesterol in the
brain. Although it is not clear how APOE-e4 interacts with Af, it has been
shown that APOE-¢4 carriers have increased AB-plaque levels®**. APOE-g4
has been suggested to be linked with impaired clearance of AB*’. The clear-
ance rates of AP4o and A4, are reduced in AD, presumably contributing to the
pathological build-up of aggregated AP over several years®. Therefore, both
the production and clearance of A are believed to play a central part in AD
development.

The pathological changes, like AP aggregation, in the brain are likely to start
15-20 years before clinical symptoms of AD appear. Indeed, AP aggregation
precedes tau aggregation, brain atrophy, and clinical decline and plateaus soon
after clinical onset®**’. Thus, there is a need to develop early Ap-biomarkers
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for pre-symptomatic and early diagnosis*®*, as well as therapies that can in-

tervene at an early stage to prevent the development of AD. Therefore, recent
studies of anti-Af treatments have included patients with early AD or mild
cognitive impairment (MCI)*.

Anti-Af antibodies

Because of the increasingly heavy burden on patients, caregivers, and society,
there is an urgent need for improved therapies for AD. To date, mainly symp-
tomatic treatments are available that can mitigate symptoms short term. How-
ever, in 2021, the FDA conditionally approved the first disease-modifying
therapy (a monoclonal antibody: Aducanumab, Aduhelm®)®', although the
decision has been controversial®*. Cognitive decline was only slowed in one
of two studies at the highest dose’.

A second therapeutic antibody, lecanemab (Leqembi®), was recently
granted the same type of approval (January 2023) by the FDA®. Lecanemab
is the humanized version of murine mAb158 (developed in our group, with
high selectivity for soluble protofibrils®*). The approval was based on phase 2
clinical data that lecanemab reduced AB-plaque load”. However, results in
the phase 3 study Clarity recently presented that lecanemab significantly
slowed overall cognitive decline by 27% and had positive outcomes on bi-
omarkers and secondary endpoints, further providing evidence of aggregated
AP as a viable target for treatment in AD’. Although these new therapies give
hope to the field, there have been concerns about the safety and economic cost
of these treatments®”®,

The rationale for using administered exogenous antibodies (passive im-
munization) is that they can clear AP from the brain and thus halt the neuro-
degenerative progression. There are several hypotheses on how A clearance
is achieved, such as antibodies blocking the aggregation of AP or that the pe-
ripheral levels of AP are decreased, thus shifting the equilibrium to increased
efflux of brain AB. However, the activation of microglial phagocytosis via Fc-
effector functions has been the primary proposed mechanism, as suggested in
the majority of studies® %2,

Two other anti-Af-antibodies are evaluated in phase 3 clinical trials:
donanemab and gantenerumab. All four AB-antibodies are more selective for
aggregated AP than monomers. However, their binding profiles differ slightly
within the spectrum from soluble to fibrillary AB'%.

In the past, several antibody candidates have failed to meet clinical end-
points'®. Bapineuzumab (the humanized version of the murine 3D6) was the
first anti-Ap antibody that entered clinical trials. It binds to the N-terminal end
(amino acid 1-5) and thus binds all forms of AB'*. Despite showing reductions
of AP plaques'®, bapineuzumab studies were terminated because it lacked
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treatment effects in two phase 3 trials'”’. Side effects related to vascular A
were also raised as a concern'®,

The failure of bapineuzumab and other first-generation anti-Ap antibodies
has been attributed to several reasons. Firstly, many patients were not Af-
plaque positive in the bapineuzumab study owing to a lack of screening and
could have suffered from a different type of dementia'”’. Secondly, patients
might have been too advanced in their pathology, and thus it was too late to
slow cognitive decline. Later studies of aducanumab and lecanemab have in-
cluded patients with generally higher cognition scores”>*!'"’. Thirdly, early
ApB-antibodies targeted monomeric anti-Af antibodies; it is possible that tar-
geting Af-aggregates is more beneficial. Lastly, antibodies might not have
reached the target within the brain to a high enough extent because of too low
either dose or overall low brain delivery. Indeed, gantenerumab doses have
been increased in later studies'”, and the highest and most frequently dosed
antibodies have so far proved to be the most efficient in halting cognitive de-
cline, suggesting that high brain concentrations are needed to improve symp-
toms6:102

However, high doses also increase the risk of side effects. The main side
effect of anti-Af antibodies is “amyloid-related imaging abnormalities” or
ARIA, identified by MRI, classified into two subtypes, ARIA-E (edema) and
ARIA-H (hemorrhage)'®. The condition can be asymptomatic; if symptoms
occur, they are often mild and temporary. However, some patients that expe-
rienced more severe symptoms have been withdrawn from the clinical trials.
There is a higher risk of developing this side effect for carriers of APOE-g4'"’.,

Enhancing the brain delivery of therapeutic antibodies could potentially in-
crease efficacy and lower the risk of side effects like ARIA for future immu-
notherapies.

Fluid biomarkers in AD

Proteins in the living brain are largely inaccessible for sampling. Therefore,
finding suitable biomarkers has been a challenge in AD. The golden standard
for fluid biomarkers in AD is sampling CSF by lumbar puncture. The CSF
surrounds the entire brain as a protective fluid barrier in the subarachnoid
space, the four ventricles, and the spinal canal. CSF is responsible for clearing
waste products from the brain and thus can reflect the brain’s biochemical
environment''"''%,

In AD patients, soluble A4 is decreased by around 50% in the CSF as the
accumulation of APy, in the brain increases''>. However, a ratio between
APa2/APao is a better predictor of AD than A4, alone''*. Other common bi-
omarkers measured in the CSF are total tau (t-tau) and p-tau levels. T-tau is
an indicator of general neurodegeneration; it is elevated in AD but can also be
increased in other dementias and traumatic brain injuries''>''. Elevated p-tau
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indicates neuronal damage and pathological tau phosphorylation in the
brain''"’.

Novel biomarkers for neurodegeneration and synaptic function are also
emerging. Increased CSF neurofilament (NfL) is associated with AP and tau
deposition and cognitive decline''®. Neurogranin (Ng) is a synaptic protein,
and leakage to the periphery can indicate synaptic dysfunction''”. Biomarkers
for neuroinflammation have also gained interest, such as astrocytic YKL-40
and glial fibrillary acidic protein (GFAP)'?°, and for microglia, soluble trig-
gering receptor expressed on myeloid cells 2 (STREM2)"?'.

CSF sampling is a relatively invasive procedure, not suitable for everyone,
and sometimes declined by patients. Blood biomarkers would be more acces-
sible, less expensive, and could be used for a broader population screening.
Further, using blood biomarkers would enable faster and easier inclusion of
patients in clinical trials and possibly a way to evaluate treatment outcomes.
A promising blood biomarker is plasma p-tau217. It has shown high accuracy
in discriminating between AD and other neurodegenerative disorders'** and
correlates with disease progression in AP positive individuals'*. Another ex-
ample is a novel sensitive assay for soluble AP oligomers in plasma, which
predicts AD with very high accuracy'?*. These methods need further clinical
validation, but blood biomarkers could be a valuable tool in clinical trials and

could potentially replace CSF sampling in the future.

Positron Emission Tomography in AD

Positron emission tomography (PET) remains the second most used bi-
omarker-based diagnostic tool in AD. PET is a non-invasive molecular imag-
ing method based on injecting a radiolabeled molecule (radioligand, or some-
times “tracer”) that binds to a target. A PET scanner detects the location of the
radioligand in the body. PET is a valuable tool for gaining specific information
on targets of interest, such as AP. In addition, PET can reveal the spatial dis-
tribution and quantity of pathology inside a living brain, in contrast to CSF or
blood biomarkers.

PET has been vital in clinical trials for AD therapies and diagnosis, advanc-
ing research and understanding of AD pathology. The first ever Ap-radiolig-
and, Pittsburgh Compound B (PiB), was developed as a collaboration between
the University of Pittsburgh (USA) and Uppsala University (Sweden), which
conducted the first-in-human studies in 2004'%. PiB is derived from thioflavin
T, which binds to the B-sheet structure in dense core plaques. PiB binds selec-
tively to fibrillary AB and thus corresponds well with AB-plaque load in con-
firmed AD cases, while it does not bind to soluble AP or diffuse AP
plaques'**'?’. PiB is radiolabeled using carbon-11 (''C), a short-lived radio-
nuclide with a half-life of 20 min. Thus, for ''C, a cyclone facility that pro-
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duces the radionuclide needs to be on-site. A second generation of AB-radi-
oligands developed after [''C]PiB are radiolabelled with fluorine-18 ('*F)
(Florbetapir, Flutemetamol, and Florbetaben). The longer half-life of 110
minutes for '*F facilitates transport from the production site to scanner sites'*®.
In addition, '8F generally provides high-resolution images and allows for high
specific activity'®.

Another widely used PET radioligand is ['*F]JFDG (fluorodeoxyglucose, a
fluorine-labeled glucose analog). ['*F]FDG uptake indicates glucose metabo-
lism and is decreased in specific brain regions in different dementias; there-
fore, ['"*F]JFDG can aid in differential diagnosis and predict progression'’.
However, ["*FJFDG-PET does not reveal the underlying pathological pro-
cesses in AD.

AB-PET has been an essential tool in understanding the pathological tra-
jectories in AD. AP aggregation, as measured by decreased Afa» levels in CSF,
precedes AB-PET positivity'*'. Neurodegeneration and neuroinflammation bi-
omarkers (tau, NfL, Ng, and YKL-40) rise around AB-PET positivity, sug-
gesting AP as an initiator or early event in pathology®’. AB-PET is now stand-
ardly used in clinical trials for AB-therapies, both to make sure patients in-
cluded are AB-positive, and to evaluate the treatment effects of AB-plaque
clearance, for example, aducanumab, bapineuzumab, gantenerumab, and
lecanemab were all assessed with AB-PET?®102:107:109,

A drawback with current PET radioligands for AP is that they bind the
dense core of plaques, while the evidence points towards soluble AP as more
toxic. AB-plaque load plateaus early in AD, and thus AB-PET may be of lim-
ited value in assessing the later stages of the disease since it does not correlate
well with symptom severity'?®. In clinical trials, AB-PET-positive patients
have plaque pathology, but it might be more beneficial to target A at an even
earlier stage®’. Novel therapies are more likely to affect the soluble portion of
Ap; thus, there is a discrepancy between therapeutic targets and imaging tar-
gets with current PET radioligands. In addition, some patient groups with ge-
netic mutations that do not produce dense core plaques are [''C]PiB negative
or show a weak signal'?"'*?, Emerging tau-PET-radioligands correspond bet-
ter with disease progression compared with AB-PET in AD*!'¥,

Antibody-based AB-PET

Antibodies and antibody-fragments, which have high affinity and selectivity,
have been successfully used for oncology imaging'**. Antibody-based PET
radioligands, which can bind all forms of A, in contrast to current AB-PET
radioligands that rather visualize insoluble amyloid, could improve under-
standing of AD progression and provide a way to follow the dynamic changes
in early AB-pathology. They could also be of value for including patients in
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clinical studies and a tool to evaluate the clinical effects of the emerging im-
munotherapies that target soluble and fibrillar Af.

Our group has been able to image AB-pathology in AD mouse models
137 and recently rat'*® using antibody-based PET*. Antibody-based detection
of AB-pathology showed an increased signal with the age of the AD mice,
while pathology was only detected in the oldest mice with [''C]PiB'**. Simi-
larly, an AB-oligomer specific peptide, radiolabeled with copper-64 (**Cu),
was able to monitor the progression of early AP pathology and had different
distribution and improved contrast compared with [''CJPiB"*’. Antibody-
based PET corresponds well with ex vivo examination of brain pathology in
AD mice'*. It has also been used to evaluate AB-reduction after drug treat-
ment and outperforms [''C]PiB in detecting treatment effects'*%!4!,

Although these studies demonstrate proof-of-concept, challenges remain
for antibody-based PET to be used clinically. For PET radioligands, it is im-
portant with a short blood half-life for several reasons:

24,135—

1. Fast clearance of radiolabeled molecule from blood will decrease the
background radioactivity originating from blood in the tissue (e.g., the
brain consist of 5% blood), thus increasing the signal-to-noise ratio.

2. The biological half-life and the radionuclide’s decay half-life need to
be matched. In clinical PET, short-lived radionuclides, such as '°F, are
used to minimize the duration of radiation exposure for the patient.

3. Itis more practical and safer to do PET scanning shortly after injection
to minimize the patient's hospitalization time and to avoid that the pa-
tient must be sent home between the radioligand injection and the scan,
as this is associated with a risk of exposing others or contaminating the
home environment with radioactivity.

However, antibodies typically have long biological half-lives, of hours to
weeks, especially if they have a functioning Fc-domain and a large size. This
thesis has focused on evaluating smaller formats of antibodies, with faster
blood clearance, for brain PET imaging. Another hurdle with the use of anti-
bodies for PET is that they are large molecules with limited brain delivery,
and this has also been an obstacle to their use as brain PET radioligands.

Barriers of the brain

The brain is a highly protected organ; as a result, large molecules (like anti-
bodies) are restricted from crossing the blood-brain barrier (BBB). Antibody
bioavailability in the brain is low, often cited to be around 0.1% of circulating
serum concentrations'*’. Measuring brain concentrations can be difficult;
therefore, CSF is often used as a proxy for brain interstitial fluid (ISF). CSF-

to-serum ratios are reported between 0.1%-0.2% for antibody-based drugs'*.
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However, using CSF levels could result in overestimation of the brain paren-
chymal antibody concentrations'**~'*. Our studies using radiolabeled antibod-
ies find that around 0.01% of the initial dose resides in the mouse brain 2 h
after i.v. injection. Similar values of 0.009% of injected dose in the parenchy-
mal cortex have also been reported elsewhere'*’. When normalizing for the
brain weight, we have observed values in the range of 0.03-0.14%ID/g mouse
brain®*'**'3! Nevertheless, any of these estimates provide evidence that brain
antibody concentrations after peripheral administration is generally low.

The BBB, also referred to as the neurovascular unit (NVU), is the largest
and most highly regulated surface between the blood and the brain paren-
chyma and the main obstacle for antibodies to enter the brain'**. The classical
NVU consists of the endothelial cells of the capillary network in the brain,
pericytes, and basement membrane, all enclosed by astrocytic endfeet (Fig 5
and Fig 6 A). The mesh of proteins and sugars coating the luminal side of the
endothelial cells, the glycocalyx, can also be considered part of the NVU'*,
In contrast to peripheral capillaries, the brain capillary endothelial cells com-
pletely lack fenestrations; instead, they are sealed with tight junctions'*. The
tight junctions restrict the paracellular transport of molecules between blood
and the brain, allowing the transport of small hydrophilic molecules or the
regulated transport of immune cells'>.

CSF is secreted at the epithelial cells of the choroid plexus in the four ven-
tricles and also partly mixed with interstitial fluid (ISF) from the brain paren-
chyma'®?. The CSF is turned over regularly 2-4 times a day in humans and
more often in rats'*®. The CSF is drained by a flow from the ventricles, via the
cisterna magna, to the subarachnoid space; and exits the CNS via arachnoid
granulations to venous sinuses and along cranial and spinal nerves to the lym-
phatic system''!. Blood-CSF transport is hindered by the blood-cerebrospinal
fluid barrier (BCSFB) at the epithelial cells of the choroid plexus (Fig 6 B).
The epithelium cells of the choroid plexus are connected by tight junctions
similar to the BBB. However, the capillary endothelial cells are fenestrated,
in contrast to BBB endothelial cells'”’. Substances that can cross the BCSFB
can diffuse across the ventricles' ependymal cells (Fig 6 C). Substances in the
subarachnoid (SAS) CSF (Fig 6 D) can distribute into the brain via perivascu-
lar spaces (PVS) of leptomeningeal arteries'*®. A potential transport at the ca-
pillary level allows exchange across the brain parenchyma from peri-arterial
to peri-venous capillaries and clearance from the brain. It potentially involves
the aquaporin-4 (AQP-4) water channel and has been referred to as the “glym-
phatic” system''>. However, the detailed mechanism of this brain clearance
system is debated'*.
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Figure 5: The neurovascular unit/the BBB at brain capillaries.
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Figure 6: Illustration of the barriers of the brain A the BBB B the BCSFB C Ependy-
mal layer at the ventricles D Arachnoid barrier and penetrating vessel in the subarach-

noid space (SAS) with perivascular spaces (PVS).

25



Transport routes at the BBB

The NVU controls brain homeostasis allowing the passage of molecules nec-
essary for brain cell function. Some essential molecules transported across the
BBB are glucose, hormones, vitamins, insulin, leptin, and iron'*’. The
transport mechanism across the BBB depends on the properties of the mole-
cule. Small lipophilic molecules can diffuse via the transcellular pathway
across the cell membranes of the BCECs, whereas small hydrophilic mole-
cules can be transported through the tight junctions in the paracellular path-

way'®. Glucose and small amino acid-based molecules have specific trans-

porter proteins, facilitating brain uptake by carrier-mediated transport'**.
Larger molecules, like cationized albumin, can cross via charge-dependent ad-
sorptive transcytosis (AMT)'®', and others like insulin, low-density lipopro-
tein (LDL), and transferrin are transported via receptor-mediated transcytosis
(RMT)'*?, For immunological surveillance, leucocytes can cross the BBB ei-
ther through the BCECs or by the regulated opening of the tight junctions'®.
Some small molecules are actively removed from the BCECs by efflux pumps,
e.g., p-glycoprotein (P-pg). Antibodies may be effluxed from the brain via the
FcRn receptor163’164, but this is debated, e.g., FcRn-deficient mice do not have

significantly higher brain levels of IgG'®.
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Figure 7: Transport routes at the BBB.
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Receptor-mediated transcytosis

Various mechanisms to enhance the brain delivery of biological drugs have
been explored. There are some techniques to disrupt the BBB, for example,
based on osmotic shock or focused ultrasound'®®*'’. However, these methods
are often costly and invasive and would require patient hospitalization for the
procedure'®®. A more convenient route of administration for patients could be
intranasal, which has been shown to increase the brain distribution of IgG,
although it is likely less efficient for larger molecules than small molecules'®.

The most well studied option to increase brain distribution of large mole-
cules is to utilize specialized receptors highly expressed at the BBB via RMT.
The approach is often referred to as the “Trojan horse” strategy since it uses
an endogenous receptor system to transport the cargo across the endothelial
cell and release it on the abluminal side. Several receptors have been explored,
such as insulin'”, insulin-like growth factor 1 (ILGF-1)'"", low-density lipo-
protein receptors' 2, CD98hc'”?, and TMEM30a'7*!7>. However, the most well
studied receptor for RMT is the transferrin receptor (TfR).

The transferrin receptor (TfR)

Iron is essential for metabolic functions, such as oxygen transport, neurotrans-
mitter synthesis, respiration, DNA replication, and heme synthesis'”®. How-
ever, iron can be toxic at high concentrations, and therefore there is a highly
regulated system for the transportation of iron in the body and to the
brain'®>177.

Transferrin (Tf) is a serum protein that carries iron in the form of ferric ions
(Fe’"). Tfhas two binding sites for Fe’"; a non-bound Tf'is called apo-Tf, while
Tf bound to one Fe*" is called mono-ferric, and two Fe** molecules di-ferric or
holo-Tf'®2. Tf-Fe** complexes are delivered to cells via transferrin receptor 1
(TfR1), expressed on the cell surface of most cells in the body'”®. A second
TfR has also been identified, TfR2, which has a lower affinity for Tf and is
not as widely expressed, mainly in liver'”'*". Hereafter, if the subtype is not
specified, “TfR” will refer to the TfR1 protein. TfR1 is a transmembrane gly-
coprotein composed of two identical subunits of 90 kDa each, linked with di-
sulfide bonds. Each subunit has three extracellular domains; the apical (A),
the protease-like (P), and the helical domain (H) (Fig 8)°. The helical domain
has the main sites for holo-Tf'®'. Holo-Tf binds with high affinity to TfR1 at
physiological pH 7.4. After binding, the holo-Tf-TfR1 complex is internalized
via clathrin-coated endosomes. The endosomes are acidified to pH 5.5, which
results in dissociation from TfR1 and delivery of iron to the cell'®*.
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Figure 8: Transferrin receptor 1, a ho-
modimer protein with three subdomains;
apical (A), protease-like (P), and helical
(H). Two holo-Tf proteins can bind the
helical domain of TfR1.

Some cells have a higher demand for iron and express TfR1 to a greater extent.
For example, early erythroid cells (e.g., erythroblasts, reticulocytes) require
high amounts of iron for heme synthesis'®*. Iron is also required for cell divi-
sion, and proliferating cells, such as tumor cells, express high amounts of
TfR1°. Lastly, endothelial capillaries of the BBB have high TfR1 expression
to deliver iron to the CNS, as the Tf protein cannot enter the brain without
active transport'®. In 1987, it was discovered that Tf could transcytose and

enter the brain parenchyma via TfR-mediated transcytosis'*,

TfR-mediated brain delivery of antibodies

TR was the first and still widely used receptor for brain delivery of antibodies
and other cargo in preclinical studies®*234!:143:14%.1857190 " A common feature for
most of these antibodies is that they are bispecific; they have two targets, one
for the transport across the BBB, e.g., TfR, and one for the target of interest
within the brain, e.g., AP or B-secretase. Bispecific antibodies that bind TfR
enter the brain via transcytosis, although the exact mechanism for parenchy-
mal entry is still unknown. In short, the bispecific antibody circulates the
blood and binds T{R on the BBB endothelial cells. After binding, the antibody
and receptor are internalized via clathrin-coated vesicles'’"'*2. Proton pumps
will decrease the pH of the endosome, and the antibody dissociates from TfR
and can enter the brain parenchyma, where it binds the intrabrain target'®*. If
the antibody is not dissociated, it will be sorted into lysosomes for enzymatic
degradation (Fig 9)'°*'**. Another possibility is that the antibody and receptor

are recycled back to the luminal surface'™*.
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Figure 9: Schematic illustration of the transferrin receptor-mediated transcytosis or
degradation of a bispecific antibody.

For TfR-transported antibodies, several key features for optimal delivery to
the brain have been established:

1. The antibody should be functional in a bispecific format, as it must
bind TR and its main intra-brain target.

2. The antibody should preferably bind to a different epitope than Tf
on the TfR to avoid interference with the endogenous process of
iron delivery to the brain. Many TfR-antibodies bind the apical do-
main of TfR145’188’195’196.

3. Moderate affinity for TfR in the nanomolar range (differing be-
tween mouse studies and doses, from 6-600 nM>*!4>193:17) has been
suggested as optimal for brain delivery. High affinity might result
in a lower ability of the antibody to dissociate from TfR, which
leads to sorting into lysosomes for degradation'®'?*!% In fact, the
dissociation constant might be a more critical parameter than the
association constant'’. Too low affinity might lead to poor ability
of the antibody to bind TfR at the BBB and, consequently, poor
brain delivery'?>'%,

4. Affinity can be pH dependent so that the antibody binds TfR well
at physiological pH but can dissociate at lowered pH in the early
endosome®"'”,

5. The dose of the antibody is also an important factor. Higher affinity
can increase brain uptake at low doses, e.g., tracer doses used in
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PET imaging®®. While for high doses, as used in therapy, a lower
affinity for TfR increases brain uptake®. At non-saturable low
doses, binding and brain uptake depends on affinity, while at satu-
rable doses, lower affinity could be critical for the dissociation from
TfR and entry to the parenchyma.

6. The valency of the antibody to TfR is crucial. A monovalent inter-
action with TfR is preferable for high parenchymal deliv-
ery 88192200 A bivalent binding to TfR is stronger due to high avid-
ity and could cause clustering of T{R on the capillary cells and lead
to intracellular sorting to the lysosomes rather than transcyto-
sig!8%192.196.201 * A bivalent antibody can also decrease TfR levels on
cells! 9319

The TfR antibody used most frequently by our research group is 8D3, a rat
antibody that binds mouse TfR1 (mTfR1)**2. The 8D3 antibody efficiently in-
creases the brain delivery of a protein cargo in mice, e.g., a second antibody
or an antibody fragment'®. We have made several bispecific antibodies based
on fusion to the scFv fragment from 8D3 (scFv8D3), which has a Kp of 15
nM for TfR?*!. These bispecific antibodies are able to reach the brain paren-
chyma to visualize intra-brain targets by in vivo imaging?*!33137:203:204 At Jow
doses, an 80-fold difference in brain uptake was shown for the IgG antibody,
mAb158, modified with two scFv8D3 domains, compared with the unmodi-
fied antibody?*. At therapeutic dosing, bispecific RmAb158-scFv8D3 reduced
soluble A aggregates in the mouse brain at similar levels to mAb158 but at a
10-fold lower dose'*’.

Translation of TfR-antibodies

Despite many promising results in preclinical settings over the years, there has
been relatively limited translation into human studies and the development of
human TfR (hTfR) or cross-species reactive binders. One reason could be that
binders for both mouse and human T{R have been challenging to produce. The
amino acid sequence between mTfR and hTfR differs by 30% on the apical
part of TfR, where most TfR-antibodies bind'*®. There are two main strategies
to study the same TfR-binder in mice and humans. The first one is to use ge-
netically modified animals that carry the human TfR (hTfR) or apical do-
mains'**1%>201:295 Recently, another approach has emerged: to develop cross-
reactive TfR-binders, i.e., a protein that can bind both mTfR and hT{R. This
has proved challenging for IgG-like antibodies; however, sdAbs from heavy
chain-only antibodies have been developed that are cross-reactive'*-2°°2%%,
Potentially, the smaller size allows for binding at epitopes that are not reach-
able for larger antibodies?.
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Even though there are challenges in translating TfR binders, there are cur-
rently a number of TfR-based BBB-shuttles in clinical studies and one ap-
proved drug, providing indications on clinical safety and efficacy. The hTfR-
mADb conjugated to a lysosomal enzyme (Iduronate 2-sulfatase enzyme — IDS)
for the treatment of Hunter syndrome was evaluated in phase 3 trials and ap-
proved for clinical use in Japan in 2021 (under the name Izcargo®)>**'%, A
new format for BBB delivery, the transport vehicle (TV), with a TfR binding
site on the Fc-region of human IgG, was shown to increase brain uptake in
mice and cynomolgus monkeys'**!'". Several clinical studies for treatments
based on the TV-transporter have been initiated, for example, immunotherapy
activating TREM2 in AD (NCT05450549)"°*?'2, Moreover, a monovalent
anti-TfR conjugate based on Roche’s gantenerumab (Trontinemab) was eval-
uated in a phase 1 trial (NCT04023994) in 36 healthy young participants. Pre-
liminary reports indicated that RG6102 had an 8-fold higher CSF-to-serum
ratio than gantenerumab, which allows a lower dose to be administered, po-
tentially reducing the risk of side effects. There was no observed anemia or
hematology-related toxicity®'®. Trontinemab is currently in phase 1b/2a clini-
cal trials in prodromal, mild, or moderate AD, expected to finish in January
2025 (NCT04639050).

Pharmacokinetics of therapeutic antibodies

Biological drugs have different and more complex physiochemical properties
than small molecule drugs, which determines how the body affects the drug,
i.e., pharmacokinetics (PK), and how the drug affects the body, i.e., pharma-
codynamics (PD).

Like any protein, antibodies are sensitive to factors in the environment like
pH, temperature, or enzymatic degradation. Therefore, they are not adminis-
tered orally, as they cannot withstand the acidic environment and the proteases
of the gastrointestinal tract and have limited ability to diffuse across cell mem-
branes®. Antibodies are, therefore, typically administered by parenteral routes,
like intravenous (i.v.), subcutaneous (s.c.), or intramuscular (i.m.) injection?'.

Antibodies are mainly constricted to the aqueous compartments of the
body, such as blood, lymph, and interstitial fluid, as they are polar molecules
with low tissue penetration®. This means that they typically have a small vol-
ume of distribution, even though they have high target affinity?'*. Antibodies
are mainly distributed from the blood into tissue by convection flow of fluid
and sieving effects by fenestrations in the peripheral vascular epithelium?'.
Antibodies are often distributed more highly to organs with sinusoidal (open
pore) capillaries, such as the liver, spleen, and bone marrow?". As described
previously, the half-life of IgGs in the blood is prolonged because of FcRn-
mediated recycling'”.
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Cells can internalize antibodies by receptor-mediated endocytosis,
transcytosis, phagocytosis, and unspecific fluid phase pinocytosis*'®*'”. The
elimination of IgGs can be affected by target-mediated drug disposition
(TMDD). TMDD means that the binding of the drug to the target influences
the target and leads to non-linear saturable elimination of the drug at low
doses, while at high doses that saturate the target, linear elimination can oc-
cur’'*® For TfR-antibodies, this is often referred to as TfR-mediated clear-
ance’'’. The main elimination pathway of antibodies is via lysosomal degra-
dation into amino acids by proteases and peptidases. The body recycles the
amino acids; some are secreted into the bile and feces or, if small enough,
filtered in the urine’'*. Full-size IgGs are too large for renal filtration; smaller
antibody fragments <60 kDa can be filtered in the kidney, excreted, or reab-
sorbed in the proximal tubuli, and degraded™.
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Methodology

Recombinant expression of fusion antibodies

The antibodies studied in paper I and paper III were produced in-house by
recombinant expression in human Expi-293 cells*’. The DNA-sequences en-
coding the antibodies were cloned into a pcDN3.4 vector. Plasmid DNA was
transformed and amplified in E. coli (Top10) cells, and the purified plasmid
was transfected to Expi293 cells. The cells were incubated for 7-10 days be-
fore harvesting and purification by affinity chromatography in an AKTA pro-
tein purification system. Protein G columns that bind to the Fc-domain were
used for IgG-like antibodies. The non-IgG-like antibody di-scFv3D6-8D3 had
a histidine tag (6xHisTag) for purification with nickel ion columns'*’. Polish-
ing steps were done for di-scFv3D6-8D3 using ion exchange chromatography,
which separates molecules based on their isoelectric point and the pH of the
elution buffer. Finally, the antibody buffer was changed to phosphor-buffered
saline (PBS) and concentrated to a suitable concentration for further experi-
ments.
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Figure 10: Schematic illustration of the protein production process.
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For paper II and paper IV, the proteins were produced following similar
steps as above, but not in-house. Paper II affibodies were produced by co-
authors at the Royal Institute of Technology (KTH, Stockholm). Affibodies
were expressed in an E.coli system, while scFv8D3-fused affibodies were ex-
pressed in Chinese Hamster Ovary (CHO) cells. Both affibodies were purified
based on HisTag binding. For paper IV, VHH FPr.-constructs were produced
(by Thermo Fisher Scientific) in Expi293 cells and purified by affinity chro-
matography using a protein A column. The FPy proteins were expressed in
CHO cells and purified using HisTag-binding columns (by Genscript Corp.).

Animals

All procedures were approved by the Uppsala Country Animal Ethics board
(5.8.18-13350/17 and 5.8.18-13350/20) following the legislation and regula-
tions of the Swedish Animal Welfare Agency and European Communities
Council Directive of 22 September 2010 (2010/63/EU).

Wild-type (WT) C57Bl/6 mice were used for all of the studies in this thesis.
In paper I, we studied the brain pharmacokinetics of bispecific antibodies in
C57Bl/6 WT mice. However, in papers II, 111, and IV, AP expressing mice
maintained on the C57BIl/6 strain were included to study the impact of AP
pathology.

Three different mouse models with A pathology were used in this thesis.
Two APPP transgenic mouse models, harboring the Swedish (APPP
KM670/671NL) APP mutation (tg-Swe) or a combination of the Arctic (ABPP
E693G) and the Swedish APP mutations (tg-ArcSwe). The mutation in tg-Swe
mice leads to increased production of AP and a later onset (at 12 months) of
AP plaque pathology, but with rapid progression from the time of plaque dep-
osition”*!. In tg-ArcSwe mice, increased AP production in combination with
an aggregation-prone A mutant produces an earlier onset of plaque pathology
(around 6 months) with dense core AB-plaques®. These two models are suit-
able for studying the variation in AP pathology, from plaques to soluble oli-
gomers. However, the dense core plaques in the tg-ArcSwe model more
closely resemble the pathology found in humans, while tg-Swe pathology is
unstructured and less dense®?!#%,

In paper 1V, a knock-in mouse model App carrying three APP muta-
tions, Swedish, Arctic, and the Iberian (I716F) mutation, was used to study
the VHH-fusion proteins for AR imaging. In addition to the Swe and Arc mu-
tations, the Iberian mutation causes an elevated ABa/ABsoratio. App" " mice
display cortical A deposits already at 2-4 months®>. They have a dominating
diffuse AB-plaque pathology, with smaller and less abundant dense cored

plaques*.

N-L-GF
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Radiochemistry

Radiolabeling is a commonly used method, as it has a low limit of detection,
enabling measurement of minute amounts of radiolabelled compounds. Radi-
olabeled proteins can be used for pharmacokinetic studies or radioimaging
with techniques like PET. The half-lives and type of radioactive emission of
the radioisotope determine how it can be used. Iodine-125 ('*°I) has a half-life
of 59.5 days, making it suitable for ex vivo tissue studies for a few weeks - to
months after administration.

Paper I-1V utilized '“I-iodinated fusion proteins to study distribution in
tissues ex vivo by different radiosensitive methods. There are three chemical
steps for the radioiodination of proteins. First, the radioiodide is oxidized by
an oxidizing agent, and the oxidized radioiodide will substitute a hydrogen
atom with an electrophilic attack on the protein's phenolic rings of tyrosine
groups. Lastly, a reducing agent removes the excess oxidized iodine and stops
the reaction. Radioiodination by the Chloramine T method (paper I-IV) was
developed in the 1960s and is still widely used®**. Here, chloramine T is used
as an oxidizing agent and sodium metabisulphite as a reducing agent.

One of the aims of this thesis was to investigate proteins compatible with
short-lived radionuclides that are relevant for clinical use. One such radionu-
clide is fluorine-18 ('*F), with a half-life of 109.7 minutes. Click chemistry
was awarded the Nobel Prize in 2022%%. It allows stable ligation of two mol-
ecules. We have used this strategy to achieve '®F-radiolabeling of proteins,
using trans-cyclooctene (TCO)-modified antibodies that click with a ['*F]te-
trazine'*°. The reaction is irreversible, biocompatible, and provides high se-
lectivity and fast reactivity.

ELISA

Enzyme-linked immunosorbent assay (ELISA) is a widely used and sensitive
method to detect proteins in biological samples. Different setups can be used;
direct ELISA, indirect ELISA, sandwich ELISA and competition ELISA (Fig
11). Indirect ELISAs were used regularly as quality control to determine anti-
body and affibody binding to AP and TR before and after radiolabeling. In an
indirect ELISA, the target protein adheres to the bottom of the plate wells.
Sample protein is added in serial dilution and detected by horseradish peroxi-
dase enzyme (HRP) conjugated secondary antibodies. Adding K blue aqueous
TMB substrate as a developing agent enables spectrophotometric measure-
ment. Sandwich ELISA was used to determine the concentration of antibody
or affibody in paper I-III. Here, the plates are coated with a capture antibody,
creating a “sandwich” of the sample between the capture and detection anti-
body. However, this method requires two antibodies to detect and capture the
protein of interest sufficiently. Competition ELISA was used in paper I to
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evaluate mTfR binding before and after radiolabeling of di-scFv3D6-8D3. Se-
rially diluted sample protein is incubated in competition with a constant con-
centration of biotinylated sample protein. The biotinylated sample protein is
detected with HRP-conjugated streptavidin. The higher concentration of the
competing functional sample, the lower concentration of biotinylated protein
will be detected.
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Radio/non- Radio/non- )
radiolabelled \ radiclabelled J; bl
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B.-"ranR C:lpt ure antibody protein
Direct ELISA Indirect ELISA Sandwich ELISA Competiton ELISA

Figure 11: Different ELISA setups. In this thesis, the setups in B, C, and D were used.

LigandTracer®

LigandTracer® provides real-time measurements of protein-to-protein inter-
actions on immobilized proteins or proteins expressed on cells**’. A Ligand-
Tracer-Grey instrument was used in paper I, as it can detect low-energy vy-
radiation from iodine-125 labeled proteins. The target protein is coated in a
defined area on a petri-dish, while a non-coated area is defined as the back-
ground. The petri-dish is placed in a tilting position, and the radiolabeled sam-
ple protein is added to the dish (Fig 12). Signal (target minus background) will
be recorded once per rotation of the tilting petri-dish to measure binding in-
teraction in real-time. From the resulting target binding curve, kinetic param-
eters can be calculated, such as on- (K;) and off-rates (Kq4) and affinity (Kp).

Figure 12: Schematic illustra-
tion of Ligand Tracer setup. The
target protein and background
area are on opposite sides of a
petri dish. The sample is rotated,
and a detector measures the
bound protein at the target and
background areas.
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Immunostaining

Immunostaining is used to visualize proteins present in post-mortem tissue
using antibodies. This method was used throughout paper I-IV. The tissue is
sectioned into thin micron-sized slices. The sections were prepared from fro-
zen brains in a cryostat that maintains the sample at -20°C. Before the staining,
the sections were mounted onto microscope glass slides and fixated using 4%
paraformaldehyde (PFA) or ice-cold methanol. The protocol includes a block-
ing step, usually with serum that contains antibodies that bind to non-specific
sites and “block” them. Thereafter, primary antibodies that recognize the spe-
cific protein of interest are incubated with the tissue. Fluorescently labeled
secondary antibodies were used to detect the primary antibodies' species,
thereby visualizing the target protein under the microscope.
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Figure 13: Cryosectioning and immunostaining of mouse brain tissue. Brains are sec-
tioned in a cryostat at -20°C. The sections are placed on microscope glass slides. The
sections are stained using primary antibodies against the desired target and secondary
antibodies (fluorescently labeled) against the primary antibody. Stained sections can
be imaged in a fluorescence microscope.

SDS-PAGE and immunoblotting

It is possible to separate proteins by molecular size in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). SDS is an anionic surfac-
tant that masks the proteins' intrinsic charge by covering the protein with a
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negative charge. Thus, separation is based solely on molecular size as the pro-
tein travels toward the anode at different speeds through the porous poly-
acrylamide gel. Gels are often designed so that smaller molecules travel faster
as they encounter less resistance in the gel. SDS can be replaced with lithium-
dodecylsulfat (LDS), which is more soluble and can tolerate high salt concen-
trations. A reducing agent can be added to break disulfide bonds; however,
non-reducing conditions are often used to detect intact IgG antibodies®*®.

After SDS-PAGE, the proteins can be transferred to a membrane by an
electric current. The gel and membrane are "sandwiched" between blotting
filters and sponges to keep the system saturated with transfer buffer. An elec-
trical current causes the proteins to migrate from the gel into the membrane.
A blocking step is required to minimize nonspecific binding to the membrane,
usually with a solution high in protein, like non-fat milk. Primary antibodies
are incubated with the membrane to detect a protein of interest, usually over-
night at 4°C. The following day, secondary antibodies are added, enabling ei-
ther HRP-based chemiluminescence or fluorescence detection.

Autoradiography

Autoradiography refers to techniques based on visualizing the radioactivity in
a sample. Different types of autoradiography were used in this thesis;

Ex vivo autoradiography

Ex vivo autoradiography reveals radioactivity distribution in a tissue post-mor-
tem, for example, to measure the radioactivity from radiolabeled antibodies in
the brain after systemic administration. Traditionally, radioactivity was visu-
alized using photographic or X-ray films and developing solutions. Today, the
image can be scanned by a laser beam and directly digitalized. The radioactive
cryo-sectioned tissue of interest is exposed to a phosphor imaging screen,
which captures the energy from the radiation. The exposure time is relative to
the radioactive sample's expected amount of radioactivity and half-life. When
the plate is developed in a phosphor imaging system, scanning with a red laser
will release the energy as blue light, producing a digital visual representation
proportional to the amount of radioactivity. These images were converted
from grayscale with a lookup table (LUT) to represent the radioactivity inten-
sity (Fig. 14 a).
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Figure 14: a Example of ex vivo autoradiography in tg-Swe sagittal brain section,
radioactivity derived from the bispecific antibody ['*’1JmAb3D6-scFv8D3 24 h after
injection, mainly accumulated around areas with A pathology (white arrows; cortex,
hippocampus, thalamus). b Example of nuclear track emulsion image, showing im-
munofluorescent staining of AP plaque in red and neuronal marker (NeuN) in green.
Black puncta are developed metallic silver grains activated by the '?’I-radiolabelled
antibody.

Nuclear track emulsion (NTE) autoradiography

Nuclear track emulsion (NTE) is a high-resolution autoradiography technique,
often referred to as “microautoradiography” (MARG)*”. The advantage of
this method is that it is possible to visualize interactions on a microscopic level
and capture very low concentrations of radiolabeled compound. The method
was used throughout paper I-IV, qualitatively and semi-quantitatively. Tissue
sections containing radiolabeled compounds are submerged in a photographic
emulsion, so a thin layer covers the slide. The emulsion consists of silver hal-
ide crystals of uniform size in a gelatin matrix. The silver halide crystals ab-
sorb ionizing radiation (radioactivity) that activates them. However, light can
also activate the crystals, meaning the procedure must be done in a dark room.
The crystals activated by radioactivity will form so-called “latent image cen-
ters” consisting of free electrons, halide ions, and clusters of silver atoms.
These activated latent image centers will be reduced to metallic silver grains
(0.2 um) by the photographic development process performed after a few
weeks of exposure. The reduced silver grains appear as black puncta, repre-
senting areas where the radiolabeled antibody is situated. The NTE can be
imaged in a light microscope, and the tissue can be stained by immunohisto-
chemistry, or immunofluorescent markers before or after nuclear track emul-
sion, to visualize structures and cell types (Fig 14 b).

In vitro autoradiography

In vitro autoradiography uses the same principle as ex vivo autoradiography,
only instead of injecting a radiolabeled compound, it is done by applying the
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radioactive sample directly on a blank tissue section. This approach was used
in paper II with radiolabeled affibodies. It follows blocking and washing
steps similar to immunohistochemistry, but the detection is direct through the
radiolabeled primary antibodies. This allows visualizing the binding of the ra-
diolabeled compound on tissue in vitro. This means that there is likely higher
access to intracellular and extracellular structures, such as Af plaques, due to
the sectioning of the tissue. In addition, the amount of injected radiolabeled
antibody is restricted in vivo by the BBB, but the availability of targets is not
affected by the BBB in vitro.

Capillary depletion

When studying brain delivery of a compound, it may be difficult to distinguish
between parenchymal compound and compound within the blood of the brain,
adsorbed to or within the endothelial cells of the brain vasculature'*®. Many
studies measure total brain concentrations, which contain the vasculature com-
partment of the brain, and thus could overestimate the amount of antibody that
reaches brain parenchyma. The capillary depletion technique separates the
brain capillaries from the brain parenchyma and allows quantitative estimation
of the partitioning between these two compartments for molecules that
transcytose at the BBB.

Capillary depletion was first developed by Triguero et al., published in
1990%°. The original method was developed for rats but was soon adapted to
mouse brain®'. Capillary depletion has been applied frequently in various
studies of BBB transcytosis'#*20201:32236 ‘The technique can be used with in
situ brain perfusion or after peripheral administration of the compound of in-
terest.

The separation of brain capillaries and brain parenchyma is based on den-
sity gradient centrifugation of a brain homogenate dissolved in a polysaccha-
ride solution. In short, the mouse brain cortex is dissected and minced on a
petri dish in ice-cold buffer. The minced brain is homogenized in a glass
dounce homogenizer, and polysaccharide solution is added before centrifuga-
tion at 4°C. Three fractions form after centrifugation; a fatty fraction of, e.g.,
myelin, a fraction of parenchymal cells depleted from the microvasculature,
and a pellet enriched with microvasculature. The supernatant and pellet are
separated, and the compound is measured, e.g., by radioactivity in a gamma
counter. The relative distribution in these fractions can be useful for under-
standing the parenchyma-to-capillary ratios of different compounds and esti-
mating the efficiency of brain delivery.
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Figure 15: Schematic representation of the steps in capillary depletion.

PET

PET is a non-invasive functional imaging technique that can be performed in
vivo in animals or humans. The method is frequently used in oncology (med-
ical imaging of tumors and searching for metastases), for diagnosing demen-
tias, and in preclinical studies.

PET is based on injecting a radiolabeled compound (radioligand) that binds
to a target of interest. Radioligands are often pharmacologically active com-
pounds that bind specifically to a target in the body, but they are usually ad-
ministered at a low non-pharmacologically relevant dose (tracer dose).

When the radionuclide used for radiolabeling decays, a proton in the nu-
cleus is converted to a neutron, releasing a positron (B+) in the process. When
the positron collides with a negative electron in the surrounding tissue, they
annihilate and emits two gamma-ray photons at a 180° angle from each other.
Two photos hitting a detector ring at opposite sides simultaneously (within
nanoseconds) are recorded as an annihilation event and used to calculate the
original position of the radioligand in the body.

PET data is often displayed as standardized uptake value (SUV). SUV is
calculated by equation 1:

_ _cm
SUV = ow Eq.1
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Where C(t) is the decay-corrected radioactivity concentration in a region of
interest at time t, ID is the decay-corrected injected radiodose of the radiolig-
and, and BW is the body weight of the patient. SUV thus represents the radi-
oactivity concentration in a tissue of interest in relation to injected dose per
gram body weight. If the SUV is = 1, the average tissue radioactivity is the
same as the average whole-body radioactivity, while if it is >1, the tissue has
a higher radioligand concentration, and if it is < 1, the tissue has a lower radi-
oligand concentration. SUV relative to a reference region that lacks pathology,
SUVR, can also be used to estimate uptake associated with pathology.
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PET/MRI for patients microPET/MRI for rodents Reconstruction

Figure 16: Positron emission tomography scanners for patients and rodents.

In ex vivo studies in paper I-IV, we use similar outputs as the SUV, i.e., the
% dose corrected (Eq.2) or % dose and body weight corrected (Eq.3) radio-
activity concentrations:

ID measured radioactivity per gram tissue

% — = - yPerem x 100 Eq.2
g total injected radioactivity
ID measured radioactivity per gram tissue

% — (bw) = ——— AL AL °_ %100 Eq.3
g total injected radioactivity per gram animal
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Alms

The overall aim of this thesis was to evaluate factors important for the brain
delivery of TfR-transported antibody-based proteins for use as PET radiolig-
ands for imaging of A.

More specifically, the aim of paper I was to study the brain pharmacokinetics
of two BBB-penetrating antibody-based proteins differing in size and avidity
within the first 24 h after administration. We wanted to know if the faster sys-
temic clearance of the smaller non-IgG antibody (a property beneficial for
PET imaging) was also reflected in the brain compared with the IgG-based
bispecific antibody.

In paper 11, we explored brain delivery and retention to AP of even smaller
proteins associated with faster blood kinetics than the previously studied pro-
teins. The specific aim was to study AB-protofibril targeted antibody-mimick-
ing proteins (affibodies), with or without conjugation to a TfR-transporter, in
WT and two transgenic AD mouse models, to evaluate their potential as PET
imaging agents.

In paper 111, observations regarding plasma distribution and age differences
in the brain delivery of the bispecific antibodies from previous studies led to
the aim of investigating how age, blood cell binding, but also dose and pathol-
ogy influenced the brain delivery of a TfR-transported AB-antibody.

In paper IV, we aimed to evaluate new TfR-transporter proteins, including
human-mouse cross-reactive TfR binders for translatability, that were of
smaller size and lower TR affinity, with faster clearance from the blood. The
studied TfR-binders were based on single domains from heavy chain antibod-
ies (VHH) and were combined with an AB-binder (scFv3D6) for evaluation as
an AB-PET imaging radioligand.
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Summary of papers [-IV

Paper I

In paper I, we studied the brain pharmacokinetics within the first 24 h after
administration of two BBB-penetrating antibody-based proteins that differed
in size and avidity.

The IgG-like antibody mAb3D6-scFv8D3 (210 kDa) was compared with
the smaller non-IgG-like tandem protein di-scFv3D6-8D3 (58 kDa). The
larger mAb3D6-scFv8D3 is a full-sized IgG, with an intact Fc domain, based
on 3D6, which binds the N-terminus of AP. It also has two scFv fragments,
based on 8D3 (scFv8D3), which bind mouse TfR, attached by linkers on the
light chains of the 3D6 antibody. The smaller antibody di-scFv3D6-8D3 con-
sists of two scFvs, one from 3D6 and one from 8D3, joined by a linker, thus
binding AB and mT{R monovalently. Di-scFv3D6-8D3 does not have an Fc-
domain, and the smaller size results in a shorter half-life in the blood. Di-
scFv3D6-8D3 was developed as an antibody-based PET radioligand'?’.

The lack of Fc-region likely influenced di-scFv3D6-8D3’s blood half-life,
together with its smaller size, as it displayed 2-fold faster blood clearance
compared with mAb3D6-scFv8D3. The faster systemic clearance was also re-
flected in the brain, as the exposure was 2-fold lower for ['*I]di-scFv3D6-
8D3 compared to ['*’ImAb3D6-scFv8D3. Furthermore, peak antibody con-
centration in brain (Cax) was observed earlier for ['*°I]di-scFv3D6-8D3 com-
pared with ['*IJmAb3D6-scFv8D3. After net elimination started for respec-
tive antibody, the rate of elimination from brain was similar for both antibod-
ies, despite their difference in size. ['*IJmAb3D6-scFv8D3 showed a higher
degree and prolonged association with brain capillaries throughout the study
period, as shown by both capillary depletion and nuclear track emulsion.
When correction was made for the capillary/parenchymal partitioning, brain
concentrations 2 h post-injection did not differ in the parenchyma between
['*IlImAb3D6-scFv8D3 and ['*’I]di-scFv3D6-8D3. We also observed that the
in vitro binding to mTfR1 was 5-fold higher for ['*’I]mAb3D6-scFv8D3 com-
pared to ['*I]di-scFv3D6-8D3. This was somewhat surprising since we pre-
viously had shown that ['*IJmAb3D6-scFv8D3 was sterically hindered from
bivalent binding in ELISA*. However, we speculate that ['*IJmAb3D6-
scFv8D3 was able to bind bivalently at a high concentration of mTfR1, both
in vitro and potentially in vivo at the BBB, causing a higher degree of capillary
association.
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In conclusion, the small ['*I]di-scFv3D6-8D3 showed faster elimination
from blood, a lower maximum brain concentration, a faster peak concentra-
tion, a larger relative distribution to parenchyma, and a net elimination from
brain at an earlier time point after injection compared with the larger
['*°I)mAb3D6-scFv8D3. However, the elimination rate from brain did not dif-
fer between the two bispecific antibody-based proteins, consistent with elim-
ination from the brain via perivascular bulk flow. The study also indicated that
['*1]di-scFv3D6-8D3 displayed lower avidity than ['*IJmAb3D6-scFv8D3
towards mTfR1 in vitro and potentially in vivo. Thus, small size and likely
lower mTfR1 avidity are important for fast parenchymal delivery, while the
elimination of brain-associated bispecific antibody may not be dependent on
these characteristics.

Paper 11

In paper I, we studied affibodies, i.e., antibody-mimicking proteins, around
20 times smaller than IgGs. Affibodies have desirable properties regarding
size, chemical stability, and blood half-life, suitable for imaging applications.
Affibodies targeting the aggregated forms of AP could potentially be devel-
oped into therapeutics or positron-emission tomography (PET) imaging
agents for pre-symptomatic detection of Ap.

Two Ap-protofibril targeted affibodies were fused to the mT{R1-binder
scFv8D3, yielding the four affibody constructs evaluated in paper I1: Z5, Z1,
scFv8D3-Z5, and scFv8D3-Z1.

The affinity estimation from ELISA indicated that the affibodies had a 12-
35 nM affinity for AP protofibrils and largely retained binding after the fusion
to scFv8D3. However, the affinity to AB-protofibrils was around 100-fold
lower than the 58 kDa antibody-based construct di-scFv3D6-8D3. Also, the
binding to mTfR differed from di-scFv3D6-8D3, with more than 20-fold
higher binding of the scFv8D3-fused affibodies.

The total brain concentrations 2 h after administration of the unmodified
affibodies Z5 and Z1 showed more than 10-fold higher brain concentrations
than regular IgG antibodies**. However, nuclear track emulsion indicated that
the radiolabeled affibodies without scFv8D3 were clustered in larger brain
vessels and were not detected in the parenchyma, possibly indicating that the
affibodies could not cross directly at the BBB. This was also supported by the
very low retention of Z5 and Z1 in the brain 24 h after injection, both in WT
and AD mice.

In paper II, we observed that scFv8D3 enhanced the brain and parenchy-
mal delivery of affibodies. However, scFv8D3-Z5 suffered from an additional
protein that could not be removed in the purification, potentially causing an
underestimation of the brain uptake of scFv8D3-Z5. Parenchymal distribution
for the scFv8D3 affibodies was higher than Z5 and Z1 and similar to di-
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scFv3D6-8D3, with scattered signal in both capillaries and parenchymal re-
gions 2 h after injection. This indicates that scFv8D3-fusion of affibodies can
enhance brain delivery. Moreover, fusion with scFv8D3 also increased the
half-life of the affibodies, likely because of peripheral binding to TfR, poten-
tially giving the affibodies more time to penetrate the BBB and bind to their
target.

In vitro autoradiography of the affibodies Z5 and scFv8D3-Z5 indicated
pathology-related binding to AD-mouse brain sections. The brain retention
was greater for the scFv8D3-fused affibodies 24 h after injection than the non-
fused affibodies. A trend towards higher retention in the AD mice was also
observed for scFv8D3-Z5, potentially related to AP interaction; however, the
difference did not reach statistical significance (p = 0.06). In addition, the nu-
clear track emulsion experiments could not support a specific accumulation
around ApB-plaques.

In conclusion, the affibodies had enhanced brain delivery after scFv8D3-
fusion. Non-fused affibodies accumulated in brain vasculature, resulting in
high total brain concentrations but low parenchymal interaction with Af. For
the fused affibodies, a suboptimal balance between a high TfR1 affinity and a
low AP affinity resulted in a low ability of the affibodies to differentiate be-
tween WT and AD mice 24 h after injection. Future studies should focus on
improving small protein affinity to Ap.

Paper 111

In paper 111, we studied how different factors influenced brain delivery of the
monospecific mAb3D6 and the bispecific mAb3D6-scFv8D3; age, dose,
binding to blood cells, and AB-pathology.

Young (3-5 months) and aged (17-20 months) WT and tg-ArcSwe mice
were injected with '>'I-labeled mAb3D6-scFv8D3 or mAb3D6. Three differ-
ent doses were used in the study, 0.05 mg/kg (low dose), 1 mg/kg (high dose),
and 10 mg/kg (therapeutic dose), with equimolar doses for mAb3D6. The an-
tibodies' whole blood, blood cell, plasma, spleen, and brain concentrations
were evaluated 2 h post-administration. Isolated brains were studied by auto-
radiography, capillary depletion, and nuclear track emulsion to investigate the
intrabrain distribution further. An in vitro binding study was also done in
blood isolated from young and aged WT mice.

Age-dependent differences in blood and brain concentrations were ob-
served for the bispecific antibody, mAb3D6-scFv8D3. The aged mice showed
lower brain bispecific antibody concentrations compared to young mice.
These differences were not observed for a regular AB antibody, mAb3D6, in-
dicating that differences were TfR-related. This was further supported by in-
creased TfR levels in brain capillary enriched samples from the young mouse
brains compared with the aged, as measured by Western blot, and that
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['*'I)mAb3D6-scFv8D3-derived signal at the capillaries were more concen-
trated in young mice compared with the aged. Our results also indicated that
there was no widespread antibody leakage to the brain at old age for the
mADb3D6-injected animals but that there were local leakages and retention of
['*I)lmADb3D6 at vascular AB-pathology. Blood cell concentrations were in-
creased in the aged mice. The increased blood cell concentrations could indi-
cate that aged mice had lower availability of the bispecific antibody in plasma,
as suggested by in vitro study of ['*IlmAb3D6-scFv8D3 plasma-blood-cell
distribution. Increased blood cell distribution was more pronounced for the
low-dosed mice. Low-dosed mice also had an increased relative parenchymal
delivery of the bispecific antibody, as indicated by both capillary depletion
and nuclear track emulsion. Tg-ArcSwe mice did not differ significantly in
brain antibody uptake from WT at this early time point, indicating that Ap-
pathology did not influence the early brain distribution of the bispecific anti-
body. Thus, age, dose, and potentially blood cell binding of bispecific anti-
body were important factors determining brain delivery, while genotype was
not.

The study showed that young mice had increased brain concentrations of a
TfR-targeting antibody compared with aged mice. This is relevant, as new
immunotherapies are often first tested in young individuals, which could lead
to an overestimation of brain delivery. Additionally, a lower dose was associ-
ated with higher relative BBB penetration; thus, the study demonstrated dose
as a significant factor for parenchymal delivery. The study is also the first to
our knowledge that describes an increase in antibody binding to blood cells in
aged mice.

Paper IV

In paper IV, we describe novel llama antibody-based VHH constructs for
transcytosis across the BBB. Both mouse (m), human (h), and cross-reactive
mouse and human TfR1-binders were evaluated ex vivo after '*°I labeling.
Two cross-reactive VHHs towards both mTfR and hTfR were used, to-
gether with exclusive binders of mTfR or hTfR; thus, four different fusion
proteins (FPs) were compared initially. The VHHs were designed in a bivalent
format, coupled with a human Fc-fragment, for increased protein stability to
prolong the circulation time in the blood (FPr.). In the next set of experiments,
single VHHs were fused with the AP binder, scFv3D6, either at the C-termi-
nus or the N-terminus of scFv3D6 (FPsr A or FPyr B, respectively). In vitro
binding was assessed by ELISA and surface plasmon resonance (SPR). All
FPs were radiolabeled with iodine-125 ('*I) and studied ex vivo 2 h, 6 h, or
24 h after injection in WT and AD mouse model App™“*. Brain, blood,
plasma, and organ concentrations of the '*I-radiolabeled FPs were measured
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in a y-counter. Autoradiography, nuclear track emulsion, and immunofluores-
cent stainings were used to study the distribution of the proteins.

The FPr. proteins displayed significantly higher brain uptake (around 1-
3%ID/gprain) compared to non-TfR-targeting IgGs (0.03%ID/gprin)**, indicat-
ing that they had in vivo binding to mTfR. The hTfR binder did not show
binding to TfR on mouse capillaries and had a low brain concentration
(0.17%ID/gprain), in line with what is expected for a VHH without active
transport. The monovalent fusion antibodies with scFv3D6 had lower brain
concentrations, and FPyr,B-constructs (fusion of the VHH to the N-terminus
of scFv3D6) showed higher potential at delivering the protein to the brain.
There were clear differences in brain concentrations of FPsr, between WT
and App™““F mice 24 h after administration. For one of the FPs, FPy,1B,
this difference could be seen already after 6 h in ex vivo studies. This protein
also showed consistently higher relative parenchymal delivery compared to
the other FPs before and after fusion to scFv3D6. This could be explained by
its higher dissociation rate, as measured in SPR.

We showed that cross-reactive VHH-based BBB-shuttles are promising for
brain delivery and that they can successfully be fused with an AB-binding
scFv-fragment, maintaining high brain and parenchymal delivery. The cross-
reactive nature allows for a more straightforward translation from a preclinical
to a clinical therapeutic protein. The FPyry-constructs were able to differenti-
ate between WT and AD-model mice ex vivo, and for FPyr, 1B, already after
6 h. PET imaging that can distinguish AD from WT has not been achieved at
6 h (within the time frame feasible for short-lived radionuclides such as '*F)
with radiolabeled antibodies that are transported via TfR previously. Thus,
these novel VHH-based constructs are promising for future PET imaging us-
ing short-lived clinically compatible PET radionuclides.
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Results and discussion

Factors influencing transferrin receptor-mediated brain
delivery

The papers within this thesis contribute to knowledge about TfR-transported
antibodies in the brain and to increased understanding of which factors are
important for their use as PET radioligands or therapeutics. The studies started
by exploring the difference in the pharmacokinetics of a “small” and a “large”
antibody, but we became increasingly aware of the complexity of the interac-
tions that exist for this class of proteins. Therefore, here I summarize and dis-
cuss the main factors studied in this thesis.

Does size matter?

The first successful antibody-based brainPET performed by our group was
with an F(ab’), fragment of protofibril-specific h158 antibody (humanized
mAb158), conjugated to the TfR1 antibody 8D3; 8D3-F(ab'),-h158'%*. The
molecular size of 8D3-F(ab’),-h158 was 270 kDa, its half-life in blood was 15
h, and it could discriminate AD from WT mice three days after injection when
circulating radiolabeled antibody had cleared from the blood.

Next, a slightly smaller (210 kDa) recombinant mAb158-based antibody
with two scFv of 8D3 attached at the light chains was developed®*. The anti-
body had an intact mouse Fc-domain, which prolonged its blood half-life to
around 19 h, but a PET image displaying AP pathology was still achieved
three days after injection. The third bispecific protein was the Tribody, based
on two scFvs of mAb158 and a Fab-8D3, with a size of 110 kDa and a blood
half-life of 9 h. With this antibody, PET scanning performed two-three days
after injection could reveal differences between AD and WT mouse brains**,
The strive to reduce the time between injection and scan even further led to
the development of di-scFv3D6-8D3 of 58 kDa, which also lacked an Fc-do-
main, and had a half-life of 3 h and could image AP within one day of injection
(14 h)™.
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In this present work, the focus has been partly on finding even smaller proteins
that can bind TfR and AP to be used for imaging. Paper I established that di-
scFv3D6-8D3 had an earlier elimination from WT mice brains than mAb3D6-
scFv8D3 and that mAb3D6-scFv8D3 had a prolonged association with the
vasculature. Thus, Paper I concluded that a smaller size is optimal for reduc-
ing background radioactivity from unbound antibodies in the blood and brain.
It further strengthened the notion that smaller proteins are favorable for
brainPET, such as affibodies and VHHs, later used in Paper II and Paper IV.

Overall, antibody size is a factor that has not been investigated much re-
garding brain distribution or pharmacokinetics. Peripherally administered
non-targeting antibodies of different sizes were studied by microdialysis in an
experiment by Chang et al. They found a bell-shaped correlation between size
and brain exposure, where the 50 kDa antibody fragment had the highest
whole-brain exposure, while the unbound concentration in ISF was highest for
100 kDa Fab fragments®’. This work indicates that a size between 50-100 kDa
could be optimal for high brain delivery. However, this study applies to anti-
bodies that are not actively transported across the BBB, while the antibodies
in this thesis rely on brain-wide TfR-mediated delivery.

A study by Pizzo et al. demonstrated that intrathecally administered sdAb
had a wider brain distribution than an IgG antibody'*®. Diffusion in the brain
parenchyma is inefficient over long distances since the extracellular space is
tortuous and narrow*®. Instead, the perivascular spaces (PVS) provide a more
spacious “highway” driven by convectional flow, allowing for faster transpor-
tation and clearance of larger molecules'**.

In paper I, di-scFv3D6-8D3 and mAb3D6-scFv8D3 had similar brain half-
lives, which indicates convective bulk clearance via the PVS. However, when
corrected for capillary-parenchymal partitioning, mAb3D6-scFv8D3 had
slightly slower elimination from parenchyma, which could potentially be due
to its larger size (slower diffusion), or its higher retention to, e.g., TfR on neu-
rons, due to its higher avidity*'.

In paper II, affibodies were 7 kDa, i.e., 30 times smaller than mAb3D6-
scFv8D3 in paper 1. Despite this, the BBB penetration appeared low, showing
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that a smaller size does not necessarily equate to better BBB penetration. In-
deed, a low CSF-to-serum ratio of 0.12%, similar to a larger IgG antibody, has
been previously reported®’. On the other hand, the affibodies used in paper
II were able to enter the brain when conjugated to a TfR-binding scFv8D3.
We also found that a 6xHis-Tag (often used for purification) likely increased
the affibodies’ association to the BBB vasculature®”, resulting in slightly
higher total brain concentrations of around 0.4%ID/g brain 2 h after injection;
however, this does not necessarily indicate penetration of the BBB. In paper
IV, the VHH domains were around twice the size of an affibody, 12 kDa, and
fused to bivalently to an Fc or monovalently to an scFv fragment, i.e., in total
around 75 kDa and 34 kDa, respectively. In paper IV, we found that the non-
mT1fR targeting FPg. had a brain uptake in mice of 0.17%ID/g brain, and as a
monovalent FPyg,, 0.07%ID/g brain, which is slightly higher than for IgGs**.

Size is, however, important in the periphery, as it can determine how the
antibody is eliminated. This is demonstrated by the large difference in blood
half-life (9 h vs 3 h) between the Tribody (100 kDa) and di-scFv3D6-8D3 (58
kDa), which both lack an Fc-domain. The renal filtration cutoff for proteins is
around 60 kDa, and this criterion was fulfilled for di-scFv3D6-8D3 (paper I),
affibodies and affibody-scFv8D3 conjugates (paper II), and FPr, conjugates
(paper 1V). Likely because of renal elimination, they all displayed fast sys-
temic elimination compared to IgG-like antibodies. However, a very short
half-life could contribute to a decreased chance for the protein to interact with
the BBB and enter the brain. This may have been the case for the non-fused
affibodies in paper II.

The size of the binding domains can also be important regarding reaching
certain epitopes. In line with this, it appears easier to develop cross-species
reactive (mTfR/hTfR) binders using sdAbs, such as VHHs, and VNARs, com-
pared to IgGs. This is one of the reasons, together with size-related fast blood
clearance, that we used VHHs in paper IV.

Binding - affinity and avidity

Affinity is the binding strength between the binding site and the epitope, while
avidity is the combined binding strength from all binding sites of a construct.

In paper I, we primarily compared bispecific antibodies of different sizes,
but in addition to size, also the binding strength differed between the two stud-
ied antibodies. The “large” antibody was an IgG-like construct with two po-
tential binding sites for TfR and bivalent binding to Af. Di-scFv3D6-8D3, on
the other hand, had monovalent binding towards TfR and Af. The rationale
for the comparison was that they were, at the time, our “top candidates” for
antibody-based PET imaging, and we wanted to chart the radioactivity origi-
nating from brain antibody that was not retained by A to get an understanding
of their respective background signal for PET imaging within the first 24 h
after injection.

51



A bell-shaped relationship between affinity and brain uptake has been sug-
gested'”. Low TfR-affinity leads to higher systemic exposures but impedes
BBB binding. High-affinity TfR-binders are more rapidly cleared from the
blood due to TfR-mediated degradation and are more likely to be “trapped” or
saturate TfR in the brain endothelial cells, which inhibit brain delivery*'***!.

Di-scFv3D6-8D3 has high and equivalent affinity to mAb3D6 for A3 mon-
omers and protofibrils'®’. However, the avidity for TfR was higher for
mADb3D6-scFv8D3 than di-scFv3D6-8D3. In Paper I, we used WT mice;
hence, the TfR-binding influenced the antibodies' pharmacokinetics, while
AB-binding did not. A previous study using the same large antibody format
but another AB-binder, mAb158-scFv8D3, indicated that this format had 2-
fold higher avidity to TfR in vitro compared with scFv8D3, i.e., monovalent
binding, despite the two scFv8D3 domains®*. In paper I, we discovered that
mAb3D6-scFv8D3 had a 5-fold higher affinity for mT{R than the ‘true’ mon-
ovalent binder di-scFv3D6-8D3 using an in vifro real-time binding assay and
that it had a prolonged association to the brain capillaries in vivo. This led us
to conclude that mAb3D6-scFv8D3 was not strictly monovalent but likely
could bind TfR with both scFv8D3, at least at higher concentrations of T{R.
Thus, paper I indicated that mAb3D6-scFv8D3 had high avidity towards TR,
and in paper III, we also observed that its relative distribution to parenchyma
was higher at a low dose compared with a high dose, which is in line with
previous studies of high-affinity/avidity TfR antibodies®'®,

Later, in paper IV, VHH-Fc fusions were investigated (FPg.), which had
two TfR-binding domains, compared to monovalent scFv3D6-VHH/VHH-
scFv3D6 fusions (FPsrvA/B). The binding strength towards TfR measured by
ELISA and surface plasmon resonance (SPR) decreased for the monovalent
constructs, compared with the bivalent constructs. In addition, in vivo, the
monovalent constructs had lower brain uptake, although this could also be at-
tributed to their faster blood clearance. Monovalent TfR binding has been as-
sociated with better brain penetration, especially at high doses or for high-
affinity binders'**'**, In paper IV, fusion protein 2 (FPr.2/FPgr,2)-constructs
displayed the highest mTfR affinity, FPr.4/FPsr4 second highest, followed
by FPrc1/FPgry1. Despite this, FPr.1/FPr 1B had higher relative parenchy-
mal distribution, both as a bivalent and monovalent construct. This could in-
dicate that the affinities of FPr.2/FPsr2B and FPr4/FPsr4B were in the
higher range, even as monovalent binders, resulting in more endothelial cell
trapping compared with FPr.1/FPr,1B. This indicates that the dissociation
rate may be another important factor influencing the extent of parenchymal
delivery'®’. For example, FPr.1 showed a 40-fold higher dissociation rate con-
stant but similar association rate constants to mTfR compared with FPg4.
However, even though there is an increased relative parenchymal delivery, we
do not know whether it is more critical for imaging with higher absolute con-
centrations in the parenchyma, like for FPr.2/FPsr2B or FPr4/FPyr 4B, or
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if relative delivery is more important. Low affinity could contribute to de-
ceased off-target binding to brain vasculature or TfR on parenchymal cells,
which in turn could lead to faster clearance from WT mouse brain and im-
proved contrast, but could also impede the absolute brain delivery of the anti-
body, leading to low detection of the primary target, AB. Conversely, FPr. 1B
did display significant and the greatest difference, in ex vivo perfused brains
between WT and App"*“mice after 6 h and 24 h, indicating Ap-related bind-
ing; however, FPyr, 1B remains to be tested in vivo in brainPET.

The relative affinities between the primary brain target, e.g., AP oligomers
and TR, turned out to be important in paper II and possibly paper IV. ELISA
demonstrated that the studied affibodies displayed an affinity for A} that was
100-fold lower than di-scFv3D6-8D3. Consequently, the combination of fast
elimination from blood and low ability to bind AP ir vivo resulted in low over-
all brain retention of the affibodies. Better optimization of the binding through
affinity maturation and/or using more than one affibody (dimerization) could
be a future option. Overall, we learned that the protein domain designed to
bind AP likely requires a low nanomolar or picomolar affinity to be retained
at the target to enable its use as an in vivo imaging agent. Moreover, the affin-
ity for TfR was higher than that observed for the di-scFv3D6-8D3 reference,
which could have contributed to the imbalanced retention, potentially leading
to a preference for endothelial or neuronal TfR binding over Af. In paper 1V,
the balance between AP affinity and mTfR affinity was more favorable, and
the cross-reactive mTfR/hT{R constructs had increased brain uptake and could
distinguish WT from App™*“" mice.

Furthermore, the orientation of the fusion in paper II and paper IV had an
impact on affinity and distribution. In paper IV, the anti-TfR VHHs were
fused either to the C-terminus of scFv3D6 (A) or the N-terminus of scFv3D6
(B). In paper II, the affibodies were fused to the C-terminus of scFv8D3.
Interestingly, it appeared as fusion to the C-terminus of a scFv for FPyr/1A
and scFv3D6-Z1 impacted their ability to bind to mT{R and AP, respectively.
Similarly, transcytosis of the VHH-based brain-shuttle FC5, was impaired
when fused to the C-terminus of its cargo'’***. This indicates that the N-ter-
minal of these constructs may have important properties for target binding.

Overall, affinity and avidity are well-established factors that influence TfR-
mediated transport. The work in this thesis further highlights the importance
of optimizing affinity and avidity for successful TfR-transport and ApB-reten-
tion.

Periphery

Peripheral concentrations drive the brain concentrations; this is why brain-to-
serum ratios can be more representative than total brain concentrations when
comparing brain uptake of different antibodies. For TfR-antibodies, binding
to TR in the periphery affects the antibody distribution. TfR-antibodies are
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subjected to TfR-mediated clearance, typically resulting in faster blood clear-
ance for TfR-antibodies than conventional antibodies'*>'*****, This was ob-
served in paper III, where mAb3D6-scFv8D3 had lower blood concentra-
tions than mAb3D6 already at 2 h post-injection.

In the blood, TfR is expressed to a high degree on reticulocytes, while TfR
is almost completely absent in mature red blood cells. Mice have a 10-fold
higher level of circulating reticulocytes compared with humans and non-pri-
mate monkeys, and bispecific TfR-antibodies seem to affect the reticulocyte
count to a lesser degree in monkeys, and potentially in humans, compared with
mice'*>'*®, In paper I, we observed that a large portion of mAb3D6-scFv8D3
present in blood was associated with blood cells. The dose administered in
paper I, was a non-saturable tracer dose, which probably resulted in fast se-
questering of antibody by blood cells, likely largely by reticulocytes. In paper
III, we further studied the plasma vs. blood cell partitioning of mAb3D6-
scFv8D3 at high and low doses and in young and aged mice. As observed in
paper I, low doses were associated with high blood cell concentrations of
mAb3D6-scFv8D3. Interestingly, we also found a higher blood cell distribu-
tion of mAb3D6-scFv8D3 in aged mice compared to young mice at low and
high doses. This could potentially be explained by higher reticulocyte counts
in aged mice®*.

It should be noted that the soluble portion of TfR, sTfR, in plasma was not
investigated in these studies. The level of sTfR could potentially also affect
the availability of ['*I]mAb3D6-scFv8D3 for interaction with TfR at the
BBB. Since ['*’IlmAb3D6-scFv8D3 has two binding sites for TfR, it is possi-
ble that even if one scFv8D3 domain is bound to blood TfR, the other arm is
still available for binding to TfR at the BBB. It would be interesting to study
further the effect of blood binding with a strictly TfR-monovalent antibody.

Is age just a number?

In paper I1I, we observed that the age of the mice influenced the brain con-
centrations of mAb3D6-scFv8D3. Aged mice had significantly lower brain
concentrations of the bispecific antibody than young mice, both at low and
high doses.

As previously discussed, antibody availability in the blood could be im-
portant for brain delivery. As described above, aged mice had a higher distri-
bution of the bispecific antibody to the blood cells than young mice. /n vitro
experiments, carried out during 2 h after spiking whole blood with radio-
labeled mAb3D6-scFv8D3, showed that aged mice had a lower exposure of
bispecific antibody in plasma compared with young mice. /n vivo, the lower
availability in plasma of bispecific antibody could have contributed to a lower
brain concentration at 2 h in aged mice. On the other hand, the process of
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elimination or tissue binding cannot be measured in vitro, and therefore expo-
sure measured in vitro cannot be directly compared with in vivo blood phar-
macokinetics.

Moreover, aged WT mice displayed significant positive correlations be-
tween plasma and brain concentrations of ['*’IJmAb3D6-scFv8D3 at non-sat-
urable and saturable doses, indicating that the brain delivery was directly in-
fluenced by the amount of antibody in the plasma. In contrast, brain concen-
trations in young mice were less affected by plasma concentrations and possi-
bly more affected by TfR-binding at the BBB (Fig. 18).
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Figure 18: Brain concentration (MBq/g) over plasma concentrations (MBq/g) of
['*IImAb3D6-scFv8D3, administered at 0.05 mg/kg and 1 mg/kg, in young (3-5
month) and old (17-20 month) WT mice. Pearson’s correlation coefficient (r, signifi-
cant p-value is defined as p <0.05, *: p <0.05, **: p <0.01, ***: p <0.001 and ****:
p <0.0001)

The other factor that can explain the differences in brain delivery between
young and aged mice is the availability of TfR1 at the BBB. We found that
young mice had more concentrated ['*IJmAb3D6-scFv8D3 in capillaries and
more TR protein in capillary-enriched brain samples. Additionally, the con-
trol antibody, mAb3D6, which lacks TfR binding, did not display age-related
differences in overall brain uptake. Our results are in line with studies by Yang
et al., that proposed an altered transport mechanism over the BBB in aging,
from specific receptor-mediated transcytosis to more unspecific calveolar
transcytosis at old age, and that expression of TR is decreased in aged mice*®.
Others have also observed decreased TR levels or TfR-antibody uptake in
aged WT mice*****’. However, other studies show that TfR-antibody transport
is not age-dependent’*®**. The different age ranges and measurement time
points could explain the discrepancies; however, more systematic studies are
needed to elucidate which antibodies, animal models, or ages have impaired
TfR transport. Taken together, this suggests that young mice with more TfR1
available at the BBB had a more efficient TfR-mediated brain uptake of
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mAb3D6-scFv8D3 than aged mice. However, it is also not clear yet how these
results translate to humans.

Aging has been associated with physiological changes at the BBB*’ and
has been shown to increase the BBB permeability of IgG antibodies****! %3,
However, there is also evidence against age-related “leakage” into the BBB
of antibodies®*****. It is unclear to what extent these changes affect the brain
delivery of TfR-transported antibodies. Our studies mainly support the lack of
a widespread influx of conventional antibodies in old age. Local disruptions,
especially at vascular AP pathology, could be present. Despite this, it appears
that these do not contribute significantly to an overall increase in TfR-medi-
ated antibody delivery?**>. TfR-antibodies are transported over the BBB at
capillaries on a whole brain level, in contrast to IgGs, which display as local
hotspots in the brain®. Although there could be increased BBB permeability
in aging mice, the large surface of interaction between the TfR-antibody and
capillary bed likely has a more significant impact on total brain concentrations
than local breaches of the BBB.

A pathology

In paper II1, we did not observe significantly higher brain concentrations of
either bispecific antibody or the conventional mAb3D6 in tg-ArcSwe mice
compared with WT mice. This suggests that AP pathology did not influence
the brain delivery of either antibody, at least not at 2 h after injection. How-
ever, at later time points, we have shown that antibodies can be retained at A}
pathology up to 28 days after injection®®*. Others have also concluded that WT
and APP-transgenic mice have similar brain uptake of TfR-antibodies****%.
However, the control antibody mAb3D6 did have higher distribution to capil-
lary-enriched brain homogenates in aged tg-ArcSwe and visually accumulated
at AfB-stained capillaries. The antibody may encounter A when transported
in the PVS and then reaches the brain beyond the locally compromised BBB.

Dose

In PET applications, tracer doses are frequently used, with the aim of non-
saturable binding to a target molecule while not directly changing the physi-
ology or pathology. Thus, antibody-based PET experiments use lower doses,
<1 mg/kg of bispecific antibody, while therapeutic studies are based on higher
doses of 1-50 mg/kg.

Papers I-1I and IV used tracer doses, while we also explored therapeutic
doses in paper III. Three different doses were compared; a tracer dose, a low
therapeutic dose, and a high therapeutic dose.

At tracer doses, a large portion of the injected ['*°IJmAb3D6-scFv8D3 was
bound to blood cell TfR. As previously stated, this could influence the amount
of antibody available in the plasma; hence, we believe the amount available
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for binding at the BBB. However, tracer doses may also result in higher brain
transcytosis of high affinity/avidity bispecific antibodies, as indicated in pa-
per I1I, where a low dose resulted in higher relative parenchymal distribution
of ['®IImAb3D6-scFv8D3, regardless of age or genotype.

The therapeutic dose for ['*IJmAb3D6-scFv8D3 in our studies (1 mg/kg)
is low compared with other TfR-shuttles dosed at 10-50 mg/kg®'*>188201 A5
demonstrated in paper 111, a 10 mg/kg dose resulted in saturation at the BBB
and significantly lowered brain concentrations. It can be concluded that there
is a bell-shaped relationship between dose and total brain delivery and that
different TfR-shuttles have different optimal dosing windows. For mAb3D6-
scFv8D3, the dose of 1 mg/kg might be ideal, as it results in saturation of
blood cell TfR, leading to a high relative plasma distribution and high brain
concentrations.

Doses are also chosen based on the application of the antibody. For thera-
peutic purposes, it is necessary to maximize the antibody brain delivery and
to avoid down-regulation of TfR1 or toxicity; therefore, low affinity and high
doses are used”'*'”®, PET applications rely more upon fast delivery to the
target and rapid elimination of unbound radioligand to reduce background and
generally do not require high amounts of antibody at the target site during
extended periods. Thus, we believe it is crucial to adjust doses carefully for
ideal brain delivery and desired application for each brain shuttle.

57



Conclusions and future perspectives

In this thesis, we have evaluated factors important for antibody-based protein
delivery to the brain via TfR-mediated transcytosis for future PET imaging of
brain Ap.

One of the main challenges for developing antibody-based PET radiolig-
ands is that the biological half-life associated with antibody-based constructs
is too long relative to the short-lived PET-compatible radionuclides used in
clinics. This thesis has focused on creating TfR-binding bispecific antibodies
of smaller size for use as future AB-PET radioligands, together with clinically
preferred radionuclides, e.g., '®F. A smaller protein size is associated with
faster pharmacokinetics, which is desirable to increase the signal-to-noise ra-
tio in PET. In paper I, we concluded that a small bispecific tandem protein of
two scFvs had earlier elimination from blood and brain and, thus, was better
suited for PET than an IgG-like antibody. However, previous studies showed
that the required time between injection and PET scanning of the specific pa-
thology-derived signal was still longer (14 h) than optimal for clinical use'*’.

Therefore, in paper II and paper IV, we explored even smaller proteins
with shorter half-lives. In paper 11, affibody proteins were successfully deliv-
ered to the brain using TfR-mediated transcytosis, while the affibodies that
did not have a TfR1-binder likely did not actively cross the BBB. Although
the TfR-transported affibodies reached the brain parenchyma, they suffered
from low Ap-affinity, resulting in a low ability to be retained in the brain by
AB. Future studies should focus on improving affibodies' binding capacity,
with picomolar affinity to AP and potentially creating cross-reactive binders
to mTfR1/hTfR1. This would enable the creation of a translatable, small-sized
bispecific protein that can be transported across the BBB and bind A to be
used for PET imaging.

In paper IV, we used novel TfR1-binders based on camelid small heavy-
chain only antibodies. Combining a small cross-reactive mTfR1/hTfR1 binder
with an AB-binding domain based on 3D6, we could differentiate WT from
AD-mice models already 6 h after injection in ex vivo studies. The difference
was even greater 24 h after injection. We also observed that a lower affinity
for mTfR was associated with faster pharmacokinetics and higher relative
parenchymal delivery. We hope the construct also will be able to discriminate
WT and AD in in vivo PET, in a clinically relevant time frame.
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However, some challenges still remain in optimizing kinetics for antibody-
based PET radioligands. The strategy used within this thesis was to reduce the
size of the antibodies. However, there may be a limit to when this will be
effective, as brain shuttles may be necessary to yield high enough brain con-
centrations, and circulation time also can determine the extent of brain deliv-
ery. An alternative strategy would be to use clearing agents that rapidly target
the circulating antibody for degradation in the liver, thus reducing the half-life
in blood**®. Another promising strategy is pretargeting, a concept based on an
in vivo click reaction between, e.g., a radiolabeled tetrazine and a TCO-mod-
ified antibody””’. The antibody is injected hours or days before the radio-
labeled molecule, which is administered shortly before scanning, thus mini-
mizing the radiation exposure for the patient.

Antibody-based PET radioligands must have enhanced brain delivery to
reach the brain parenchyma to image pathology in CNS diseases. Throughout
this thesis's papers (I-IV), we have shown that TfR-mediated brain delivery is
a robust method to improve brain concentrations of antibody-based proteins.
We have also demonstrated that the delivery of TfR-transported antibodies
could be age-dependent (paper III), likely related to the lower availability of
T1R transcytosis at the BBB or the increased blood cell binding in aged mice.
This is important to highlight since new constructs are often tested first in
young individuals and could result in an overestimation of brain delivery. Fur-
thermore, we evaluated a novel cross-reactive brain shuttle that binds both
mTfR/hT{R in paper IV. Cross-reactivity facilitates translation to clinical use,
and it may be used as a brain shuttle for other targets in the future. Hopefully,
we have moved further toward clinical imaging of AP with antibody-based
PET.

Bispecific antibody-based proteins optimized for PET imaging could be
applied to targets other than AP within the brain, for example, to image neu-
roinflammation markers and other proteins that are increased in AD pathology
or other CNS diseases. It should, however, be kept in mind that antibody-
based ligands to date are limited to imaging of extracellular targets since the
antibodies usually are degraded or recycled after cell internalization.

In conclusion, antibody-based PET has advantages like high selectivity and
the ability to bind other types of targets compared with current PET radiolig-
ands. For intrabrain targets, efficient brain delivery is essential and can be fa-
cilitated by TfR-targeting. A smaller molecular size can improve the pharma-
cokinetics of the antibodies, but it is also crucial to optimize the constructs’
affinity, avidity, and dose.
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Popular Science Summary

Alzheimer’s disease (AD) is the most common dementia. Symptoms include
difficulties with memory, language, disorientation to time and place, and per-
forming everyday tasks. AD is a heavy burden for patients but also families,
caregivers, and society as a whole. The main risk factor for AD is old age. As
the population of elderly increases, the number of AD cases in the world is
expected to increase three-fold by 2050, from around 50 million to 150 mil-
lion.

In the AD brain, senile plaques and neurofibrillary tangles are signs of dis-
ease processes. Senile plaques are produced by aggregation of toxic amyloid-
B (AP) protein. This thesis focuses on how we can measure and visualize A
in the brain.

Positron emission tomography (PET) is a brain scanning method and a cru-
cial tool to help doctors diagnose AD and for researchers to evaluate new
treatments. The PET-imaging agents (radioligands) used today target insolu-
ble AB-plaques. Before the AB-plaques are formed in the brain, smaller solu-
ble aggregates of AP are built up over 15-20 years before clinical symptoms
appear. Evidence points to these soluble pre-stages of AP plaques as the dis-
ease-causing forms. They are believed to be toxic to neurons and worsen other
disease processes in the brain. Today, we cannot image these pre-stages of AP
plaques with PET, although they have become the main target for new anti-
body-based AD treatments. For example, lecanemab, an antibody first devel-
oped at Uppsala University, targets these pre-stages of Ap-plaques.
Lecanemab was recently approved as a drug for AD in the USA.

Our group is developing new radioligands, based on antibodies, that can
bind these small soluble aggregates of AB. Antibodies are 1000 times larger
than a “typical” drug molecule, like aspirin. The higher complexity of mole-
cules like antibodies makes them interact more specifically and stronger with
their target, which is an advantage. They can also be genetically designed in a
laboratory to suit different purposes. For example, they can be made to bind
strongly to two different targets. In this thesis, we produced such antibodies,
called bispecific antibodies.

The drawback of antibodies' large size is that they are not able to cross the
cells between the blood and the brain, the blood-brain barrier (BBB). The
brain is a highly protected organ, where mainly small fat-soluble molecules
can freely enter, or selected nutrients that are needed by the brain, that enter
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via carriers or receptors. One of these essential molecules is iron, which is
transported by a specific receptor called the transferrin receptor (TfR).

By engineering antibodies to bind both the TfR and a target within the
brain, like AP, we can increase the amount of antibody that can reach the brain.
When inside the brain, the antibody can bind to AP; if it is radiolabelled, it can
give us a signal in PET. Increasing brain delivery this way is also known as
the “Trojan Horse” strategy. Just like the greeks hid in a wooden horse to get
into Troy, we are persuading the BBB to let our antibodies enter the brain.

In this thesis, I have evaluated important properties of these bispecific an-
tibodies for their use as radioligands in PET brain imaging. One desirable
property is fast elimination from the blood. This will reduce the background
signal that comes from the blood in the brain. In the first paper, we compared
two antibodies of different size and ability to bind TfR. We concluded that the
smaller format was eliminated earlier from both the blood and the brain. This
means it produced less background signal, since unbound antibody disap-
peared faster. Therefore, we continued developing small-format bispecific an-
tibodies.

In paper II, even smaller antibody-like proteins (affibodies) were evaluated,
which had an even faster elimination in the blood. Bispecific affibodies bound
TfR and entered the brain; however, the binding to AP was not strong enough,
while TfR binding was too strong, and we concluded there was an imbalance
between AP and TR binding.

In Paper III, we compared the large bispecific antibody from paper I, with
its conventional antibody version that lacked T{R binding. The brain concen-
trations of bispecific antibody were higher in young mice than in old mice.
The old mice had less dense signal from the bispecific antibody and lower
levels of TR protein in their brain capillaries. This points to old mice having
less available TfR to shuttle antibodies into the brain than young mice. There
were no differences for the control antibody, which strengthens the hypothesis
that the age difference was related to TfR. There was also a higher tendency
of the antibody to bind to blood cells in old mice compared with young mice.
This led us to believe that old mice had lower availability in the plasma of the
antibody. Overall, these age differences are important because new drugs or
antibodies are often first tested in young individuals, but at the same time, we
usually want to treat an older population with AD. We also don’t know yet if
humans have similar age differences.

In paper IV, we returned to small format antibodies, but this time they were
based on antibodies originally found in llamas. The part of the antibody that
bind the target, the variable domain, is half the size in llamas compared with
normal antibodies, but can still bind strongly. The llama antibodies we used
could target both mouse and human TfR, which helps when we want to move
from animal experiments to human clinical trials. One of the llama antibodies
was promising; it had a high distribution to the brain and was not stuck in the
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blood vessels to the same extent as the other tested antibodies. Most interest-
ingly, it had a fast blood and brain elimination that made it possible to see
differences between wild-type and AD mice only 6 h after injection of the
antibody. Previously, we could only do PET scans 1-3 days after injecting the
antibodies, which is not ideal when PET is used in humans as patients need to
be hospitalized between the time of injection and the scanning. We think that
this llama antibody could be developed into a clinical PET radioligand in the
future.

All in all, in this thesis, we have explored different properties that are im-
portant for TfR-mediated brain delivery of antibodies, and moved closer to
developing an antibody-based PET radioligand for use in AD.
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Popularvetenskaplig sammanfattning

Alzheimers sjukdom (AD) ér den vanligaste typen av demenssjukdom. Sym-
tomen inkluderar svarigheter med minne, sprak, att hitta, att halla reda pa tider
och datum, och andra vardagliga sysslor. AD &r en tung borda for patienter
men ocksé for familjer, vardgivare och samhéllet som helhet. Den frimsta
riskfaktorn for AD &r hog alder. Antalet dldre blir allt hdgre, och det forvéntas
resultera i en trefaldig 6kning av antalet fall av AD, fran cirka 50 miljoner
idag till 150 miljoner ar 2050.

I AD-hjérnan ar senila plack och neurofibrilldra nystan tecken péa sjuk-
domsprocesser. Senila plack bildas genom ansamling av toxiskt amyloid-§
(AP) protein. Denna avhandling fokuserar pa hur vi kan méta och visualisera
AP 1 hjarnan.

Avbildning av den levande hjdrnan med hjélp av positronemissionstomo-
grafi (PET), en hjarnskanningsmetod, &r ett viktigt verktyg som hjilper lakare
att diagnostisera AD och forskare att utvirdera nya likemedel. PET-radioli-
gander kan idag avbilda de olosliga AB-placken i hjdrnan. Sma 16sliga ansam-
lingar av AP byggs dock upp i hjdrnan under 15-20 &r innan symtomen pd AD
blir tydliga. Under de senaste aren har fler bevis pekat mot att dessa 16sliga
forstadier av AB-plack dr de formerna som orsakar sjukdomen. De tros vara
skadliga for neuroner och forvérra andra sjukdomsprocesser i hjirnan. Idag
kan vi inte avbilda dessa forstadier av AB-plack med PET, trots att de har blivit
det huvudsakliga malet for nya antikroppsbaserade AD-behandlingar. Till ex-
empel riktar sig lecanemab, en antikropp som forst utvecklades vid Uppsala
universitet, mot dessa forstadier av AB-plack. Lecanemab blev nyligen god-
ként som lakemedel mot AD i USA.

Var grupp utvecklar nya PET-radioligander, baserade pa antikroppar, som
kan binda dessa sma I6sliga aggregat av APB. Antikroppar dr 1000 ganger storre
dn en Alvedon-molekyl. Den hogre komplexiteten hos antikroppar jamfort
med traditionella likemedelsmolekyler gor att de kan binda mera specifikt och
starkare med sitt mél, vilket &r deras frimsta fordel. De kan ocksé designas
och produceras i ett laboratorium for att passa olika &ndamal. Antikroppar kan
t.ex. modifieras s att de kan binda starkt till tva olika mal. I denna avhandling
producerade vi sddana antikroppar, sé kallade bispecifika antikroppar.

Nackdelen med antikropparnas stora storlek &r att de inte kan passera cel-
lerna mellan blodet och hjirnan, blod-hjarnbarridren. Hjdrnan &ar ett mycket
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skyddat organ, som framst sldpper igenom smaé fettlosliga molekyler, eller ut-
valda niringsimnen som hjdrnan behover. Dessa kommer in via bararmole-
kyler eller receptorer. En av dessa vésentliga molekyler &r jarn, som transpor-
teras av en specifik receptor som kallas transferrin-receptorn (TfR).

Genom att konstruera antikroppar som binder bade TfR och ett mal i hjér-
nan, som AP, kan vi 6ka midngden antikropp som kan na hjirnan. Vil inne i
hjérnan kan antikroppen binda till AB. Om den ocksé dr mérkt med en radio-
aktiv markdr kan den ge oss en signal i PET. Denna strategi for att 6ka anti-
kropps-upptaget till hjarnan &r ocksé kénd som den "trojanska hésten". Precis
som grekerna gomde sig i en trahést for att komma in i Troja, lurar vi hjdrnan
att sldppa igenom vara antikroppar.

I denna avhandling har jag utvérderat viktiga egenskaper hos dessa bispe-
cifika antikroppar for anvindning som radioligander vid hjadrnavbildning med
PET. En 6nskvird egenskap é&r att den snabbt forsvinner (elimineras) fran blo-
det, vilket i sin tur minskar bakgrundssignalen fran blod i malorganet, dvs
hjarnan. I den forsta artikeln jamforde jag tva antikroppar av olika storlekar
och forméga att binda till TfR. Vi drog slutsatsen att antikroppen med det
mindre formatet forsvann tidigare fran bade blodet och hjarnan. Detta innebér
en lagre bakgrundssignal i PET, eftersom obunden antikropp forsvann snabb-
bare. Eftersom det lilla formatet var béttre, sa fortsatte vi att utveckla sma
bispecifika antikroppar.

I artikel IT utvéirderades &nnu mindre antikroppsliknande proteiner (affibo-
dies), som hade en &dnnu snabbare eliminering i blodet. Affibodies som inte
band till TfR kunde inte komma in i hjdrnan sirskilt vdl och binda AP. Bispe-
cifika affibodies kunde binda TfR och komma in i hjdrnan; bindningen till A
var dock inte tillrickligt stark, medan TfR-bindningen var for hog. Vi drog
slutsatsen att det fanns en obalans mellan AB- och TfR-bindning.

I artikel III jamforde jag den stora bispecifika antikroppen frén artikel I,
med en vanlig antikropp utan TfR-bindning. De gamla mossen hade mindre
av den bispecifika antikroppen i sina hjérnor &n unga, och lagre nivéer av T{fR-
protein i hjarnans blodkarl. Detta pekar pa att gamla mdss har mindre méangd
tillgéngligt TfR som kan transportera den bispecifika antikroppen dn unga
moss. Det fanns inga skillnader for kontrollantikroppen som inte binder TR,
mellan gamla och unga mdss, vilket stirker hypotesen att ldersskillnaden var
relaterad till TfR. Det fanns ockséa en hogre tendens hos antikroppen att binda
till blodkroppar hos gamla moss jamfort med unga mdss. Eventuellt kan detta
betyda att det finns farre bispecifika antikroppar tillgéngliga for transport till
hjérnan i gamla moss. Sammantaget &r dessa aldersskillnader viktiga eftersom
nya likemedel eller antikroppar ofta forst testas i unga individer, medan vi
samtidigt vill behandla en dldre population med AD. Vi vet inte heller &n om
det finns samma aldersskillnader hos ménniskor.

I artikel IV atergick vi till antikroppar i smatt format, men den hir gangen
var de baserade pé antikroppar som ursprungligen finns i lamadjur. Den del
av antikroppen som binder malet, den variabla doménen”, &r hélften sé stor i
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lamadjurs antikroppar jamfort med en normal antikropp, men kan fortfarande
binda starkt. Lamaantikropparna vi anviande kunde binda bade mus och human
TR, vilket hjilper nar vi vill gd frin djurexperiment till kliniska provningar i
ménniska. En av lamaantikropparna var lovande; den hade en hog distribution
till hjarnan och satt inte fast i blodkérlen i samma utstrackning som de andra
antikropparna som testades. Mest intressant var dock att den hade en snabb
eliminering i blodet och hjdrnan som gjorde det mojligt att se skillnader mel-
lan vildtyps- och AD-moss efter bara 6 timmar. Tidigare kunde vi bara gora
PET-skanningar 1-3 dagar efter injicering av antikropparna. Det &r inte idea-
liskt for PET 1 médnniska som behover ldggas in pa sjukhus mellan tidpunkten
for injektionen och skanningen. Vi tror att denna lamaantikropp skulle kunna
utvecklas till en klinisk PET-radioligand i framtiden.

Sammantaget har vi i denna avhandling undersokt olika egenskaper som ar
viktiga for upptag av antikroppar i hjdrnan med hjilp av TfR, och kommit
nérmare utvecklingen av en antikroppsbaserad PET-radioligand for anvénd-
ning i AD.
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