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Abstract

Liu, Y. 2026. Affibody Molecule-mediated Radionuclide Therapy of HER2-expressing
Cancers. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 2224. 77 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-2704-4.

Human Epidermal Growth Factor Receptor 2 (HER2) is over-expressed in several cancers,
including breast, gastric, ovarian, and lung cancers. Although HER2-targeted monoclonal
antibodies have improved clinical outcomes, resistance remains a major challenge. Their large
molecular size also limits tumor penetration and leads to prolonged circulation, increasing off-
target toxicity. Affibody molecules offer an attractive alternative due to their small size (~7
kDa), high stability, and strong, specific HER2 binding. Their rapid tumor penetration and fast
blood clearance make them suitable for imaging and Targeted Radionuclide Therapy (TRT).
Therapeutic radionuclides like lutetium-177 and rhenium-188 can be site specifically labeled
with Affibody molecules via conjugated chelators, enabling selective delivery of cytotoxic
radiation to HER2-expressing tumors. A major limitation of Affibody-based TRT is high renal
uptake. Strategies such as non-residualizing labels and fusion with albumin-binding domains
(ABD) aim to improve biodistribution. Non-residualiz-ing labels utilize the slow internalization
of HER2-bound Affibody molecules in tumors while allowing rapid renal clearance, resulting in
higher tumor-to-kidney ratios. ABD fusion prolongs circulation by binding to serum albumin,
reducing renal filtration and enhancing tumor accumulation. These approaches form the basis
of the work summarized in this thesis.

Paper 1 showed that the non-residualizing label, ['*Re]Re-Zyrraa1071 pro-vided favorable
tumor-to-kidney ratios and improved survival in mice without organ toxicity. Paper II evaluated
chelator positioning in ABD-fused constructs and demonstrated that placing DOTA to helix 1
of ABD did not reduce renal uptake. Paper III showed that chemo-enzymatic peptide synthesis
enables production of ABD-fused Affibody molecules with preserved structure, HER2 affinity,
albumin binding, and in vivo targeting. Paper IV demonstrated that ['”’Lu]Lu-ABY-027, alone
or combined with trastuzumab, significantly prolonged survival in xenografted mice, with
combination therapy providing better outcome. Paper V introduced a variant with deimmunized
ABD, PEP49989, which improved biodistribution profile and provided potent therapeutic
efficacy, further enhanced by trastuzumab, with minimal renal and hepatic toxicity.

In conclusion, strategies such as non-residualizing label and ABD fusion enable effective
tumor targeting and therapeutic effects. These advances validate Affibody-based TRT as a
promising complement to existing HER2-directed therapies and provide important design
principles for next-generation radio-pharmaceuticals with improved safety, efficacy, and
translational potential.

Keywords: Aftibody molecule, HER2, targeted radionuclide therapy, tumor targeting,
lutetium-177, rhenium-188, non-residualizing label, albumin-bind-ing domain (ABD)

Yongsheng Liu, Department of Immunology, Genetics and Pathology, Cancer precision
medicine, Dag Hammarskjélds vig 20, Uppsala University, SE-751 85 Uppsala, Sweden.

© Yongsheng Liu 2026

ISSN 1651-6206
ISBN 978-91-513-2704-4
URN urn:nbn:se:uu:diva-572728 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-572728)



To Mia






List of Papers

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

L

IIL.

III.

Iv.

Liu, Y., Vorobyeva, A., Orlova, A., Konijnenberg, M. W., Xu, T., Bra-
gina, O., Loftenius, A., Rosander, E., Frejd, F. Y., Tolmachev, V. (2022)
Experimental Therapy of HER2-Expressing Xenografts Using the Sec-
ond-Generation =~ HER2-Targeting  Affibody  Molecule  '®Re-
ZHER2:41071. Pharmaceutics, 14(5):1092.

Liu, Y., Vorobyeva, A., Xu, T., Orlova, A., Loftenius, A., Bengtsson, T.,
Jonasson, P., Tolmachev, V., Frejd, F. Y. (2021) Comparative Preclinical
Evaluation of HER2-Targeting ABD-Fused Affibody® Molecules '"’Lu-
ABY-271 and '""Lu-ABY-027: Impact of DOTA Position on ABD Do-
main. Pharmaceutics, 13(6):839.

Liu, Y., Giiler, R., Liao, Y., Vorobyeva, A., Widmark, O., Meuleman,
T. J., Koijen, A., van den Bos, L. J., Naasz, R., Bodenko, V., Orlova, A.,
Ekblad, C., Tolmachev, V., Frejd, F. Y. (2022) Biologic Evaluation of a
Heterodimeric HER2-Albumin Targeted Affibody Molecule Produced
by Chemo-Enzymatic Peptide Synthesis. Pharmaceutics, 14(11):2519.

Liu, Y., Xu, T., Vorobyeva, A., Loftenius, A., Bodenko, V., Orlova, A.,
Frejd, F. Y., Tolmachev, V. (2023) Radionuclide Therapy of HER2-Ex-
pressing Xenografts Using ['’Lu]Lu-ABY-027 Affibody Molecule
Alone and in Combination with Trastuzumab. Cancers, 15(9):2409.

Liu, Y., Oroujeni, M., Liao, Y., Vorobyeva, A., Bodenko, V., Orlova,
A., Konijnenberg, M., Carlqvist, M., Wahlberg, E., Loftenius, A., Frejd,
F.Y., Tolmachev, V. (2024) Evaluation of a Novel '”’Lu-Labelled Ther-
apeutic Affibody Molecule with a Deimmunized ABD Domain and Im-
proved Biodistribution Profile. European Journal of Nuclear Medicine
and Molecular Imaging, 51(13):4038—4048.

Reprints were made with permission from the respective publishers.



Publications Not Included in This Thesis

IL.

III.

Iv.

VL

Tolmachev, V., Vorobyeva, A., Rosly, A. H. B., Garousi, J., Liu, Y.,
Griaslund, T., Papalanis, E., Schulga, A., Konovalova, E., Orlova, A., De-
yev, S. M., Oroujeni, M. (2025) Targeting of Epithelial Cell Adhesion
Molecule-Expressing Malignant Tumors Using an Albumin-Binding
Domain-Fused Designed Ankyrin Repeat Protein: Effect of the Molecu-
lar Architecture. [International Journal of Molecular Sciences,
26(11):5236.

Oroujeni, M., Westerlund, K., Papalanis, E., van Deventer, A., Liu, Y.,
Clinton, J., Wang, Z., Zelepukin, 1., Orlova, A., Tolmachev, V., Eriksson
Karlstrom, A. (2025) Designed Ankyrin Repeat Protein-Mediated Pep-
tide Nucleic Acid-Based Pretargeting: A Proof-of-Principle Study. Jour-
nal of Nuclear Medicine, 66(7):1105-1111.

Lundmark, F., Vorobyeva, A., Liu, Y., Lindbo, S., Xu, T., Oroujeni, M.,
Rinne, S. S., Rosenstrom, U., Garousi, J. (2024) Reduction of Renal Ac-
tivity Retention of Radiolabeled Albumin Binding Domain-Derived Af-
finity Proteins Using a Non-Residualizing Label Strategy Compared
with a Cleavable Glycine-Leucine-Glycine-Lysine-Linker. Molecular
Medicine Reports, 29(2):32.

Zhang, X., Li, M., Ye, S., Shen, K., Yuan, H., Bakhtyar, S., Peng, Q.,
Liu, Y., Wang, Y., Li, M., Zhang, C., Wang, Y., Bai, X., Liu, S., Zhao,
K., Shen, B., Repsilber, D., Hu, G., Zhang, H., Sun, X. F. (2023) CBD2:
A Functional Biomarker Database for Colorectal Cancer. iMeta,
3(1):el55.

Oroujeni, M., Bezverkhniaia, E. A., Xu, T., Liu, Y., Plotnikov, E. V.,
Klint, S., Ryer, E., Karlberg, 1., Orlova, A., Frejd, F. Y., Tolmachev, V.
(2023) Evaluation of Affinity-Matured Affibody Molecules for Imaging
of the Immune Checkpoint Protein B7-H3. Nuclear Medicine and Biol-
ogy, 124-125:108384.

Dahlsson Leitao, C., Mestre Borras, A., Xu, T., Oroujeni, M., Liu, Y.,
Westerberg, C., Clinton, J., Tolmachev, V., Orlova, A., Stéhl, S., Voro-
byeva, A., Lofblom, J. (2023) Conditionally Activated Affibody-Based
Prodrug Targeting EGFR Demonstrates Improved Tumour Selectivity.
Journal of Controlled Release, 357:185-195.



VIL

Yin, W., Xu, T., Ding, H., Zhang, J., Bodenko, V., Tretyakova, M. S.,
Belousov, M. V., Liu, Y., Oroujeni, M., Orlova, A., Tolmachev, V.,
Grislund, T., Vorobyeva, A. (2023) Comparison of HER2-Targeted Af-
fibody Conjugates Loaded with Auristatin- and Maytansine-Derived
Drugs. Journal of Controlled Release, 355:515-527.

VIIIL Oroujeni, M., Bezverkhniaia, E. A., Xu, T., Liu, Y., Plotnikov, E. V.,

IX.

XI.

XII.

Karlberg, I., Ryer, E., Orlova, A., Tolmachev, V., Frejd, F. Y. (2022)
Evaluation of an Affibody-Based Binder for Imaging of Immune Check-
point Molecule B7-H3. Pharmaceutics, 14(9):1780.

Garousi, J., Xu, T., Liu, Y., Vorontsova, O., Hober, S., Orlova, A., Tol-
machev, V., Graslund, T., Vorobyeva, A. (2022) Experimental HER2-
Targeted Therapy Using ADAPT6-ABD-mcDM1 in Mice Bearing
SKOV3 Ovarian Cancer Xenografts: Efficacy and Selection of Compan-
ion Imaging Counterpart. Pharmaceutics, 14(8):1612.

Liu, Y., Yu, S., Xu, T., Bodenko, V., Orlova, A., Oroujeni, M., Rinne,
S. S., Tolmachev, V., Vorobyeva, A., Graslund, T. (2022) Preclinical
Evaluation of a New Format of ®®Ga- and '''In-Labeled Affibody Mole-
cule ZIGF-1R:4551 for the Visualization of IGF-1R Expression in Ma-
lignant Tumors Using PET and SPECT. Pharmaceutics, 14(7):1475.
Xu, T., Liu, Y., Schulga, A., Konovalova, E., Deyev, S. M., Tolmachev,
V., Vorobyeva, A. (2022) Epithelial Cell Adhesion Molecule-Targeting
Designed Ankyrin Repeat Protein-Toxin Fusion Ec1-LoPE Exhibits Po-
tent Cytotoxic Action in Prostate Cancer Cells. Oncology Reports,
47(5):94.

Oroujeni, M., Tano, H., Vorobyeva, A., Liu, Y., Vorontsova, O., Xu, T.,
Westerlund, K., Orlova, A., Tolmachev, V., Karlstrom, A. E. (2022) Af-
fibody-Mediated PNA-Based Pretargeted Cotreatment Improves Sur-
vival of Trastuzumab-Treated Mice Bearing HER2-Expressing Xeno-
grafts. Journal of Nuclear Medicine, 63(7):1046-1051.

XIII. Deyev, S. M., Xu, T., Liu, Y., Schulga, A., Konovalova, E., Garousi, J.,

Rinne, S. S., Larkina, M., Ding, H., Grislund, T., Orlova, A., Tolmachev,
V., Vorobyeva, A. (2021) Influence of the Position and Composition of
Radiometal and Radioiodine Labels on Imaging of EpCAM Expression
in a Prostate Cancer Model Using the DARPin Ecl. Cancers,
13(14):3589.

XIV.Tano, H., Oroujeni, M., Vorobyeva, A., Westerlund, K., Liu, Y., Xu, T.,

Vasconcelos, D., Orlova, A., Karlstrom, A. E., Tolmachev, V. (2021)
Comparative Evaluation of Novel '""Lu-Labeled PNA Probes for Af-
fibody-Mediated PNA-Based Pretargeting. Cancers, 13(3):500.

XV. Vorobyeva, A., Oroujeni, M., Lindbo, S., Hober, S., Xu, T., Liu, Y.,

Rinne, S. S., Garousi, J. (2020) Investigation of a Pharmacological Ap-
proach for Reduction of Renal Uptake of Radiolabeled ADAPT Scaffold
Protein. Molecules, 25(19):4448.






Contents

INErOAUCION .....eiieiiiiiiicci et ettt et e eeaeeearee s
Chapter I Cancer and Cancer Therapy ........ccccevevevevercieecieecieeieeneenieenenens
Chapter I1 HER2 as a Therapeutic Target.........ccceevvevververvencrennenneennens
Chapter III Affibody molecules and albumin-binding domain (ABD)........
Chapter IV Radionuclide therapy using rhenium-188 (**Re) and
TULEtTUM=177 (F7711) ittt ettt et e e

AN OF THIS TRESIS. ...ttt e e e e e e e e eeraeeeeeeeeeeas

1Y 70510 T (] Lo - 2SRRI
Production of Affibody molecules ...........cccceviiriiniiiiiiiiiieeeeeee,
Radiolabeling with Re-188 and Lu-177 .....c.ccccevievievcieniieieeeeeeeeeen
Cll TINES..e ettt et seeenee e
IN VIO STUAIES ...eontieiiiiieiiiiee ettt
Ethical permits.........cccveeiiiieiiieciie ettt e
In Vivo biodiStribULION .....cc.eeruieriiiiieieeieee et
Therapy STUAIES .....eeveeeieiiiiieieeie ettt ettt sttt et eeeens

The Present INVeStiZation.........c.veeeuiierciieeiieeriiesiee e siee e sreeeeeeesvee s

Paper I Experimental Therapy of HER2-Expressing Xenografts

Using the Second-Generation HER2-Targeting Affibody Molecule

RE-ZHERZ2:AT07 Lot seeeenes
Background and AiM..........cceecvevierciinciieiieieee e
RESULILS ..ot
Discussion and Conclusion...........c.ccecerieeerenierieneeee e

Paper II Comparative Preclinical Evaluation of HER2-Targeting

ABD-Fused Affibody® Molecules '""Lu-ABY-271 and '""Lu-ABY-

027: Impact of DOTA Position on ABD Domain..........cccccceeviverveneennen.
Background and AiM..........cceecveeieeciieciienieniesee e eie e
RESULILS ..
Discussion and Conclusion...........c.cceceeuieriereeieieneeee e

Paper III Biologic Evaluation of a Heterodimeric HER2-Albumin

Targeted Affibody Molecule Produced by Chemo-Enzymatic

Peptide SYNthesis.......c.ovcieriieiiiiecieee ettt
Background and AiM..........cccecuveviierieniierienieere e
RESUILS .t
Discussion and Conclusion...........ceccevieiererienenieese e



Paper IV Radionuclide Therapy of HER2-Expressing Xenografts

Using ['""Lu]Lu-ABY-027 Affibody Molecule Alone and in

Combination with Trastuzumab.............ccooceiiriiniiiinieeeeee e
Background and @ims ...........ccccueevveeivieciieiienienee e
RESUILS e
Discussion and Conclusion...........coccecerireenieneniieneneeneneneeneneeeenne

Paper V Evaluation of a novel '""Lu-labelled therapeutic Affibody

molecule with a deimmunized ABD domain and improved

biodiStribUtion Profile .....iivvieriieciiecieciecre e
Background and Al ..........cccveiviiieiiieeiie e
RESUILS ..o
Discussion and Conclusion.............cceeeevieeieeeciieeciee e

Concluding remMArksS .........cccccviiiieiiieiicieiesie e re e eee
FUture PerspectiVe.......cecvieuieiieiieciieee ettt ettt
ACKNOWIEAGMENTS......eccuviieiieiiieiictiesieciee et ete et seeeseaeseveesbeesbeesseens

RETETENCES ..o



Abbreviations

ABD
ADC
ATCC
BC
BTC
CEPS
CT
DOTA
DNA
EDTA
EGFR
EMA
FDA
GC
GEJ
HCC
HEDP
HER
HER2
HER3
HER4
HSA
iTLC
Lv.
Kp
LC-MS
LET
mAb
MSA
NMPA
NSCLC
PBS
PD-1

Albumin binding domain

Antibody-drug conjugate

American Type Culture Collection

Breast cancer

Biliary tract cancer

Chemo-Enzymatic Peptide Synthesis
Computed tomography
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
Epidermal growth factor receptor
European Medicines Agency

Food and Drug Administration

Gastric cancer

Gastroesophageal junction
Hepatocellular carcinoma
Hydroxyethylidene diphosphonate

Human epidermal growth factor receptor
Human epidermal growth factor receptor 2
Human epidermal growth factor receptor 3
Human epidermal growth factor receptor 4
Human serum albumin

instant thin layer chromatography
Intravenous injection

Dissociation equilibrium constant

Liquid chromatography-mass spectrometry
Linear energy transfer

Monoclonal antibody

Mouse serum albumin

National Medical Products Administration
Non-small cell lung cancer
Phosphate-buffered saline

Programmed cell death protein 1



PD-L1
PDGFRJ
p.i.
PMDA
PNA
RIT
RC48-ADC
s.C.
SPECT
SPR

TKI

TRT
T-DM1
T-DXd
VEGFR2
-GGGC
%ID/g
%ID

Programmed Cell Death Ligand 1
Platelet-derived growth factor receptor 3
Post-injection

Pharmaceuticals and Medical Devices Agency
Peptide nucleic acid

Radioimmunotherapy

Disitamab Vedotin

Subcutaneous injection

Single-photon emission computed tomography
Surface Plasmon Resonance

Tyrosine kinase inhibitor

Targeted radionuclide therapy
Ado-trastuzumab emtansine

Fam-trastuzumab deruxtecan-nxki

Vascular endothelial growth factor receptor 2
Glycyl-glycyl-glycyl-cysteinyl

Percent injected dose per gram

Percent injected dose



Introduction

Chapter I Cancer and Cancer Therapy

Cancer remains one of the most pressing global health challenges. According
to the most recent estimates, nearly 20 million new cases and 10 million deaths
occurred worldwide in 2020, making cancer the second leading cause of death
after cardiovascular diseases [1]. The fundamental problem in cancer therapy
lies in the heterogeneity and adaptability of malignant cells. Tumors evolve
mechanisms to evade immune surveillance, repair DNA damage, and resist
apoptosis, making them difficult to eradicate with conventional treatments [2].
Current therapeutic options include surgery, which is often curative in local-
ized disease; radiotherapy, which uses external beams of ionizing radiation to
kill cancer cells; and systemic therapies such as chemotherapy. Each modality
has its own advantages and limitations. The main limitations of surgery and
radiotherapy are that they are generally applicable to localized tumors. How-
ever, when the disease has disseminated and spread to several locations, sys-
temic treatment is required to reach all of them. Chemotherapy, as a part of
conventional systemic treatments, often has limited efficacy, as the doses re-
quired for cancer eradication are associated with significant toxicity [3, 4].

Over the last two decades, precision medicine approaches have reached the
oncology practice. They include therapies that are directed specifically to mo-
lecular targets, which are often mutated, amplified or overexpressed proteins
present in higher amounts in cancer cells compared to normal cells. Selected
examples of targeted therapies include monoclonal antibodies, tyrosine kinase
inhibitors, and immune checkpoint inhibitors, all of which have provided re-
markable survival benefits for patients [5]. Still, tumors in many patients fail
to respond to targeted therapy because cancer cells frequently develop re-
sistance by acquiring additional mutations or by developing alternative sig-
naling pathways. In addition, some patients might not respond due to the ab-
sence of specific molecular targets, while some might respond only partially
due to heterogeneity of target expression in the tumor [6]. Recent break-
throughs in immunotherapy, such as the development of PD-1 inhibitors, have
expanded the range of treatment options and shown anti-tumor responses in
patients with different tumor types. However, they still benefit only a fraction
of patients [7].
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These challenges highlight the need for the development of novel therapies
that combine molecular precision with potent cytotoxic effects. Targeted ra-
dionuclide therapy (TRT) is one such modality. By coupling a cytotoxic radi-
onuclide with a carrier molecule that is specific to the molecular target ex-
pressed on tumor cells, TRT delivers lethal absorbed dose directly to malig-
nant cells while sparing or reducing damage to healthy tissues. Unlike small-
molecule inhibitors or antibodies that act by blocking signaling pathways,
TRT uses ionizing radiation to induce DNA damage, making cancer cells less
prone to developing resistance mechanisms [8]. Furthermore, the ability of
some radionuclides to co-emit therapeutic - or a-particles and y- or positron-
emitting photons enables theranostics, an approach that combines therapy
with imaging and personalized dosimetry [9].

Chapter I1 HER2 as a Therapeutic Target

Human epidermal growth factor receptor 2 (HER2, encoded by the ERBB2
gene) is a transmembrane receptor tyrosine kinase belonging to the human
epidermal growth factor receptor (HER) family, together with EGFR, HER3,
and HER4. HER?2 lacks a known natural ligand, but it functions as a preferred
dimerization partner for other HER family members. Formation of these di-
mers leads to potent activation of downstream signaling pathways that regu-
late cell growth, survival, and proliferation [10]. HER2 is expressed at a low
level on normal epithelial cells in gastro-intestinal, respiratory, reproductive,
urinary tract, skin and breast [11]. Overexpression or amplification of HER2
occurs in approximately 15-30% of breast cancers, 10-30% of gastric/gas-
troesophageal cancers, and 20-30% of ovarian cancers [12]. Its amplification
is strongly associated with aggressive tumor biology, poor prognosis and re-
duced overall survival for patients with HER2-positive cancers [13].

The clinical use of HER2 as a therapeutic target was established with the
development of trastuzumab in 1998. Trastuzumab is a humanized monoclo-
nal antibody that binds to the extracellular domain IV of HER2, preventing its
dimerization and mediating antibody-dependent cellular cytotoxicity [14].
Other HER2-directed therapies have been developed, including pertuzumab,
another monoclonal antibody that blocks HER2 dimerization, receptor tyro-
sine kinase inhibitors (TKI), as well as antibody-drug conjugates (ADCs),
with selected examples presented in Table 1.
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Table 1. Selected examples of globally approved HER2-targeted therapies.

Name Trade name | Drug | Indication Approval Year of
Type Agency first ap-
proval
Trastuzumab | Herceptin® | mAb | HER2+ BC; | FDA  (US), | 1998
HER2+ GC EMA (EU),
PMDA  (Ja-
pan), NMPA
(China)
Pertuzumab | Perjeta®™ mAb | HER2+ BC | FDA, EMA, | 2012
PMDA
Margetuxi- Margenza® | mAb | HER2+ BC FDA 2020
mab-cmkb
Zanidatamab | Ziihera® mAb | HER2+ BTC | FDA; EMA,; | 2024
NMPA
Lapatinib Tykerb® TKI | HER2+BC FDA, EMA, | 2007
PMDA
Neratinib Nerlynx® TKI | HER2+ BC FDA, EMA 2017
Tucatinib Tukysa® | TKI | HER2+BC | FDA,EMA | 2020
Pyrotinib Irene® /| TKI | HER2+ BC NMPA 2018
Hengrui®
Ado- Kadcyla® ADC | HER2+ BC FDA, EMA, | 2013
trastuzumab PMDA
emtansine (T-
DM1)
Fam- Enhertu® ADC | HER2+ BC; | FDA, EMA, | 2019
trastuzumab HER2-low PMDA
deruxtecan- BC; HER2-
nxki (T-DXd) mutant
NSCLC;
HER2+ GC
and GEJ car-
cinoma
Disitamab Aidixi® /| ADC | HER2+ GC | NMPA 2021
Vedotin Vedicitum® and GEJ car-
(RC48-ADC) cinoma

Abbreviations: ADC: antibody-drug conjugate; BC: breast cancer; BTC: biliary tract
cancer, EMA: European Medicines Agency; FDA: Food and Drug Administration;
GC: gastric cancer; GEJ: gastroesophageal junction; mAb: monoclonal antibody;
NMPA: National Medical Products Administration; NSCLC: non-small cell lung can-
cer; PMDA: Pharmaceuticals and Medical Devices Agency; TKI: tyrosine kinase in-
hibitor.
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However, resistance will develop with application of anti-HER2 therapies
through multiple mechanisms, such as downregulation or structural alteration
of HER2, activation of alternative signaling pathways, and impaired internal-
ization [15]. It limits the application of conventional HER2-targeted modali-
ties and emphasize the need for alternative strategies to bypass such escape
pathways. HER2 is an attractive target for TRT due to the combination of
several factors. It is localized on the cell surface, facilitating target recognition
and binding of ligands. When overexpressed, it is present on cancer cells in
high amount (millions of receptors per cell), enabling efficient delivery of
therapeutic radionuclides. Additionally, its limited expression in normal tis-
sues may be mitigated by approaches that saturate HER2 in normal tissues but
not in tumors. Altogether, these features support the use of HER2 as target for
radionuclide therapy, enabling high tumor uptake and minimizing radiation
exposure of normal tissues.

Chapter III Affibody molecules and albumin-binding
domain (ABD)

Affibody molecules are a class of engineered scaffold proteins derived from a
three-helix bundle structure (Figure 1) containing 58 amino acids, with a mo-
lecular weight of approximately 6-7 kDa [16]. By combinatorial randomiza-
tion of 13 amino acid positions in helices one and two, a library of Affibody
molecules was constructed, followed by molecular display and biopanning
against desired targets. Affibody molecules binding specifically to various
molecular targets, such as HER2, EGFR, HER3, VEGFR2, and PDGFR},
have been generated, with the dissociation equilibrium constant (Kp) in the
pM range, demonstrating high affinities (Table 2) [17].
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Figure 1. Schematic representation of (A) Aftibody molecule Zugr> (PDB: 2KZJ) and
(B) ABD (in red) associated to albumin (in green) (PDB: 2VDB). Structures were
adjusted from PDB database.

Table 2. Examples of Affibody molecules and affinities to their targets, arranged from
highest to lowest affinity.

Molecular target Affibody variant Kb

HER2 ZHER2:342 22 pM [18]
VEGFR2 ZveGrr2-Bp2 30 pM [19]
HER3 ZHER3:08698 50 pM [20]
PDGFRp ZPDGFRB:09591 92 pM [21]
EGFR ZEGFR:2377 342 pM [22]

Affibody molecules combine small size, high chemical and thermal stability,
and straightforward recombinant or peptide synthesis production, which
makes them more favorable alternatives to antibodies and antibody fragments
for molecular imaging, targeted therapy and theranostic applications [17]. Af-
fibody molecules targeting HER2 were was successfully labeled with '''In and
%8Ga, and evaluated in phase I/II clinical trials, showing an excellent visuali-
zation of HER2-positive metastases in patients with breast cancer [23, 24].
However, after a fast excretion through the kidneys, Affibody molecules are
reabsorbed in the proximal tubuli, which leads to high renal absorbed doses
[25]. This is considered as a major limitation for therapeutic applications of
Affibody-based radionuclide therapies. The commonly utilized methods for
reducing renal uptake of radiolabeled peptides, such as pre- or co-
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administration of cationic amino acids or Gelofusine, did not reduce the renal
uptake of Affibody molecules [26].

One possible approach to solve this problem is to apply pretargeting, a two-
step administration, which separates target recognition and radionuclide de-
livery [27]. Pretargeting involves administering a target-specific primary
agent carrying a recognition tag. Then a radiolabeled secondary agent that in-
teracts with this tag will be injected, once the primary agent has accumulated
in tumors and been cleared from non-tumor tissues. HER2-targeted radionu-
clide therapy using Affibody molecule-based pre-targeting system, Zngro:342-
SR-HP1/['”Lu]Lu-HP2, has shown that the renal uptake was 5-fold lower
than that in tumor. It also demonstrated significantly increased median sur-
vival of mice bearing HER2-expressing xenografts (66 days for the pretarget-
ing group compared to 32 days for ['"’Lu]Lu-HP2 only) [28]. However, this
approach still has its limitations, such as multiple injections, clearance time
for the primary agent and regulatory complexity. Therefore, alternative ap-
proaches for decreasing renal uptake of radiolabeled Affibody molecules need
to be developed.

A characteristic feature of anti-HER2 Affibody molecules is their slow in-
ternalization by cancer cells [29]. At the same time, their internalization and
catabolism in the kidneys is rapid. This indicates the feasibility of using non-
residualizing radiolabels, such as radioiodine, technetium-99m or rhenium-
188, for Affibody molecules. The rationale is that the accumulation of radio-
nuclides in tumors relies more on a stable binding of a radiolabeled Affibody
molecule to its target on the cellular membrane than on the retention of radio-
catabolites within the cells. In the kidneys, Affibody molecules undergo rapid
internalization, resulting in rapid release of a non-residualizing label from
them. As a result, a few hours after injection of an Affibody molecule carrying
a non-residualizing label, its tumor uptake significantly surpasses the uptake
in the kidneys, thereby holding the potential for radionuclide therapy [30, 31].

Another effective strategy to overcome high kidney uptake is fusion of Af-
fibody molecules with albumin-binding domain (ABD) for prevention of their
glomerular filtration and extension of half-life in blood circulation. ABD is a
three-helix motif consisting of 46 amino acids and binds reversibly to serum
albumin (Figure 1) with high affinity [32]. Human serum albumin (HSA), with
a molecular weight of 66.5 kDa, is the most abundant protein in blood circu-
lation (50-60% of total plasma protein, 35-50 g/L in humans), with an average
half-life of three weeks [33]. The binding of ABD-fused Affibody molecules
to albumin leads to the formation of a large complex with a molecular weight
of around 80 kDa, which is above the kidney filtration barrier of 60 kDa. In
this case, blood retention of Affibody molecules is enhanced, leading to
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increased accumulation in tumor and increase of the absorbed dose to tumor
[17]. This strategy was first demonstrated in 2007 by Tolmachev et al. using
dimerized first generation Affibody molecule Zugr2:342, labeled with lutetium-
177. This construct resuled in significantly increased blood retention and re-
duced kidney uptake [34]. The conjugate containing the second generation
Affibody molecule Zngr2:2891 and ABDyss has demonstrated improved biodis-
tribution to deliver lutetium-177 [35] or cytotoxic drug DMI1 to tumor xeno-
grafts in mice [36]. The efficacy and safety of using ABD to extend the blood
circulation of Affibody molecules has been demonstrated in clinical trials. Af-
fibody molecule izokibep targeting interleukin-17A showed good tolerance
and efficacious treatment in patients in phase II studies [37, 38].

Building on these findings, the current thesis investigates two strategies to
reduce kidney uptake during targeted radionuclide therapy using Affibody
molecules targeting human HER2. In Paper I, we investigated the use of a
non-residualizing rhenium-188 label, and in Papers II-V, we applied modifi-
cation of pharmacokinetics by fusing Affibody molecules to ABD, and studied
their biodistribution, tumor-targeting properties, and anti-tumor effects in
vivo. The abbreviated structures of Affibody molecules and their conjugates
used in Papers I-V are presented in Table 3.

Table 3. Designation and abbreviated structures of Affibody molecules used in Papers
I-V.

Designation Abbreviated structure Radionu- | Paper

clide
ZHER2:41071 ZnERr2:41071-GGGC Re-188 Paper [
ABY-027 Zuer2:2891-ABD-DOTA Lu-177 Paper II, Paper IV
ABY-271 Zugr2:2891-ABD(-DOTA) resid- | Lu-177 Paper 1T
(PEP41121) ual 76!
PEP40233 DOTA-Zuer2:2891-ABD Lu-177 Paper 111
PEP49989 Z1ER2:2891-ABD*-DOTA? Lu-177 Paper V

'For ABY-271, a unique cysteine was introduced in position 76 of the Zugr:2801-ABD
fusion corresponding to the cysteine 14 position of the ABD molecule, and DOTA
chelator was conjugated to this cysteine. 2For PEP49989, ABD* denotes a deimmun-
ized variant of ABD.
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Chapter IV Radionuclide therapy using rhenium-188
(**Re) and lutetium-177 (*’"Lu)

TRT is an emerging therapeutic modality that combines the high specificity
of molecular targeting with the cytotoxicity of ionizing radiation from radio-
nuclides. The effectiveness of TRT depends not only on the molecular design
of the targeting agent and its pharmacokinetics, but also on the physical and
chemical properties of the radionuclides [39]. When selecting a radionuclide
for TRT, it is important to consider types of decay, energy of emitted particles,
physical half-life, and suitable chelators for stable radiolabeling, as well as
their conjugation to the targeting molecules. Biological factors related to ab-
sorbed doses to tumor compared to normal organs and tissues, radiosensitiv-
ity, and response to radiation define the therapeutic outcome of TRT in vivo
[40].

Alpha-, beta-particles and Auger electrons emitted from different radionu-
clides can be used to irradiate tumor cells in TRT [41]. Auger electrons have
medium linear energy transfer (LET) (4-26 keV/um) but the short path length
(2-40 pm) limits their efficacy to single cells, and usually requires delivery of
radionuclides in close proximity to the nucleus. Alpha-particles have a longer
path length (50-100 um) than Auger electrons and higher LET (80 keV/um),
making them suitable for the treatment of micro-metastases. Beta-particles have
lower LET (~0.2 keV/um) than alpha particles and Auger electrons, they are
used for the treatment of medium to large tumors and metastases, depending on
their pathlength (up to 12 mm). The physical half-life of the radionuclide also
needs to be considered when developing radiopharmaceuticals for TRT, since it
has to be matched with the biological half-life of the targeting molecule. The
properties of radionuclides for use in TRT are presented in Table 4.
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Table 4. Selected examples of radionuclides for TRT (adapted from Stokke C et al.
[42] and MIRDspec isotope database).

Radio- | Half-life | Decay | Maximum Average Max range | Photon radia-
nu- mode | particle en- | particle en- in tissue tion, keV
clide ergy ergy
“Cu 2.58d B 561 keV 136 keV 2.0 mm 185 (44%)
0y 2.67d B 2.28 MeV 932 keV 10.8 mm -
131 8.02d B 810 keV 182 keV 3.3 mm 364 (82%)
161Th 691d B, Au- | 593keV (B) | 154keV (B | 2.1 mm (B) | 49 (17%), 75
ger 3-50 keV ) 0.5 pm (Au- (10%)
(Auger) ger)
7Ly 6.65d B 498 keV 134 keV 1.7 mm 208 (11%)
188Re 169h B 2.12 MeV 762.6 keV 10.1 mm 155 (15%)
2WAEL | 721h a - 25MeV | <100 pm 78 (33%)
(o)
22Ra 11.43d o 5.8 MeV <100 um 141 keV
(o)
25Ac 9.92d o - 5.9 MeV <100 pm 218 keV!
(o) (11.44%)
227Th 18.68 d o - 6.0 MeV <100 um 236 keV
(o) (12.9%)

Iphoton emitted by its daughter francium-221.

Among the clinically relevant and commercially available therapeutic radio-
nuclides, rhenium-188 (%8Re) and lutetium-177 (*’Lu) were selected for stud-
ies in this thesis. '*Re is a high-energy - emitter (Egmax) = 2.12 MeV) with a
relatively short physical half-life of 16.9 hours, making it suitable for the treat-
ment of small to medium-sized tumors. During its decay, gamma rays are also
released with an energy of 155 keV, enabling SPECT imaging for dosimetry
purposes. Importantly, '8Re can be conveniently obtained from an inexpen-
sive and long-lived tungsten-188/ rhenium-188 generator. Rhenium-188 has
similar radiochemistry to technetium-99m, which allows the use of well-es-
tablished chelators for stable attachment to targeting molecules. Clinically,
rhenium-188 has been used with hydroxyethylidene diphosphonate (HEDP)
for bone pain palliation in patients suffering from metastases due to breast and
prostate cancer [43]. '®8Re-labeled antibodies were evaluated in clinical trials
for radioimmunotherapy (RIT) in the treatment of leukemia [44] and meta-
static melanoma [45]. '®*Re-Lipiodol has been investigated in clinical studies
for the therapy of hepatocellular carcinoma [46].

Lutetium-177 emits medium-energy [~ particles (Epmax) = 497 keV) and
has a relatively long half-life of 6.7 days, making it highly suitable for the
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treatment of small metastatic lesions or disseminated tumors. It also emits
low-energy y quanta (113 keV and 208 keV), permitting SPECT imaging and
monitoring during therapy. The versatile 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) chelator makes radiolabelling with lutetium-
177 straightforward and stable, enabling the development of a wide range of
peptide- and protein-based radiopharmaceuticals. Clinically, two radiophar-
maceuticals with lutetium-177 were approved by the FDA and EMA and suc-
cessfully applied for radionuclide therapies, such as '’Lu-DOTATATE (Lu-
tathera®) for neuroendocrine tumors [47] and '""Lu-PSMA-617 (Pluvicto®)
for metastatic prostate cancer [48], both of which have demonstrated signifi-
cant survival benefits.

From the biological perspective, the main mechanism of action behind TRT
is causing DNA damage. Once the radionuclide-labeled targeting agent binds
to its specific molecular target on cancer cells, the emitted ionizing radiation
reaches the cell nucleus and deposits energy. This causes double-strand breaks
and clustered DNA lesions, which are often difficult to repair and often lead
to apoptosis or necrosis [49]. In addition, B- or a-particles emitted from a de-
caying radionuclide in one cell can travel short distances and irradiate neigh-
boring tumor cells, so called cross-fire effect, which enables effective irradia-
tion even in heterogeneous tumors [42]. This is particularly beneficial for
bulky or poorly vascularized lesions. Furthermore, unlike chemotherapy, TRT
has a minimal potential to cause resistance. This is because its cytotoxicity
comes from physical energy deposition rather than biochemical effect with
specific cellular pathways [50]. These biological advantages make TRT a
powerful therapeutic approach, achieving both targeted precision and effec-
tive cancer cell eradication within the tumor microenvironment.

The physical and biological properties of radiolabeled targeting molecules
allow for optimization of the treatment time window and radiation dose dis-
tribution according to their biological kinetics. To make radionuclide therapy
effective in vivo, several critical parameters must be evaluated before clinical
application. The desired characteristics for the therapy to be effective include
high tumor uptake and retention, rapid clearance from non-target tissues, and
favorable tumor-to-organ ratios. These properties need to be studied through
preclinical and clinical pharmacokinetic and biodistribution studies [40].
Comprehensive dosimetry evaluation is essential to estimate the absorbed
doses delivered to both tumors and normal organs. Dosimetry could help to
not only predict therapeutic efficacy but also ensure the safety of patients by
identifying dose-limiting organs [51]. The primary dose-limiting organs in
TRT are the bone marrow, kidneys, and liver, due to their high radiosensitivity
and involvement in metabolism and excretion of radiopharmaceuticals.
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Selection of the optimal treatment regimen depends on dosimetry calculations.
Fractionated or multiple-cycle regimens are commonly applied to maximize
tumor dose delivery while allowing normal tissue repair between cycles. The
number and frequency of treatment cycles are determined based on patient-
specific dosimetry, tumor response, and cumulative toxicity limits to achieve
maximal therapeutic effect with minimal side effects [52].

For Affibody-based therapeutics, both '¥Re and !'"Lu are attractive
choices. Importantly, Affibody molecules are chemically robust and free from
cysteines. This allows introduction of a cysteine at a defined position for a
site-specific conjugation with different chelators for labeling with therapeutic
radionuclides. Affibody molecules generally have a stable molecular structure
and predictable refolding after heating, which enables labelling in harsh con-
ditions, such as high temperature or pH far from physiological pH. Together,
the combination of these advantages of Affibody molecules and therapeutic
effect of radionuclides, '**Re and '""Lu, provides a powerful platform for de-
veloping next-generation agents for TRT.
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Aim of This Thesis

The aim of this thesis was to develop and optimize HER2-targeting Affibody
molecules for radionuclide therapy of cancer, to have a potent antitumor effect
and minimal uptake in normal organs and tissues, especially in the kidneys.
For this purpose, several approaches for molecular design were applied to se-
lect the most promising variant for further clinical translation.

As high renal reabsorption represents the main limitation for Affibody mol-
ecule-based radionuclide therapy, two approaches were evaluated to over-
come this problem. The first approach was investigated using a non-residual-
izing rhenium-188 label to promote rapid clearance of radioactivity from the
kidneys (Paper I). The second approach was to investigate fusion of Affibody
molecules with ABD for extension of their circulation in blood and reduce
renal uptake (Papers II-V).
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Methodology

Production of Affibody molecules

Affibody molecules were produced and characterized by the biotechnological
company Affibody AB (Solna, Sweden). The authenticity of Affibody mole-
cules was confirmed by mass spectrometry, and purity was confirmed using
liquid chromatography-mass spectrometry (LC-MS).

Radiolabeling with Re-188 and Lu-177

Radiolabeling approach enabled characterization and quantification of func-
tional properties of Affibody molecules both in vitro and in vivo. For labeling
with Re-188, a cysteine-containing peptide-based chelator, -GGGC, was po-
sitioned at the C-terminus of Affibody molecules. For labeling with Lu-177,
Affibody molecules were coupled to a macrocyclic chelator DOTA (Figure
2). Both methods enable site-specific labeling and have earlier been applied
to Affibody molecule-based radiopharmaceuticals that demonstrated excellent
binding properties and a favorable biodistribution profile [35, 53].
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Figure 2. Schematic structure of ['®¥Re]Re-Zugr2:41071-GGGC carrying a non-residu-
alizing label and ['""Lu]Lu-Znugr22801-ABD-DOTA carrying a residualizing label.

For labeling of Affibody molecule Zigr2:41071 with Re-188 in Paper I, a freeze-
dried kit containing 1 mg of tin(Il) chloride dihydrate, 5 mg of gluconic acid
sodium salt and 100 pg of EDTANay, was dissolved in 1.25 M sodium acetate,
pH 4.2, and added to 100 pg of Zuer241071. The mixture was incubated with
18%Re-containing generator eluate at 70 °C for 60 min. The purification was
performed using either a size-exclusion NAP-5 column, or an Oasis HLB 1 cc
Vac Cartridge, depending on the volume of added eluate. For labelling of
ABD-fused Affibody molecules with Lu-177 (in Papers 11 to V), they were
incubated with '”’LuCl; in acetate buffer at 65 °C for 30 min. The labeled
conjugates were purified using NAP-5 columns, if needed. Radiochemical
yield and purity were analyzed using instant thin layer chromatography
(iTLC). The stability of the labeled compounds was evaluated by incubation
with 500-fold molar excess of ethylenediaminetetraacetic acid (EDTA) or
phosphate-buffered saline (PBS) at 37 °C for 60 min.
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Cell lines

Cancer cell lines (Table 5) used for in vitro and in vivo assays were obtained
from American Type Culture Collection (ATCC) and cultured according to its
recommendations.

Table 5. Cell lines used in the studies.

Cell line HER?2 status HER?2 receptors per cell
SKOV3 Over-expressing 1.6 x 10° [54]
BT474 Over-expressing 0.7 x 10° [55]
SKBR3 Over-expressing 1.0 x 10° [55]
BxPC3 Low/intermediate 1.1 x 10*[56]
MDA-MB-468 Negative 1.2 x 103[57]
Ramos Negative -

Note: the number of receptors per cell showed above were saturation assay for
SKOV3, BT474, and SKBR3; quantitative immune-fluorescence indirect assay for
BxPC3; and FACS analysis for MDA-MB-468.

In vitro studies

The binding specificity assay was performed to evaluate if the binding of Af-
fibody molecules to cells is saturable and HER2-mediated. In the experiment,
cells in the blocking group were pre-incubated with a 500-fold molar excess
of unlabeled Affibody molecules to saturate HER2 receptors. Thereafter, all
cells were incubated with radiolabeled compounds. After incubation, the
cells were washed and detached using trypsin-ethylenediaminetetraacetic
acid (EDTA) solution (0.25% trypsin, 0.02% EDTA). The percentage of
cell-associated activity in blocking and non-blocking groups was calculated
and compared.

The binding affinity of Affibody molecules to HER2, HSA, and mouse se-
rum albumin (MSA) was measured by our collaborators at Affibody AB using
Surface Plasmon Resonance (Biacore 8K, Cytiva, Uppsala, Sweden).

The affinity of radiolabeled Affibody molecules to living HER2-expressing
cells was measured using LigandTracer instruments (Ridgeview Instruments
AB, Uppsala, Sweden). Cells were cultured on one side of an 89 mm Petri
dish. The other side served as a reference area without cells. A radio-labeled
ligand was then added to the dish. The LigandTracer instrument rotated to
alternately measure signal from the cell area and the reference area. As the
ligand bound to receptors on the cells, the signal intensity increased. The in-
strument recorded this change continuously, capturing the association phase.
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After a period, the ligand solution was replaced with complete media to initi-
ate the dissociation phase. The signal decreased as the ligand unbound from
the receptors. The resulting binding curve (signal vs. time) was analyzed to
extract kinetic parameters: Association rate constant (ka): how quickly the lig-
and binds. Dissociation rate constant (kd): how quickly it unbinds. Affinity
(Kp): calculated as kd/ka, indicating binding strength.

Cellular processing and internalization assay was performed in the pres-
ence of HSA using a modified acid wash method [29]. Cells were incubated
with radiolabelled compounds at 37 °C. At pre-determined time points (usu-
ally 1, 2, 4, 8 and 24 h), cells were washed and then treated with 0.2 M glycine
buffer containing 4 M urea, pH 2.0, for 5 min on ice. The glycine buffer was
then collected and the activity was measured and considered as membrane-
bound activity. Thereafter, cells were incubated with 1 mL of 1 M NaOH at
37 °C for 20 min and collected. The measured activity was considered as an
internalized activity.

Ethical permits

The animal experiments were planned in agreement with EU Directive
2010/63/EU for animal experiments and Swedish national legislation concern-
ing the protection of laboratory animals, and the studies were approved by the
local Ethics Committee for Animal Research in Uppsala, Sweden. The permits
were: permit C4/16, 26 February 2016 (Paper II), and permit 5.8.18-
11931/2020, 28 August 2020 (Paper L, IIL, IV and V).

In vivo biodistribution

To investigate the biodistribution and targeting properties of radiolabelled Af-
fibody molecules targeting HER2, biodistribution studies were performed in
female BALB/C nu/nu mice bearing SKOV3 xenografts. To establish xeno-
grafts, 10’ SKOV3 cells were injected subcutaneously on the hind leg of mice.
The experiments were performed about 3 weeks after implantation. In all bi-
odistribution experiments, typically 4 mice per group were used. HER2-low
or -negative xenografts were established by injection of BxPC3 (Paper III),
or Ramos (Paper I, I and V) cells in order to investigate if the binding of
radiolabelled Affibody molecules to xenografts was HER2-expression de-
pendent in vivo. As shown in Table 6, mice were injected intravenously with
radiolabeled Affibody molecules. At pre-determined time points, mice were
euthanized by an intraperitoneal injection of anaesthesia. Blood, tumors, and
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tissues/organs of interest were excised, weighed and their activity was meas-
ured by an automatic gamma spectrometer (Wizard, Perkin Elmer). The tissue
uptake values were calculated as the percentage of injected dose per gram of
the sample (%ID/g), while the stomach, intestines, and carcass uptake, were
calculated as the percentage of injected dose (%ID) per whole sample.

Table 6. Summary of injected compounds, protein mass, activity used in biodistribu-
tion studies.

Protein Injected Dissection
Pa- Construct Mw mass per activity per | time points
per (kDa) P Y P P
mouse mouse pi.
I ['#¥Re]Re-ZuEr2:41071 6.7 10 pg 270 kBq L 4288%24’
4,24, 48,
['"Lu]Lu-ABY-271 12.5 10 ng 260 kBq 72,168, 336
1l h
['""Lu]Lu-ABY-027 12.6 10 pg 260 kBq 48,168 h
['77Lu]Lu-ABY-025 7.6 5 g 260 kBq 48 h
- ['"7Lu]Lu-PEP40233 12.5 10 pg 270 kBq 48 h
['"7Lu]Lu-ABY-025 7.6 5pug 260 kBq 48 h
v [""7Lu]Lu-ABY-027 12.6 10 pg 270 kBq 48 h
4,24, 48,
v ['"7Lu]Lu-PEP49989 12.5 10 png 270 kBq 72, 168, 336
h
Therapy studies

In Papers I, IV and V, experimental therapy studies were performed using
female BALB/C nu/nu mice bearing SKOV3 xenografts to evaluated the ther-
apeutic efficacy and efficiency of radiolabelled Affibody molecules targeting
HER2. Mice were subcutaneously implanted on the abdomen with
107 SKOV3 cells. The treatment started one week after implantation.
Throughout the experiments, tumor volumes and body weights were measured
twice per week. The largest longitudinal (length) and transverse (width) diam-
eter were measured by the calliper, and the tumor volume (V) was calculated
by the formula: V = 1/2 x (length x width?). Mice were euthanized if any of
the following humane endpoints were reached: when the tumor volume ex-
ceeded 1000 mm?>; when bleeding ulcerations were observed; when overall
weight loss was over 15% or when the weight loss was more than 10% within
one week. According to the ethical permit, the study was terminated, and all
mice were euthanized 90 days after the first injection. To analyse data,

29



survival curve was plotted by Prisma GraphPad and difference was compared
by Log-rank (Mantel-Cox) test. The difference of therapy outcomes was de-
termined using ’-test. When mice were euthanized, kidneys and livers were
collected, fixed with formalin, and stored in 70% ethanol at 4 °C. The pathol-
ogy examination was performed by an experienced animal pathologist to eval-
uate histopathological changes in those organs. The detailed information of
experimental therapy studies is summarized in Table 7 and the schematic il-
lustration of therapy studies in Paper IV and V are shown in Figure 3 and 4.

Table 7. Summary of treatment groups, injected compounds, protein mass, activity
injection route and frequency in therapy studies.

Protein | Injected
mass activity In-
Pa- Treatment groups per per jected Injection Dosing fre-
per mouse | mouse vol- route quency
each each ume
time time
['®Re]Re- 16
5ug
ZHER2:41071 MBq ..
Non-labeled 150 . Three injec-
I iv. tions with two-
ZHER2:41071 CON- S5pug pL davi
ay intervals
trol
Vehicle control
i.v. for the 1st week, and then
Vehicle control s.c. weekly for 5 consecutive

weeks

1.v. for the 1st week, then s.c.
20 ug weekly with vehicle for 5 con-
secutive weeks.

Non-labeled
ABY-027 control

1.v. for the 1st week, then s.c.

177 . .
[T Lu]Lu-ABY 20 pg 20 weekly with vehicle for 5 con-
027 MBq .
secutive weeks.
100 4 mg/kg for
v 4 uL the 1st week
mg/kg and then with
Trastuzumab and 2 s.C. 2 mg/ke for 5
mg/kg consecutive
weeks
; S 1177 _ 2
20 pg + i.v. with ['""Lu]Lu-ABY-027
['7Lu]Lu-ABY- 4 and s.c. of trastuzumab 4
20 mg/kg for the 1st week, then
027 + mg/kg .
MBq s.c. weekly with 2 mg/kg of
trastuzumab and 2 )
trastuzumab for 5 consecutive
mg/kg
weeks.
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Vehicle control

4
Trastuzumab mg/kg
and 2
mg/kg
['Lu]Lu- 10 21
PEP49989 single K& | MBq
['77Lu]Lu- 0 21
PEP49989 double H& | MBq
10 pg +
[""7Lu]Lu- 4 21
PEP49989 + mghkg | o
trastuzumab and 2 4
mg/kg

100
pL

1.v. for the 1st week, and then
s.c. weekly for 5 consecutive
weeks

4 mg/kg for
the 1st week
and then with
2 mg/kg for 5
consecutive
weeks

S.C.

1.v. for the 1st week, then s.c.
weekly with vehicle for 5 con-
secutive weeks.

i.v. on day 1 and day 29, and
s.c. with vehicle as other
groups

i.v. with ['77Lu]Lu-PEP49989
and s.c. of trastuzumab 4
mg/kg for the 1st week, then
s.c. weekly with 2 mg/kg of
trastuzumab for 5 consecutive
weeks.
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Figure 3. Schematic illustration of the timing of the interventions in therapy experi-
ment in Paper IV.
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Figure 4. Schematic illustration of the timing of the interventions in therapy experi-
ment in Paper V.
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The Present Investigation

Paper I Experimental Therapy of HER2-Expressing
Xenografts Using the Second-Generation HER2-
Targeting Affibody Molecule '**Re-ZHER2:41071

Background and Aim

Earlier studies have demonstrated that radiolabeled Affibody molecules with
non-residualizing properties have stronger retention in tumors than in kidneys.
Rinne et al. showed that radioiodine-labelled Affibody, which is a typical non-
residualizing label, provided higher tumor-to-kidney ratio and maintaining ef-
ficient tumor retention compared with residualizing radiometal labels [58].
Surprisingly, some **Tc-based labels also have non-residualizing property.
For example, Wallberg et al. previously demonstrated that *™Tc-labeled anti-
HER2 Affibody molecule containing C-terminal -GGGC chelator, designated
as ZHER2:V2, has higher accumulation in tumors than renal uptake [59]. The
second-generation anti-HER2 Affibody molecule, *™Tc-Zugr241071, With -
GGGC chelator at C-terminus, which has better thermal and chemical stability
and enhanced hydrophilicity, showed the same low renal retention of activity
as the **"Tc-ZHER2:V2 [31]. Rhenium is a chemical analogue of technetium
and rhenium-188 emits beta-particles with high energy (Epmax =2.1 MeV, Tip
= 17 h), which makes it suitable for radionuclide therapy. Since **Tc and
'88Re are chemically similar, the chelators used for *™Tc labeling might also
be used for '**Re labeling and provide similar biodistribution properties [60].

Our hypothesis was that '**Re-labeled second-generation anti-HER2 Af-
fibody molecule, Zigr2:41071, would have similar properties of binding and bi-
odistribution as ZHER2:V2, and it would be a potential therapeutic agent for
the treatment of HER2-expressing malignant tumors. To test the hypothesis,
Zugr2:41071 Was labeled with rhenium-188, and in vitro characterization was
performed in HER2-expressing SKOV3 and SKBR3 cell lines. In vivo biodis-
tribution and therapeutic effect of ['**Re]Re-Znrra.41071 Was studied in Balb/c
nu/nu mice bearing SKOV3 xenografts. SPECT/CT imaging of HER2 expres-
sion in mice from therapy and control groups was performed using [**™Tc]Tc-
Zugr2:41071 at day 35.
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Results

Labeling of Zugr2:41071 With thenium-188 provided a radiochemical yield of
more than 98% (n=8). Purification using an Oasis HLB Cartridge provided the
radiochemical purity of 99 + 1%. In vitro studies confirmed that ['**Re]Re-
Zuer2:410m1 specifically bound to HER2-expressing cells, with high affinity
(dissociation constant at equilibrium (Kp) was 5 + 3 pM). Cellular processing
profile showed that the cellular uptake and retention of ['®*Re]Re-
ZHER2:2395, which has a residualizing label, was higher at the late time point
than [188Re]Re—ZHER2;41071 with a non-residualizing label. Slow internalization
was observed for both variants in SKOV3 and SKBR3 cells, with less than
15% at 24 h (Figure 5).

Data concerning the biodistribution of ['**Re]Re-Zngr2:.41071 showed a rapid
clearance from blood and normal organs, including kidneys. Tumor uptake
was 31 + 4 %ID/g at 1 h after injection, already higher than the uptake in the
majority of organs and similar to renal uptake. In the later time points, tumor
uptake remained high while accumulation in the kidneys reduced rapidly.
Starting from 4 h p.i., uptake in the tumor was more than 8-fold higher than in
kidneys (Figure 6). Dosimetry calculation based on biodistribution data
showed the absorbed dose to tumor was 3-fold higher than to the kidneys and
suggested an injected activity of 16 MBq per therapy cycle for 3 cycles.
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Figure 5. Binding and cellular processing of !'®®Re-labeled Zpugrosiom and
ZHER2:2395 by HER2-expressing SKOV3 (A) and SKBR3 (B) cells. Data are pre-
sented as an average (n = 3) value + standard deviation (SD).
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Figure 6. (A) Biodistribution of ['*®Re]Re-Zygr2.41071 in Balb/c nu/nu mice bearing
HER2-expressing SKOV3 xenografts. Data are presented as an average (n = 4) value
+ SD. (B) Imaging of Balb/c nu/nu mice bearing HER2-positive SKOV3 xenografts
using ['®Re]Re-Zugr241071 at 1 and 4 h after injection. The scale is linear, showing
arbitrary units normalized to a maximum count rate.

Experimental therapy study using ['**Re]Re-Zugrr2:41071 showed a reduction of
tumor volume starting from day 19 after the first injection. At this time point,
the mean tumor volume in the treatment group was significantly smaller (p <
0.05) than that in two control groups (one treated with vehicle, another with
non-labeled Zugr241071) (Figure 7). Treatment with ['**Re]Re-Zngraa1071 ex-
tended median survival to 68 days, which was significantly longer (p <
0.0001) than that in control groups (29 days for the vehicle group, 27.5 days
for the non-labeled Affibody group) (Figure 8). There was no significant dif-
ference in the average animal body weight between the treatment group and
the control group. The pathology examination suggested no liver and kidney
toxicity of the treatment regimes. SPECT/CT imaging of mice using
[*™Tc]Tc-Zugra4107 enabled visualization of HER2 expression during treat-
ment, and was correlated with the outcome of the therapy (Figure 9).
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Figure 7. The growth of individual tumors in mice treated with (A) ['**Re]Re-

Zuer2:41071 (three times with 5 pg, 16 MB(q), (B) non-labeled Zggr2:41071 (three times
with 5 pg), and (C) vehicle.
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Figure 8. The survival of mice treated with ['®*Re]Re-Zugr241071, non-labeled
ZHER2:41071, and vehicle.

Figure 9. The SPECT-CT imaging using [**"Tc]Tc-Zugra:41071 of mice with different
tumor sizes after treatment with ['%Re]Re-ZHER2:41071 at day 35 after first injec-
tion. The scale is linear showing arbitrary units normalized to a count rate in kidneys.
The arrows with the letter “T” point to the tumors, and the arrows with the letter “K”
point to the kidneys.

Discussion and Conclusion

The anti-HER2 Affibody molecule, ZHER2:V2, with C-terminal -GGGC che-
lator, labeled with *™Tc [59] or '**Re [53] has demonstrated excellent tumor
targeting as well as low activity accumulation in kidneys. The second-gener-
ation of Affibody molecule, Zugr2:41071, was produced with better stability and
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lower immunogenic potential. Radiolabeled Zygr2.41071 With **™Tc was evalu-
ated and demonstrated similar targeting properties and biodistribution as
[*Tc]Tc-ZHER2:V2, while ['**Re]Re-Zugr241071 has not been evaluated so
far.

This study showed that Zugro1071 can be efficiently labeled with '**Re,
providing sufficient radiochemical yield and purity for clinical translation.
Binding of ["**Re]Re-Zurra41071 to HER2-expressing SKOV3 and SKBR3
cells was clearly HER2-mediated. Cellular processing evaluation of
['**Re]Re-Zurra41071 showed its lower cellular retention compared with a
counterpart containing a residualizing label, ['**Re]Re-ZHER2:2395, suggest-
ing a non-residualizing property. In the biodistribution study, a pre-saturation
of Na/l symporters by cold iodide was needed to reduce the uptake of metab-
olites of ['®Re]Re-Znukr2.41071 in the salivary gland. In vivo biodistribution of
['**Re]Re-Zurra41071 revealed rapid clearance of activity from all organs, in-
cluding the kidney, which is important to enable delivery of sufficient ab-
sorbed dose to the tumor without exceeding the dose limitation to normal or-
gans. Three injections of 16 MBq of ['**Re]Re-Znugr2:41071 provided a signifi-
cant delay of tumor growth, with a median survival of 68 days, compared with
treatment with vehicle, 29 days, and with non-labeled Zugr2:41071, 27.5 days.
The injected dose was well-tolerated by treated animals, since no abnormal
behavior and severe loss of body weight was observed and histopathology ex-
amination did not reveal any pathological changes in the liver and kidneys.

In conclusion, the experimental radionuclide therapy using ['**Re]Re-
Zuer2:410m1 enabled the enhancement of survival of mice bearing human tumors
without toxicity to the critical organ, the kidney.
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Paper II Comparative Preclinical Evaluation of HER2-
Targeting ABD-Fused Affibody® Molecules '"’Lu-
ABY-271 and ""Lu-ABY-027: Impact of DOTA
Position on ABD Domain

Background and Aim

As mentioned earlier, fusion of the Affibody molecule with ABD is one of the
potential ways to reduce the renal uptake. In further studies, a targeting agent,
Zuer2:2891-ABD-C-DOTA, denoted as ABY-027, has been developed based on
the second generation of Affibody scaffold [35]. The versatile chelator DOTA,
conjugated at the C-terminus of ABD, enabled site-specific labelling with a
short-range beta emitter, lutetium-177. In the animal studies, ['""Lu]Lu-ABY-
027 demonstrated a further reduction of renal and hepatic uptake compared
with the first generation conjugate, ['"’Lu]Lu-CHX-A”-DTPA-ABD-
(Zur2:342)2. Meanwhile, a high tumor uptake of ['7’Lu]Lu-ABY-027 has re-
mained.

It was demonstrated that the biodistribution of radiolabeled Affibody mol-
ecules can be affected by the label position [61, 62]. It was also reported that
helix one of ABD is not involved in the binding of ABD to albumin [63].
Therefore, we had the hypothesis that the position of a chelator on helix one,
away from the albumin binding site, would reduce the interference of a chelate
with albumin binding and decrease the renal uptake by stronger binding to
albumin. To test the hypothesis, a cysteine was introduced at the position 76
of the Zugr2:2891-ABD fusion and the DOTA chelator was conjugated to the
cysteine for site-specific labeling (further denoted ABY-271) (Figure 10).
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Figure 10. Structures of ['’Lu]Lu-ABY-271 and ['""Lu]Lu-ABY-027. The red line
marks the segment of ABD where amino acids interacting with albumin are located.

ABY-271 was labeled with lutetium-177, and studied in vitro using HER2-
expressing SKOV3 and BT474 cells, and in vivo in SKOV3 xenograft-bearing
Balb/c nu/nu mice. Targeting properties and biodistribution of ['"’Lu]Lu-
ABY-271 were evaluated and compared with the properties of ['"’Lu]Lu-
ABY-027 in the same batch of xenograft-bearing mice. In order to evaluate
the effect of fusion of Zugra2s01 with ABD, the biodistribution of ['""Lu]Lu-
ABY-271 was compared with ['"’Lu]Lu-ABY-025, which contained the same
Affibody molecule and was conjugated to the same DOTA chelator but with-
out fusion with ABD.

Results

ABY-271, ABY-027 and ABY-025 were labeled with lutetium-177 and puri-
fied using NAP-5 size-exclusion columns if needed, to get labeled compounds
with high radiochemical purity (over 95%). In vitro stability data suggested
that the labeling of ABY-271 with lutetium-177 was stable both under the
EDTA challenge and during the incubation with human serum. In vitro spec-
ificity assay demonstrated that the binding of '""Lu-labeled ABY-271 and
ABY-027 to HER2-expressing SKOV3 and BT474 cells was HER2-mediated
both in the presence and absence of HSA (Figure 11). The Kp of binding of
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radiolabeled compounds to SKOV3 cells was in the sub-nanomolar range in
the presence and absence of HSA (Table 8). Cellular retention profile showed
a similar pattern for both variants in the presence of HSA. Over 85% of cell-
associated activity remained after 24 h of interrupted incubation, with slow
internalization (26% in SKOV3 and 16% in BT474) (Figure 12).
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Figure 11. In vitro specificity test for !"’Lu-labeled ABY-271 and ABY-027 on
SKOV3 and BT474 cells in absence and in the presence of HSA. The data are pre-
sented as an average value from 3 samples + SD.

Table 8. InteractionMap evaluation of the affinity of !”’Lu-labeled ABY-271 and
ABY-027 binding to HER2-expressing SKOV3 cells in the presence and absence of
HSA.

Kbi (pM) Kbz (nM)
['7Lu]Lu-ABY-271 + HSA 321+ 66 13.3 + 2.9 (29-39%) (n=5)
['"Lu]Lu-ABY-271 no HSA 131 +£31 24.3+2.7 (10-12%) (n=5)
['7Lu]Lu-ABY-027 + HSA 674 %29 11.5+ 0.7 (28%) (n=2)
['""Lu]Lu-ABY-027 no HSA 516 +47 17.0 + 4.6 (15%) (n=2)
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Figure 12. Cellular processing of ['7’Lu]Lu-ABY-271 (A, B) and ['7"Lu]Lu-ABY-027
(C, D) on SKOV3 and BT474 in the presence of HSA after interrupted incubation
(average of 3 samples = SD).

Tumor uptake of ['”’Lu]Lu-ABY-271 in HER2-positive SKOV3 xenografts
was significantly (p < 0.0005) higher than that in HER2-negative Ramos xen-
ografts, which indicates specific binding of ['"’Lu]Lu-ABY-271 in vivo (Fig-
ure 13). The uptake of ['”’Lu]Lu-ABY-271 was 18-fold lower in kidney and
450-fold higher in blood compared with the uptake of ['"’Lu]Lu-ABY-025 at
48 h after injection (Figure 14). Biodistribution of ['”’Lu]Lu-ABY-271 in
Balb/c nu/nu mice bearing SKOV3 xenografts demonstrated slow clearance
from the blood, with a biological half-life of 28 h. The tumor uptake of
['Lu]Lu-ABY-271 at 24 h p.i. was 18.2 + 3.9 %ID/g, and was already higher
than the uptake in blood and other organs and tissues.
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Figure 13. (A): In vivo binding specificity of [!"’Lu]Lu-ABY-271 in Balb/c nu/nu
mice bearing SKOV3 and Ramos xenografts at 48 h after injection. Results of ex vivo
measurements are presented as %ID/g + SD. (B): Imaging of ['""Lu]Lu-ABY-271 in
Balb/c nu/nu mice bearing SKOV3 and Ramos xenografts at 48 h after injection.
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Figure 14. (A): Uptake of radioactivity at 48 h after injection of '”’Lu-labeled ABY -
271 and ABY-025 in SKOV3 xenograft bearing mice (average of 4, %ID/g = SD).
(B): Imaging of distribution of ['”’Lu]Lu-ABY-271. (C): Imaging of distribution of
[M""Lu]Lu-ABY-025 (full scale). (D): Imaging of distribution of ['""Lu]Lu-ABY-025
(the scale is adjusted to the first red pixels in tumor).

The comparison of the biodistribution of '”’Lu-labeled ABY-271 and ABY-
027 in HER2-expressing SKOV3 xenografts showed that tumor uptake of
['"Lu]Lu-ABY-027 was significantly higher (p < 0.005) than ['”’Lu]Lu-
ABY-271, while renal uptake of ['"’Lu]Lu-ABY-027 was lower (p < 0.0001)
than ['7’Lu]Lu-ABY-271 at 48 h p.i.. The uptake of ['"’Lu]Lu-ABY-027 in
the kidney was significantly lower (p < 0.0001) than ['""Lu]Lu-ABY-271 at
168 h p.i., while tumor uptake of ['"’Lu]Lu-ABY-027 and ['"'Lu]Lu-ABY-
271 were the similar (Figure 15).
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Figure 15. (A): The comparison of biodistribution of '7’Lu-labeled ABY-271 and
ABY-027 in HER2-expressing SKOV3 xenograft-bearing Balb/c nu/nu mice at 48
and 168 h after injection. (B): Imaging of SKOV3 xenografts bearing mice injected
with '""Lu-labeled ABY-271 and ABY-027 at 48 h after injection.

Discussion and Conclusion

Affibody molecules can be considered as potential ligands for both targeted
radionuclide imaging and therapy applications due to their small size, high
specificity and affinity to the targeted receptors expressed on the cell mem-
brane of malignant tumors. However, their high renal reabsorption limits the
application of radiometal-labeled affibody molecules. One promising way to
solve this problem is to fuse Affibody molecules to ABD, which binds to se-
rum albumin in the circulation, in order to increase the size of the whole com-
plex and extend the circulation time in the blood, aiming for reduction of the
uptake in the kidney. In the previous study, an ABD fused Affibody molecule,
ABY-027, labeled with lutetium-177, has demonstrated good properties of bi-
odistribution in mice, suggesting that it is possibly appropriate for radionu-
clide therapy. In this study, a newly designed Affibody molecule fused to
ABD, ABY-271, was developed, with a DOTA chelator conjugated on helix
one of ABD. The aim of this study was to evaluate the targeting properties of
['"Lu]Lu-ABY-271 and compare them with ['”’Lu]Lu-ABY-027 in the same
batch of mice bearing HER2-positive xenografts.

Site-specific labeling of Affibody molecules with lutetium-177 created the
feasibility to evaluate their in vitro and in vivo characteristics. The labeling
and purification methods provided ['7’Lu]Lu-ABY-271 with high radiochem-
ical purity and high stability. Specific binding of both ['”’Lu]Lu-ABY-271 and
['"Lu]Lu-ABY-027 to HER2-positive cells was confirmed in the presence
and absence of HSA. LigandTracer measurements demonstrated binding to
HER2-expressing cells with low nanomolar range affinity, which would be
sufficient for in vivo targeting. Cellular retention profile showed a similar pat-
tern in the presence of HSA for both variants. The major proportion of cell-
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associated activity was membrane-bound, and a slow internalization was ob-
served (less than 30% in 24 hours).

The results of the in vivo specificity test confirmed the new construct,
['""Lu]Lu-ABY-271, targeted HER2-positive SKOV3 xenografts specifically.
Fusion of the Affibody molecule, Zugro.2801, with ABD increased its retention
in the blood and its tumor-to-kidney ratio. This was demonstrated by the com-
parison of the biodistribution of ['”’Lu]Lu-ABY-271 and ['”’Lu]Lu-ABY-025
and confirmed by the imaging of biodistribution in mice model at 48 h p.i..
The biological half-life of ABY-271 was 28 h, which increased more than 50-
fold compared to the half-life of 0.5 h of ABY-025 [64]. The uptake of
['”Lu]Lu-ABY-271 in the tumor exceeded uptake in any other organs at 24 h
p.i. and afterwards. However, the tumor-to-kidney ratio of ['"’Lu]Lu-ABY-
271 was lower than three at any time point.

The comparison of the biodistribution of '""Lu-labeled ABY-271 and
ABY-027 showed that the tumor-to-kidney ratio of ['”’Lu]Lu-ABY-271 was
lower than that of ['"’Lu]Lu-ABY-027. This suggests that ['"’Lu]Lu-ABY-
271 is less effective than ['""Lu]Lu-ABY-027 in delivering high-absorbed
doses to tumors while minimizing high doses to the critical organ, the kidney.
This comparison showed that the position of the DOTA chelator on ABD af-
fected the biodistribution of ABD-fused Affibody molecules. In some previ-
ous studies, a similar positioning of a chelator on helix 3, further away from
the binding site, was applied to Affibody molecules and showed non-affected
affinity but a reduction of tumor uptake [62, 65]. One possible reason is that
the placement of a chelator on helix one undermines the structural stability of
the proteins in vivo. This results in rapider dissociation from albumin and re-
duced concentration in blood leading to lower tumor uptake.

To conclude, '"Lu-labeled ABD-fused anti-HER2 Affibody molecule,
ABY-271, specifically binds to HER2-expressing cells, and its targeting prop-
erties and biodistribution were suitable for radionuclide therapy. However, it
is less effective than ['""Lu]Lu-ABY-027 for delivering high doses to tumors
while avoiding high doses to kidneys. Even minor modifications in the mo-
lecular design of Affibody molecules, as small as positioning of DOTA che-
lator on the ABD, had a critical impact on the biodistribution properties. The
positioning of the DOTA chelator at C-terminus of the anti-HER2 Affibody-
ABD fusion protein is preferable compared to the position at 76 on the helix
1 of the albumin-binding moiety.
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Paper III Biologic Evaluation of a Heterodimeric
HER2-Albumin Targeted Affibody Molecule Produced
by Chemo-Enzymatic Peptide Synthesis

Background and Aim

Affibody molecules, with small size (molecular weight 6.5 kDa) and high
specificity and high affinity to their targets, were considered suitable ligands
for radionuclide imaging and therapy. They can be produced both recombi-
nantly and by chemical synthesis [66]. An anti-HER2 Affibody molecule has
demonstrated a capability to effectively target and localize metastatic lesions
in patients with HER2-expressing breast cancer [24]. As mentioned earlier,
fusion of Affibody molecules with ABD has been demonstrated reduced renal
uptake, due to binding of the fusion protein to the albumin in the host’s circu-
lation. So far, ABD-fused Affibody molecules were produced recombinantly,
because it would be a challenge to synthesize such a large polypeptide (> 100
aa). Chemo-Enzymatic Peptide Synthesis (CEPS) might be an option to syn-
thesize small peptide fragments separately and then ligate them using an en-
gineered protein ligase called Omniligase [67].

This study aimed to investigate the hypotheses that a heterodimeric com-
plex, containing an Affibody molecule and ABD, could be successfully pro-
duced using CEPS and this heterodimer would maintain a strong affinity for
both HER2 and albumin, exhibit prolonged circulation time, and demonstrate
specific targeting of HER2-expressing xenografts in a murine model. To test
the hypothesis, a construct denoted as PEP40233, was produced using CEPS
based on an anti-HER2 Affibody molecule, Zngr2:2501, with a DOTA chelator
at the N-terminus and an ABD at the C-terminus. PEP40233 was radiolabeled
with lutetium-177, and its targeting properties were evaluated both in vitro
and in vivo. To assess the impact of fusion with ABD, the biodistribution of
['""Lu]Lu-PEP40233 was compared to that of ['""Lu]Lu-ABY-025, which
contains the same Affibody molecule conjugated with DOTA chelator but
without ABD.

Results

The labeling of PEP40233 with '”’Lu was rapid and efficient, providing a ra-
diochemical yield of over 98% after 30 min. In vitro binding of ['""Lu]Lu-
PEP40233 to SKOV3 and BxPC3, with HER2-expression at high and low lev-
els, respectively, was significantly lower (p < 0.05) after saturating HER2 re-
ceptors, both in the presence and absence of HSA (Figure 16). The affinity of
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binding ['""Lu]Lu-PEP40233 to SKOV3 in the presence of HSA was the in
sub-nanomolar range.

Biodistribution of ['""Lu]Lu-PEP40233 in mice bearing SKOV3 xenografts
with a high HER2-expression, showed that the highest uptake among normal
organs was in the kidneys at 48 h p.i. and uptake in the tumor was 1.6-fold
higher than in the kidneys. Significantly lower (p < 0.05) tumor uptake than
renal uptake was observed in BxPC3 xenografts with low HER2-expression.
Activity accumulated in SKOV3 xenografts was significantly higher (p <
0.05) than that in BxPC3 xenografts (Figure 17A). Biodistribution of
['""Lu]Lu-PEP40233 showed significantly lower (9.4-fold, p <5 x 10°) renal
uptake compared with ['”’Lu]Lu-ABY-025 in SKOV3 bearing xenografts.
The retention of ['”’Lu]Lu-PEP40233 in the blood was 265-fold higher than
that of ['""Lu]Lu-ABY-025. However, no significant (p > 0.05) difference was
observed between tumor uptake of '"’Lu-labeled PEP40233 and ABY-025
(Figure 17B). SPECT/CT imaging of ['7’Lu]Lu-PEP40233 in a mouse bearing
SKOV3 xenograft at 48 h p.i. was in agreement with the biodistribution data
(Figure 18).
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Figure 16. In vitro specificity of [!"’Lu]Lu-PEP40233 binding to (A) SKOV-3 and (B)
BxPC3 cells in the presence and absence of HSA. Block refers to pre-saturation of
HER2 receptors with unlabeled PEP40233. The data are presented as an average value
from 3 samples + SD.
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Figure 17. Biodistribution at 48 h p.i. (A) Biodistribution of [!”’Lu]Lu-PEP40233 in
Balb/c nu/nu mice bearing SKOV3 and BxPC3 xenografts. The data show higher ac-
cumulation in xenografts with higher HER2 expression. (B) Comparison of biodistri-
bution of ['""Lu]Lu-PEP40233 and ['’Lu]Lu-ABY-025 in SKOV3 bearing xeno-
grafts. The data show clear reduction in the renal uptake and extension of residence
in circulation for ['7’Lu]Lu-PEP40233. Data are presented as an average value from
four mice + SD.
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Figure 18. SPECT/CT imaging of mouse bearing SKOV3 xenograft 48 h p.i. of
[1""Lu]Lu-PEP40233. Tumor (yellow arrow) and kidneys (white arrow) have elevated
activity uptake, but tumor uptake exceeds the renal uptake. The scale is linear showing
arbitrary units normalized to a maximum count rate.

Discussion and Conclusion

The use of peptide synthesis provides several benefits over recombinant pro-
duction. These include precise control over the site-specific integration of pros-
thetic groups, the ability to incorporate unnatural amino acids to enhance re-
sistance against proteases, and reduced cost for small-scale production. How-
ever, Affibody molecule together with ABD would be a long polypeptide (>
100 aa) and it is challenging to provide sufficient production yield. CEPS cre-
ates the possibility to synthesize such a long polypeptide by synthesizing shorter
fragments separately and ligating them by an engineered protein ligase.

In this study, we evaluated the targeting properties of a CEPS-produced
anti-HER2 Affibody molecule fused to ABD both in vitro and in vivo. The
CEPS-produced PEP40233, labeled with a therapeutic radionuclide '""Lu,
demonstrated HER2-mediated specific binding and sub-nanomolar affinity to
living cells expressing HER2, which is sufficient for a successful targeting of
tumors [68]. Biodistribution of ['""Lu]Lu-PEP40233 showed significantly
higher accumulation in SKOV3 xenografts than in BXxPC3 xenografts at 48 h
p.i.. This demonstrated that the tumor uptake of ['7’Lu]Lu-PEP40233 was de-
pendent on HER2 expression level, in other words, was HER2-specific in
vivo. Retention of ['"’Lu]Lu-PEP40233 in the blood was much longer com-
pared with ABD-lacking ['""Lu]Lu-ABY-025, and the ligation with ABD re-
duced renal uptake 9.4-fold. Even though there was no significant difference
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in tumor uptake, ['”’Lu]Lu-PEP40233 has a higher tumor-to-kidney ratio than
['”Lu]Lu-ABY-025. However, the renal uptake of ['’Lu]Lu-PEP40233,23.2
+ 1.8 %ID was much higher than the uptake of ['”’Lu]Lu-ABY-027 (4.85 +
0.2 %ID in Paper II) at 48 h, when the same tumor model, SKOV3 xenografts
in nude mice was used [69]. This suggests the placement of DOTA chelator
at the N-terminus of the construct was less ideal than that at the C-terminus.

To summarize, a CEPS-produced heterodimeric construct, containing an
anti-HER2 Affibody molecule and ABD, demonstrated a high binding affinity
to HER2 and albumin, a prolonged circulation time, reduced renal uptake, and
specific and efficient targeting of HER2-positive xenografts in a murine
model. Thus, the feasibility of fully synthetic production of long bi-specific
Affibody construct using peptide synthesis was demonstrated. However, the
placement of DOTA chelator at the N-terminus of the construct was subopti-
mal. This design results in a low tumor-to kidney ratio which is insufficient to
be applied for TRT.
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Paper IV Radionuclide Therapy of HER2-Expressing
Xenografts Using ['""Lu]Lu-ABY-027 Affibody Mole-
cule Alone and in Combination with Trastuzumab

Background and aims

Anti-HER2 Affibody molecule, ABY-027, containing ABD and C-terminus
DOTA chelator, demonstrated HER2-specific binding and high tumor uptake
when it was labeled with lutetium-177 [35]. It was suggested as a suitable
candidate for radionuclide therapy. The attempt to further improve the molec-
ular design by positioning DOTA chelator on the helix 1 of ABD or N-termi-
nus resulted in suboptimal targeting properties [69, 70]. Therefore, ABY-027
which has the best tumor targeting properties was selected for experimental
therapy study. It was demonstrated that HER2-expressing cancer cell lines are
more sensitive to radiation when treated with trastuzumab [71], and clinically,
the risk of locoregional recurrence was reduced in patients with breast cancer
when receiving radiotherapy with adjuvant trastuzumab [72]. Structural stud-
ies showed that anti-HER2 Affibody molecules bind to HER2 on domain III
and IV (Figure 19), which are far from the site where trastuzumab binds [73].
This enables us to combine Affibody-mediated radionuclide therapy and
trastuzumab in the treatment of disseminated HER2-expressing cancers.

HER2ecd

Figure 19. The epitope where anit-HER2 Affibody molecules bind to HER?2 is far
from trastuzumab epitope. (Reprinted from Eigenbrot, C et al. [73])

The goal of this study was to test the hypotheses that the targeted radionuclide
therapy using ['""Lu]Lu-ABY-027 would prolong the survival of mice bearing

50



HER2-positive xenografts and that co-treatment with trastuzumab and
['"Lu]Lu-ABY-027 could prolong the survival even further. To test the hy-
potheses, in vitro studies were performed to evaluate if there is any interfer-
ence of the binding of ['""Lu]Lu-ABY-027 and trastuzumab to HER2-express-
ing cells. The efficacy and efficiency of co-treatment of trastuzumab and ra-
dionuclide therapy using ['7’Lu]Lu-ABY-027 was then evaluated and com-
pared with mono-treatment using trastuzumab and ['"’Lu]Lu-ABY-027 alone.

Results

In vitro binding affinity of ['”’Lu]Lu-ABY-027 to living SKOV3 in the pres-
ence and absence of trastuzumab and/or HSA showed that adding trastuzumab
reduced some interaction with high affinity but did not affect the lower-affin-
ity interaction, while there was no interference with adding HSA (Table 9).
Biodistribution results revealed that there was no significant difference in the
uptake of ['""Lu]Lu-ABY-027 with or without pre-injection of trastuzumab in
tumors and normal organs (Figure 20).

Table 9. Equilibrium dissociation constants (Kp) for interaction between
['""Lu]Lu-ABY-027 and HER2-expressing SKOV3 cells in the presence and
absence of HSA and/or trastuzumab were analyzed by InteractionMap of
LigandTracer Sensorgrams.

Parameter Kb (pM) Kp2 (nM)
['"7Lu]Lu-ABY-027 only 382.5+£53.0 15.7£2.5
[""Lu]Lu-ABY-027 with HSA 32454757 | 165+2.0
['"Lu]Lu-ABY-027 with trastuzumab 502.5 £ 46.0 145+0.1
[""Lu]Lu-ABY-027 with trastuzumab and HSA 533.5+43.1 142+23

The pattern of tumor growth of mice in group treated with trastuzumab was
similar to that treated with vehicle or unlabeled ABY-027, however some de-
lay of the tumor growth was observed (Figure 21). Median survival of mice
treated with trastuzumab was 55.5 days, which was significantly longer (p <
0.05) than that treated with vehicle (33 days) or unlabeled ABY-027 (42 days)
(Figure 22). Tumor growth of mice in group treated with ['"’Lu]Lu-ABY-027
or its combination with trastuzumab followed different patterns compared
with patterns in the control groups (Figure 21). Significant reduction of mean
tumor volume was observed in groups treated with ['"’Lu]Lu-ABY-027 or its
combination with trastuzumab from day 14 after treatment compared to that
in the vehicle-treated group. Treatment with ['""Lu]Lu-ABY-027 alone sig-
nificantly prolonged the median survival of mice to 77 days compared to
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treatment with trastuzumab alone (Figure 22). Mice treated with the combina-
tion of trastuzumab and ['"’Lu]Lu-ABY-027 did not reach median survival at
the study termination (day 90), and there was no visible tumor in two animals
in this group when the study was terminated. Therefore, the survival of mice
in the combination group was significantly longer than that in the group
treated with trastuzumab or ['”’Lu]Lu-ABY-027 alone.
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Figure 20. (A) Biodistribution of ['7"Lu]Lu-ABY-027 with or without pre-injection of
trastuzumab in HER2-expressing SKOV3 xenografts-bearing Balb/c nu/nu mice at 48
h p.i.. Uptake is expressed as %ID/g, which is corrected for decay and presented as
average value from 4 mice + SD. (B) Imaging of mice bearing SKOV-3 xenograft 48
h p.i. of ['"Lu]Lu-ABY-027 with or without pre-injection of trastuzumab using mi-
croSPECT/CT. Arrows point to tumors (T) and livers (L). The scale is linear showing
arbitrary units normalized to a maximum count rate.

52



1500

-B1Y -cv
_ -B2Y _
“E - leTj ”E
< ~B4" =1000
: BT g
3 -BeY 3
g —g7T 3
g -BgY g 500
S -B9" S
= I
-B107
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Day of treatment Day of treatment Day of treatment
D E
o 1590 .
-p2Y -E2
E b -E3Y
£ -p3Y g
-E4
E -paY E 10004 _E5
© -D5 2
£ £ -E6
E] -ps’ 3 E7
° u 9 B
s -o7Y 3 / -E8
5 -p8Y 8 ggp] / -E9
5 - poY 2 A\
= -p10”

40 60 80

0+ T
0 20
Day of treatment

0
0

0

20

40 60 80

Day of treatment

Figure 21. Tumor volume growth curves for individual mice from five groups receiving:
(A) vehicle (1% BSA in PBS), (B) non-labeled ABY-027 (20 pg), (C) ['"’Lu]Lu-ABY-
027 (20 pg, 20 MBq), (D) trastuzumab, and (E) trastuzumab together with ['7’Lu]Lu-
ABY-027 (20 pg, 20 MBq). The doses and frequency of trastuzumab injections were 4
mg/kg for the first week and 2 mg/kg for the next five consecutive weeks. Mice were
euthanized when xenograft volume exceeded 1000 mm® or bleeding ulcers were ob-
served. Five groups of mice (10 animals per group) were used in the experiment.
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Figure 22. The survival of mice treated with vehicle (1% BSA in PBS), non-labeled
ABY-027 (20 ug), ['""Lu]Lu-ABY-027 (20 pg, 20 MBq), trastuzumab, and combina-
tion of trastuzumab and ['7’Lu]Lu-ABY-027 (20 pg, 20 MBq). The doses and fre-
quency of trastuzumab injections were 4 mg/kg for the first week and 2 mg/kg for the
next five consecutive weeks.

Discussion and Conclusion

Previous study demonstrated that fusion with ABD prolonged the retention
time of the fused Affibody molecules in circulation due to their binding to
albumin, and therefore reduced their renal uptake [34]. This approach was also
proved to be useful for another scaffold protein, ADAPT6, in a preclinical
study [74]. Another previous study suggested that the biodistribution of Af-
fibody molecules could be affected by placement of chelator at different posi-
tions [65]. Many attempts of positioning of chelator at different sites have
been evaluated based on the second generation of anti-HER2 Affibody mole-
cule, ABY-027, to find out the optimal position in order to improve targeting
properties [69, 70]. However, the molecular design of ABY-027 seems to be
the most optimal for the moment.

To combine two targeted therapies simultaneously might be a potential ap-
proach to further enhance treatment outcomes. It would be attractive to com-
bine radionuclide therapy with trastuzumab in the treatment of disseminated
HER2-positive cancers. HER2-targeted Affibody molecules and trastuzumab
bind to HER2 at different epitopes [73], which enables us to combine Af-
fibody-based radionuclide therapy and trastuzumab treatment. A similar com-
bination approach was used in a peptide nucleic acid (PNA)-based Affibody-

54



mediated pre-targeting system and demonstrated no interference with pretar-
geted delivery of Lu-177 to tumors when combined with trastuzumab in vivo
[75]. The combination of radionuclide pre-targeting and trastuzumab therapy
demonstrated greater efficacy than either of these treatments alone [75].

In this study, only a mild reduction of the affinity of an interaction of
['""Lu]Lu-ABY-027 with HER2-expressing SKOV3 cells was observed when
adding trastuzumab. The reduced affinity was still in the sub-nanomolar range,
which is sufficient for in vivo tumor targeting. Biodistribution of ['”’Lu]Lu-
ABY-027 at 48 h p.i. with or without pre-injection of trastuzumab indicated
that the clinical dose of trastuzumab of 2 mg/kg should have no blocking effect
for the binding of ['""Lu]Lu-ABY-027 to HER2-expressing SKOV3 xeno-
grafts. The experimental therapy demonstrated that the treatment of mice bear-
ing HER2-expressing SKOV3 xenografts using ['’Lu]Lu-ABY-027 pro-
longed the median survival of animals to 77 days, compared to the mice
treated with vehicle, 33 days. This effect was associated with specific delivery
of Lu-177 to tumors and not with an anti-tumor effect of targeting agent,
ABY-027 as such because the median survival of mice in the group treated
with unlabeled ABY-027 was just 42 days, which was significantly shorter
than that treated with ['”’Lu]Lu-ABY-027. Mice treated with ['""Lu]Lu-ABY-
027 have significantly longer median survival than those treated with a clinical
dose of trastuzumab, which indicates that ['""Lu]Lu-ABY-027 provides a
more efficient treatment than trastuzumab. A combination of ['""Lu]Lu-ABY-
027 and trastuzumab demonstrated a better therapy outcome than either of
those mono-treatments.

In conclusion, the use of ['""Lu]Lu-ABY-027 for radionuclide therapy
demonstrated prolonged survival of mice bearing HER2-positive xenografts
and it was shown to be more effective than treatment with trastuzumab alone.
Moreover, the combination of ['"’Lu]Lu-ABY-027 and trastuzumab further
improved therapy outcomes and resulted in some tumor remissions. Im-
portantly, all treatments were well-tolerated without kidney and liver toxicity.
It would be promising to combine trastuzumab and radionuclide therapy using
['""Lu]Lu-ABY-027 for future clinical translation.
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Paper V Evaluation of a novel '7"Lu-labelled therapeutic
Affibody molecule with a deimmunized ABD domain
and improved biodistribution profile

Background and Aim

We have previously demonstrated that ['”’Lu]Lu-ABY-027, HER2-binding
Affibody molecule, fused with an albumin-binding domain (ABDyss), pro-
vided HER2-specific targeting of human xenografts and a strong anti-tumor
effect in a preclinical radionuclide therapy study [35, 76]. To facilitate clinical
translation, a deimmunized ABD variant was developed and fused with an
Affibody molecule, designated as PEP49989 (Figure 23).

PEP49989 |ZHER2:2891 | ABD*

ABY-027  |[ZHER2:2891 | ABD035 @

@ = DOTA-177Luy

Figure 23. General architecture of tested constructs. ABD* refer to the deimmunized
ABD variant [77].

The aim of the current study was to evaluate how this new ABD variant influ-
ences the targeting properties of Affibody molecule-based constructs for radi-
onuclide therapy. For this purpose, targeting properties of ['”’Lu]Lu-labelled
PEP49989 and ABY-027 were compared directly. Since combination treat-
ment is considered a promising approach for therapy of metastatic cancer,
['”Lu]Lu-PEP49989-mediated radionuclide therapy with and without
trastuzumab was studied in tumor-bearing animals.

Results

The labeling of PEP49989 with lutetium-177 resulted in a yield of over 97%
after 30 min incubation. The radiochemical purity of ['"’Lu]Lu-PEP49989
was 99 +0% after 1 h incubation with a 500-fold molar excess of EDTA,
which did not differ from the purity when incubated with PBS. In vitro binding
of ['""Lu]Lu-PEP49989 to HER2-expressing SKOV3 and BT474 cells was
significantly lower (p <0.001) after saturation of HER2 receptors in blocked
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groups, both in the presence and absence of HSA (Figure 24). The Kp of
['7Lu]Lu-PEP49989 binding to SKOV3 cells in the presence of HSA was
327 + 12 pM, which was comparable to that of ['""Lu]Lu-ABY-027 (341 + 4
pM). The cellular processing pattern was similar for both targeting agents. The
binding was rapid during the first 2 h of incubation, the internalization in both
cell lines was slow, less than 20% over 24 h.

Figure 24. In vitro specificity of ['"’Lu]Lu-PEP49989 binding to HER2-expressing
SKOV3 and BT474 cells in the absence (A) and presence (B) of HSA. Blocked cells
were treated with 1000-fold excess of an anti-HER2 Affibody conjugate. The data are
presented as an average value from 3 samples = SD. Asterisks (*) mark a highly sig-
nificant difference (p < 0.0005, unpaired t-test).

In vivo specificity was evaluated by comparing of uptake of ['""Lu]Lu-
PEP49989 in HER2-positive SKOV3 xenografts, HER2-negative Ramos xen-
ografts. The uptake in Ramos xenografts was 9.5-fold lower than that in
SKOV3 xenografts. With pre-injection of unlabeled PEP49989, the uptake
was reduced significantly in SKOV3 xenografts (Figure 25 a). The results
were confirmed by SPECT/CT imaging at 48 h p.i. in both SKOV3 and Ramos
xenografts (Figure 25 b).

The biodistribution of ['"’Lu]Lu-labelled ABY-027 and PEP49989 in mice
bearing SKOV3 xenografts showed similar uptake of both constructs in the
majority of organs. The renal uptake of ['""Lu]Lu-PEP49989 was 1.4-fold
(p <0.05) higher than the uptake of ['""Lu]Lu-ABY-027. However, the uptake
of ['"""Lu]Lu-PEP49989 in the liver was significantly (p <0.05) lower, by 1.7-
2.0 fold, than the uptake of ['""Lu]Lu-ABY-027. The tumor uptake of

57



['""Lu]Lu-PEP49989 was significantly (p <0.05, ca. 1.5-fold) higher than the
uptake of ['""Lu]Lu-ABY-027 at 264 h p.i. (Figure 26).

O3 SKOV3 (HER2 +)
= SKOV3 (HER2 +) block
Bl Ramos (HER2 -)

Figure 25. The HER2-specificity of ['7’Lu]Lu-PEP49989 accumulation in tumours.
(A) Biodistribution in mice HER2-positive SKOV3 and HER2-negative Ramos xen-
ografts. In the blocking group, HER2 in SKOV3 xenografts were saturated by pre-
injection of 700 ug unlabelled PEP49989. Asterisks (**) mark a highly significant
difference (p <0.005, unpaired t-test). Results are presented as % ID/g+SD (n=4—
8). (B) Imaging of ['7’Lu]Lu-PEP49989 in Balb/c nu/nu mice bearing SKOV3 and
Ramos xenografts 48 h p.i.. The scale is linear showing arbitrary units normalized to
a maximum count rate

40 53 [""Lu]Lu-PEP49989 48 h
= [""Lu]Lu-ABY-027 48 h
307 == ["77LujLu-PEP49989 264 h
"7 y)Lu-ABY-027 264 h

Figure 26. Biodistribution of ['”’Lu]Lu-PEP49989 and ['"’Lu]Lu-ABY-027 in tumor-
bearing mice. Data are presented as an average (n =4) value + SD. Asterisks (*) mark
a significant difference (p <0.05, unpaired t-test).
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Biodistribution of ['”’Lu]Lu-PEP49989 in mice bearing SKOV3 xenografts at
4,24, 48,72, 168, 336 h p.i. showed a slow clearance from blood with a bio-
logical half-life of 23 h. By 24 h, the tumor uptake was higher than the uptake
in normal organs. At 48 and 72 h p.i., the tumor uptake was 4-fold higher than
the uptake in the kidney (Figure 27). Based on the biodistribution data, ab-
sorbed doses in mice were calculated, and the injected activity, 21 MBq, was
selected for the experimental therapy study.

The median survival of mice treated with trastuzumab was 45 days, which
was significantly longer than that of vehicle-treated mice (38 days). The me-
dian survival of mice treated with a single injection of ['”’Lu]Lu-PEP49989
or a combination with trastuzumab was not reached at the end of experiment,
and the survival time in these groups was significantly longer than that treated
with trastuzumab alone (Figure 28). By the time of termination (day 90), com-
plete tumor remission was achieved in five mice receiving combination ther-
apy and in one of seven mice treated with a single injection of ['"'Lu]Lu-
PEP49989. No significant weight loss was observed in any group, except for
mice treated with double injection of ['”’Lu]Lu-PEP49989. Five out of seven
mice that received a double injection experienced weight loss and had to be
euthanized.
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Figure 27. Biodistribution of ['7’Lu]Lu-PEP49989 in mice bearing SKOV3 xeno-
grafts. Data are presented as an average (n=4) value = SD.
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Figure 28. The therapeutic efficacy of ['"’Lu]Lu-PEP49989 in comparison with
trastuzumab, their combination and vehicle in mice bearing SKOV3 xenografts. (A)
Tumor growth curves, (B) survival plot.

Discussion and Conclusion

We previously showed that ['”’Lu]Lu-ABY-027 can significantly prolong the
survival of mice bearing HER2-positive xenografts [76]. However, immuno-
genicity potential needs to be minimized for clinical translation. Therefore, T-
cell epitopes were removed from ABDg3s contained in ABY-027, generating
a deimmunized ABD* variant. This domain was clinically evaluated in the
Affibody-ABD fusion protein, izokibep, for treatment of psoriasis and showed
no neutralizing antibodies or affected pharmacokinetics during three years of
monthly treatment, indicating its safety [37, 78]. In this study, we investigated
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the impact of this new ABD variant on the targeting properties and anti-tumor
therapeutic effect of the ABD-fused Affibody molecule.

PEP49989 was successfully labeled with Lu-177 and demonstrated specific
binding to HER2 in vitro (Figure 24) and in vivo (Figure 25). The affinity
profile and cellular processing profile of ['7’Lu]Lu-PEP49989 binding to liv-
ing HER2-expressing cells were the same as the profiles of ['”’Lu]Lu-ABY-
027. Biodistribution in tumor-bearing mice showed comparable blood con-
centration of ['”’Lu]Lu-PEP49989 to ['""Lu]Lu-ABY-027, while uptake of
['""Lu]Lu-PEP49989 in kidneys was slightly but significantly higher. This el-
evated renal uptake might be due to altered off-target interactions of the fusion
protein resulting from the modification of the ABD moiety, since affinities of
PEP49989 to both HSA and MSA (25 and 360 pM, respectively) were lower
than affinities of ABY-027. Importantly, substitution of ABD¢3s with the
deimmunized ABD* maintained targeting properties and reduced liver and
spleen uptake, while enhancing tumor retention at later time points.

Therapeutic experiments showed that a single injection of ['”’Lu]Lu-
PEP49989 had better efficacy compared with trastuzumab. Pathology analysis
identified bone marrow as the dose-limiting organ rather than kidney or liver
toxicity. The efficacy of TRT can be enhanced by combination with other
treatment approaches [79]. Clinical results show that trastuzumab increases
the effect of external radiation therapy for patients with breast cancer [72, 80].
Our study showed that combination therapy with trastuzumab further in-
creased complete remission rates. This combined approach was safer and
more effective than repeated injections of TRT because of the different tox-
icity profiles of TRT and antibody-based therapy. Timing for the second in-
jection might need to be optimized further to allow more time for recovery of
the blood cells.

In conclusion, integration of the deimmunized albumin-binding domain
had only a minor effect on the binding affinity of Affibody-based construct
['""Lu]Lu-PEP49989 to HER2-overexpressing cells. In mice, the new con-
struct showed increased kidney uptake but reduced accumulation in liver and
spleen compared with the parental ABDyss-containing ['”’Lu]Lu-ABY-027,
while maintaining blood retention and achieving higher tumor uptake at late
time points. ['7"Lu]Lu-PEP49989 demonstrated clear antitumor effects in ex-
perimental therapy, both as monotherapy and in combination with
trastuzumab, highlighting its strong potential for clinical translation.
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Concluding remarks

This thesis focused on the development and preclinical evaluation of HER2-
targeted Affibody molecules for radionuclide therapy of HER2-overexpress-
ing cancer. The overall goal of this thesis was to investigate different ap-
proaches to reduce the renal uptake of Affibody molecules in order to improve
their tumor-targeting properties, biodistribution and the therapeutic efficacy
in vivo, as well as the translational potential of these targeting agents.

In Paper I, a second-generation HER2-targeting Affibody molecule,
[ISSRe]Re—ZHERmm], was evaluated for experimental therapy in HER2-ex-
pressing xenograft models. The study demonstrated reduced renal uptake
when using this non-residualizing label, and a potent therapeutic effect and
tumor regression with minimal toxicity.

Paper Il compared two HER2-targeting Affibody-ABD fusion proteins la-
beled with '""Lu, ['""Lu]Lu-ABY-271 and ['""Lu]Lu-ABY-027, differing in
the position of the DOTA chelator on the ABD domain. This study revealed
that the positioning of the chelator significantly affected the biodistribution
and tumor uptake of the constructs. New construct ['”’Lu]Lu-ABY-271 did
not show an improvement in biodistribution profile and tumor-to-organ ratios,
emphasizing the importance of rational molecular design for optimizing ther-
apeutic agents.

In Paper 111, a heterodimeric HER2-albumin-targeted Affibody molecule
was generated using chemo-enzymatic peptide synthesis. This approach
demonstrated that complex fusion proteins combining tumor-targeting and al-
bumin-binding functionalities could be produced efficiently through semi-
synthetic methods while retaining excellent binding properties and in vivo tar-
geting. This study also showed the flexibility of the Affibody platform for
modular engineering and cost-effective production.

Paper IV investigated the therapeutic efficacy of ['"’Lu]Lu-ABY-027
alone and in combination with trastuzumab in mice bearing HER2-expressing
xenografts. The combination therapy significantly enhanced tumor control
and survival compared to monotherapy, without increasing toxicity. This find-
ing highlighted the synergistic potential of combining TRT with antibody-
based therapy, utilizing different mechanisms of HER2 targeting for improved
clinical outcomes.
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Finally, Paper V introduced a new construct, ['”’Lu]Lu-PEP49989, in
which a deimmunized ABD* replaced the original ABDg3s to minimize po-
tential immunogenicity. This new construct maintained high affinity for
HER2 and albumin, showed improved biodistribution (lower liver and spleen
uptake) and superior tumor retention compared to ['”’Lu]Lu-ABY-027. It also
provided remarkable therapeutic efficacy alone and in combination with
trastuzumab. The results demonstrated that immunogenicity could be reduced
without compromising targeting or therapeutic performance, representing an
important step toward clinical translation.

Collectively, the results of this thesis demonstrate that HER2-targeting Af-
fibody molecules represent a powerful and adaptable platform for targeted ra-
dionuclide therapy. By systematically improving molecular design, optimiz-
ing radionuclide labeling, and exploring synergistic therapeutic combinations,
these studies have advanced the preclinical foundation for translating Af-
fibody-based radiotherapeutics into the clinic.
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Future Perspective

The work presented in this thesis demonstrates the potential of HER2-targeted
Affibody molecules as highly-specific and versatile targeting agents for the
development of radiotherapeutics for TRT. Through systematic optimization
of molecular design, such as the position of DOTA chelators, introduction of
deimmunized albumin-binding domains, and utilization of non-residualizing
lable, these studies advance out knowledge about structure-property relation-
ships and show the translational potential of Affibody-based therapeutics.
Building further on these findings, several aspects can be considered for fur-
ther exploration.

A key future direction is the clinical translation of the optimized construct
['’Lu]Lu-PEP49989, where safety, dosimetry, and therapeutic efficacy can be
assessed in patients with HER2-positive malignancies. Currently, a Phase I
clinical study (NCT07081555) of ["""Lu]Lu-PEP49989 is ongoing, and the
first patient with HER2-positive metastatic breast cancer has been dosed on
October 7, 2025 at Uppsala University Hospital in Sweden for the evaluation
of safety, tolerability, and biodistribution.

Furthermore, combination of Affibody-based radionuclide therapy with
clinically relevant monoclonal antibodies (e.g. pertuzumab), DNA damage re-
pair inhibitors, or immune checkpoint blockade, represents promising strate-
gies to enhance tumor control and minimize relapse.

From a radiochemistry standpoint, the exploration of alternative radionu-
clides such as terbium-161 (**'Tb) and actinium-225 (***Ac) offers exciting
opportunities. Their emission of conversion and Auger electrons or a-parti-
cles, respectively, could potentially improve treatment of micro-metastatic
disease and heterogeneous tumors. The chemical robustness and refolding
ability of Affibody scaffolds after heating make them well-suited for radio-
labeling with these radionuclides.

In summary, Affibody molecules represent a flexible and powerful plat-
form for the development of precise cancer therapies. The work presented in
this thesis has shown that careful optimization of Affibody constructs can
greatly improve their therapeutic performance and safety. Looking ahead, fu-
ture research could focus on combining these optimized Affibody-based radi-
otherapeutics with other treatment strategies, to achieve stronger and more
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durable anti-tumor effects. In addition, expanding their use beyond HER2 to
other cancer-associated targets could further broaden their clinical value. Ul-
timately, these efforts aim to bring Affibody-based radionuclide therapy closer
to routine clinical use, offering patients more effective and personalized treat-
ment options.
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