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ABSTRACT
Affibody molecules are small scaffold proteins (7kDa) with promising properties for cancer
therapy for example by enabling the selective delivery of radionuclides to tumors. However a
high kidney uptake is a problem. In this work the specific radionuclide delivery is accomplished
through a two-step approach i.e. pretargeting to reduce the kidney uptake. The affibody is
simply conjugated to the recognition tag TCO and injected. Few hours later radiolabeledtetrazine is injected. Tetrazine reacts specifically and rapidly with TCO (trans-cyclooctene) and
has favorable in vivo biodistribution profile. We aim to combine the advantages of both
affibody molecules and tetrazine for efficient delivery of radioactivity to tumors.
Materials and methods: In the in vitro studies two HER2-overexpressing cancer cell lines were
studied, SKOV-3 and BT474. Specificity of the primary agent was proven and its affinity to the
receptor was measured by Ligand Tracer. The cellular processing of the agents was also tested.
In vivo immunosuppressant mice bearing SKOV-3 xenografts were used to study the
biodistribution of the two agents.
Results: Affibody molecule, ZHER2:2395-TCO, demonstrated high specificity both in vitro and in
vivo to the receptor and the affinity was measured 30.3±6.9 pM by Ligand Tracer. Processing
studies showed that the biggest part of cell associated radioactivity stayed on the cell surface
and that affibody molecules do not induce internalization as expected. 111In-Tetrazine was
localized mainly on the tumor after the pre-injection of ZHER2:2395-TCO. Renal uptake was
several folds lower. Results were also confirmed by SPECT/CT imaging.
Conclusion: Pre-targeting using Affibody molecules and the Diels-Alder biorthogonal reaction
was promising. It was possible to obtain a several fold higher dose to the tumor than to kidneys.
However in order be fully used in therapy, further studies and optimization of the experimental
procedure is needed.
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Popular Science Summary
Cancer is a group of diseases that share common characteristics and abnormalities. It has
beenshown that one of the abnormalities is the overexpression of specific membrane receptors.
Receptor tyrosine kinases are associated with several types of cancer (e.g. breast and ovarian
cancer). Many efforts have been made to develop new drugs which specifically target these
receptors with the aim to eventually eradicate the tumor, but limited success was achieved. In
this work we propose an alternative approach for therapy, by using a type of small molecules
called affibody. In this case an affibody molecule, ZHER2:2395, has been selected based on the
high binding ability to a receptor (HER2) that is expressed in big quantities on the cell surface
of some tumors. In earlier experiment this molecule carried a radioactive isotope that induce
cell death, however a great amount of this was retained in the kidneys and as a result the
exposure of healthy tissue to radioactivity. In this project we propose a different approach that
will give a solution to this problem.
During the first step, ZHER2:2395 affibody is chemically linked to a recognition tag and form the
primary agent ZHER2:2395-TCO. This is injected and affibody binds specifically to HER2 receptor
on the cell surface and stay there for a long period of time. Later radioactivity is injected in the
form of radiolabeled Tetrazine, which can recognize the tag on the primary agent and react with
it. Radioactivity can induce cell death by causing DNA breaks and eventually eradicate the
tumor. This approach can decrease the radioactivity that was taken up by healthy organs and
tissues, mostly the kidneys.
Studies were performed in both living cells and mice that were bearing tumors that highly
express the receptor. In this work Tetrazine was labelled with a radioisotope called 111- Indium,
which is not suitable for cancer therapy but it helped us follow the molecule and check if it
binds the desired receptor and if it is retained from the healthy tissues. Our main focus was to
prove that this new approach works in mice.
The results were encouraging, since affibody molecule bound specifically to the receptor and
for long periods of time in living cell studies. In mice radioactivity levels in the kidneys were
lower than the tumor and the rest of organs and tissues were not affected. This new two-step
method appeared successful, however further experimental optimization and more studies in
vivo with the appropriate radionuclide are necessary.
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List of abbreviations
BT474

Breast cancer cell line

CT

Computed tomography

DMSO

Dimethyl sulfoxide

DOTA

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

EDTA

Ethylenediaminetetraacetic acid

FBS

Fetal Bovine Serum

GI

Gastrointestinal tract

H

Hours

HER2

Human Epidermal Growth Factor Receptor 2

HPLC

High-Performance Liquid Chromatography

ITLC

Instant Thin-Layer Chromatography

mAbs

Monoclonal antibodies

Min

Minutes

MMA

Maleimidoethylmonoamide

MS

Mass Spectrometry

MQ

Milli-Q ultrapure water

NMRI

Naval Medical Research Institute

NaOH

Sodium hydroxide

PBS

Phosphate Buffered Saline

PEG

Polyethylene glycol

Primary agent

ZHER2:2395 –TCO

PEST

Pesticide

PET

Positron Emission Tomography

Pi

Post injection

RTK

Receptor Tyrosine Kinase
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RTKI

Receptor Tyrosine Kinase Inhibitor

Secondary agent

111

In-Tetrazine

SPECT

Single-Photon Emission Computed Tomography

SKOV-3

Human ovarian carcinoma cell line

TCO

Trans-cyclooctene

TCEP

Tris(2-carboxyethyl)phosphine

t1/2

Half life

%ID/g

Percentage of injected dose per gram
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Introduction
During the last decade, surveys have shown that cancer is the most common cause of death in
the developed world. This disease not only takes away human lives but it also has a great
economic impact on healthcare systems1. This shows the importance of finding a more potent
therapy.
But what is cancer? Cancer is a term that summarizes a group of diseases with heterogeneous
characteristics and abnormalities but they share common capabilities and mechanisms that
render them tumorigenic. This neoplastic disease can be briefly described by six hallmarks:
continuous proliferation, suppression of growth suppressors, activation of invasion and
metastasis in other tissues, induction of angiogenesis and resistance or apoptosis2. Depending
on the cancer type, there are specific characteristics (such as overexpressed receptors on the
surface of the cell) that are the products of its genomic alteration.
Receptor tyrosine kinases (RTKs) are a large family of receptors that can be divided into 20
subcategories. They play major roles in many different cellular processes such as cell cycle,
proliferation, differentiation and metabolism3. Mutations and dysregulation of RTKs
accompany several diseases such as cancer and diabetes. RTKs consist mainly of three
structural components an intracellular region, a single hydrophobic domain and an extracellular
region to which the ligand binds. Upon binding dimerization of receptors is induced as well as
activation of their intracellular domains through transphosphorylation. The activated receptor
acts as an anchor for many intracellular proteins which gets activated upon binding to the
receptor. This activation is necessary for amplification of signals that lead to proliferation,
differentiation and angiogenesis4.
Among the RTKs, the HER2 receptor has proven to be one of the most active. It is a ligandless receptor but functions by acting as a partner for dimerization to other types of receptors
and initiate many signaling pathways that result in tumorigenic behavior5. Overexpression of
this receptor has been related to poor outcome of several types of cancer such as breast, gastric,
colon and ovarian carcinomas5, 6. Therefore, HER2 is considered a prognostic biomarker. HER2
was also found to predict response to therapy (predictive biomarker). Therefore many therapies
have been developed against this receptor.
Immunotherapy has been developed to treat cancer using monoclonal antibodies (mAbs)
directed against overexpressed surface receptors. Trastuzumab was the pioneer anti-HER2
antibody, but later more mAbs targeting the receptor (e.g. Pertuzumab) were introduced in
clinical trials and in the market7. Another strategy is to use receptor tyrosine kinase inhibitors
(RTKI). These are developed to specifically bind the intracellular domain of the RTKs and
block its phosphorylation. An example of RTKI is Lapatinib which is approved for targeting
HER2 expressing breast cancer8. However with both targeted therapy strategies, resistance is a
major issue.
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To overcome this problem, alternative approaches have been proposed. The aim is to develop
a new treatment strategy that specifically targets cancer cells and spare healthy tissues.
Targeting agents were loaded with cytotoxic agents (e.g. radionuclides, toxins). Targeted
radionuclide therapy is a promising approach for overcoming resistance associated with
conventional targeting9, 10. A therapeutic radiopharmaceutical in general is composed of three
components: 1) targeting agent, 2) a chelating moiety (for binding of radionuclides), 3) a linking
molecule (figure 1)11. Antibodies and their fragments are the most used type of targeting agents
in targeted radionuclide therapy and imaging. They bind strongly to the targeted receptor on the
cell membrane and the emitted particles can induce cell death by triggering DNA breaks.
However the use of full intact antibodies is associated with several disadvantages. Due to their
big size, antibodies stay long in the circulation. This along with their slow extravasation and
poor tumor penetration may result in long unnecessary exposure and irradiation of healthy
tissues (e.g. bone marrow)12. Moreover, rapid internalization of antibodies upon binding to the
targeted receptor and the following lysosomal degradation inside the cell may result in the
formation of leaky catabolites and losing the payload from the tumor site13.

Figure 1. Basic structure of radiolabeled biomolecules.

Affibody molecules are a promising alternative to antibodies. They are small engineered high
affinity scaffold proteins (~7 kDa) with more favorable properties. Due to their small size
affibody molecules have rapid extravasation and better tumor penetration12. The rapid clearance
from the body deprive healthy tissues from prolonged exposure to radioactivity. They can be
produced either by solid phase peptide synthesis or recombinantly in E.Coli12. They contain no
cysteine in their sequence and the introduction of one in the end of the sequence enables their
modification and conjugation to chelators through thiol-directed chemistry12. Affibody
molecules have been successfully labeled with different radionuclides for imaging in both
animal models and humans15, 16, 17. However as many other small molecules (˂60 kDa), affibody
molecules undergo extensive clearance through the kidneys. After glomerular filtration
affibody molecules are reabsorbed in high levels by the proximal tubular cells. Earlier studies
showed that radioactivity concentration of radiometal labeled affibody molecules in the kidneys
exceeded by several folds that on the tumor. This limits the use of these promising targeting
agents in therapy, because the administration of high doses of radioactivity to the tumor will in
parallel result in delivering several folds higher doses of radioactivity to the kidneys.
Pretargeting represents a promising approach to overcome this problem.
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Pretargeting is a two-step process in which two agents are injected in the body. The primary
agent is a molecule that is able to recognize and bind to a specific target, e.g. HER2. The
primary agent is chemically coupled to a recognition tag and localizes on the cell surface. After
a determined time during which most of the non-bound primary agent is expected to be cleared
from the body, the secondary radiolabeled agent is injected. The secondary agent has a rapid
clearance from the body and binds to the recognition tag of the primary agent with high affinity.
This provides a higher tumor-to-non-tumor ratio which is a precondition for targeted
radionuclide therapy. Different pretargeting strategies have been developed. Some examples
include the bispecific antibody-hapten approach10, the avidin-biotin approach18, the
complementary peptide nucleic acids interactions approach19 and finally the Reverse-electron
Diels-Alder chemistry based pretargeting20.
The combination of the affibody targeting properties with those of the pretargeting strategy
could prove very beneficial for both imaging and treatment of cancer. I studied the possibility
of using the Diels-Alder-based pretargeting strategy for tumor targeting using an anti-HER2
affibody molecule (Figure 2)12. In this method Trans-cyclooctene (in this case conjugated to
ZHER2:2395 affibody molecule) and electron deficient Tetrazine react through an inverse-electron
demand Diels-Alder reaction. The reaction has been reported to be non-immunogenic, catalystfree and functional in vivo20, 21.
Pretargeting approach with affibody molecules have some advantages:
1. Internalization rate of affibody is slow so the primary agent will remain on the surface
for a long period of time;
2. Affibody’s size will not change significantly due to TCO attachment so properties such
as good tumor penetration and rapid clearance of the non-bound agent are not altered;
3. Rapid clearance and low kidney retention of radiolabeled Tetrazine will minimize
radiation doses to non-targeted organs;
4. Since the primary agent is not radiolabeled, a higher dose can be injected in order to
saturate the tumor;
5. Pretargeting has not shown immunogenicity or susceptibility to enzymatic degradation.
In this study Tetrazine was conjugated with DOTA chelator and labeled with Indium-111
(t1/2=2.8d,γ= 171, 245 keV) (Figure 2A)22. Indium is an analogue of an important therapeutic
radionuclide Lutetium-177 (177Lu). Lutetium-177 (t1/2=6.73d, β=0.497 MeV and γ=208 keV) is
extensively used in the treatment of some neuroendocrine tumors23. Its relatively long half-life,
short range β-particle makes it ideal for eradication of micrometastasis and residual disease.
The aim of this study is to prove that Diels-Alder cycloaddition of radiolabeled Tetrazine to
anti-HER2 affibody ZHER2:2395 works in vivo. In addition this study will enable us to estimate
the radioactivity concentration in different organs specially the kidneys. The current work is a
proof-of-principle that will help to plan future therapeutic studies with particle emitting
radionuclides such as 177Lu and 221Th.
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A.

B.

Figure2. A22. Structure of primary agent ZHER2:2395-TCO on top and of the secondary agent DOTATetrazine on bottom. B12. Illustration of the two step pretargeting process.
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Materials and Methods
Materials
Buffers, including 0.1 M phosphate buffered saline (PBS), pH 7.5, 0.2 M ammonium acetate,
pH 5.5, and 0.2 M citric acid were prepared from chemicals supplied by Merck (Darmstadt,
Germany). High-quality Milli-Q© water (resistance higher than 18 MΩ cm) was used for
preparing the solutions. Buffers used for labeling, were purified from metal contamination using
Chelex 100 resin (Bio-Rad Laboratories, Richmond, USA).
Tetrazine-PEG10-DOTA was provided from Tagworks Pharmaceuticals (Netherlands).
The radioactivity was measured using an automated gamma-counter with a 3-inch NaI(Tl)
detector (1480 WIZARD, Wallac OY, Turku, Finland). The data were corrected for
background. [111In]-indium chloride was purchased from Covidien (Hazelwood, US) as a
solution in 0.05M hydrochloric acid.

Conjugation of MMA-PEG4-TCO to ZHER2:2395-C
ZHER2:2395-C affibody molecule was kindly provided from Affibody AB. Conjugation was done
by our collaborators in Royal Institute of Technology, Stockholm. The freeze dried protein is
dissolved in PBS (5mg-ml PBS). 7.14 μmol tris(2-carboxyethyl)phosphine (TCEP) was added
to the solution for reduction of the affibody molecule and the reaction mixture is incubated for
30 minutes at 37οC. Right before use, 18.6 μmol of TCO-PEG4-MMA (Polyethylene glycolmaleimidoethylmonoamide) were dissolved in DMSO (dimethyl sulfoxide) so that the final
concentration is 123.7 mM. A 17-fold molar excess of maleimide-TCO reagent is added
dropwise to the protein and vortexed after each addition. A few μl of DMSO was added to the
solution dropwise until it became clear. The mixture was vortexed and incubated for 2 h at room
temperature. One TCO-group was added per affibody molecule. The purity and identity of the
conjugation product was confirmed using high performance liquid chromatography (HPLC)
with online mass spectrometry (MS).

Labelling chemistry
For labeling with 111In solution of 50μg Tetrazine-DOTA was mixed with 80μl 0.2M NH4ACO
(ammonium acetate), pH 5.5 and 111InCl3 (ca 62MBq of activity). The reaction mixture was
incubated at 60oC for 30 minutes. The volume was completed up to 200μl with water or PBS.
For measuring the yield a small aliquot (1μl) of the mixture was analyzed on silica gel
impregnated (ITLC SG) strips with citric acid as the mobile phase and was imaged by
Cyclotrone TM Storage Phosphor System and analyzed using OptiQuant TM image analysis
software (Perkin Elmer, Wellesley, MA, USA).
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For labeling with the ZHER2:2395-TCO with 125I, the radioiodine (25MBq) was mixed with 0.1%
aqueous solution of acetic acid for the pH to be adjusted to 5.0 (10μl of aqueous solution for
every 4μl of 125I). 5μL of N-succinimidyl-p-(trimethylstannyl)benzoate (SPMB) (5 µL, 1
mg/mL in 5% acetic acid in methanol) were added to the radioiodine solution. The reaction
started when 40μg of chloramine-T (4mg/ml in water) were added in the solution. The mixture
was incubated for 5 minutes at room temperature. Sodium meta-bisulfate (8mg/ml in water)
was added to quench the reaction. The radiolabeled precursor was then transferred to ZHER2:2395
–TCO solution (50 µg in 0.07 M sodium borate, pH 9.3). The coupling reaction was performed
at room temperature for 75 minutes and periodically vortexed. The labeled affibody was
purified from the low molecular weight products using a NAPTM-5 size exclusion column (GE
Healthcare Bio-Sciences, Uppsala, Sweden) and eluted with PBS.

Pre-reaction between ZHER2:2395-TCO and 111In-Tetrazine
To test specificity and measure the equilibrium dissociation constant of the primary agent with
HER2 receptors, the two agents reacted together and then used as one molecule in different
studies ZHER2:2395-TCO (787 pmoles) was incubated with an equimolar amount of 111InTetrazine in a test tube at 37 oC for 30 minutes. Then purity of the reaction was checked in the
phosphoimager and the pre-reacted molecule ZHER2:9325-TCO-Tetrazine-111In was diluted it up
to 200 μl with MQ water and used further.

In vitro studies
For cell studies the HER2-overexpressing ovarian carcinoma SKOV-3 (1.2*106 HER2
receptors per cell) and breast cancer BT474 (2*106 HER2 receptors per cell) cells were used.
Cells were expanded by using Roswell Park Memorial Institute (RPMI) medium (Sigma
Aldrich) containing 10% focal bovine serum (FBS) and PEST (penicillin 100IU/ml). Cell
cultures were trypsinized by trypsin-ethylenediamine-tetraacetic acid (EDTA) solution
(Biochrom AG, Berlin, Germany).

In vitro specificity
Specificity test of the primary agent was performed in Petri dishes with SKOV-3 and BT474
cells in triplicates (~7x105 cells per dish). In each dish 0.035 μg of 125I-ZHER2:2395 (4nM) or prereacted ZHER2:2395-TCO-Tetrazine-111In were added. For blocking a 500-fold excess of nonlabeled affibody molecule was added 5 minutes before the hot solution, to saturate the receptors.
All dishes with non-blocked and blocked receptors were incubated at 37 oC for 1h. Thereafter
the medium was collected, cells were trypsinized and were collected in separate tubes.
Radioactivity of media and cells was measured in gamma counter and the percentage of cellbound radioactivity was calculated with Ms Excel.
To test that pretargeting works in vitro, dishes containing SKOV-3 and BT474 cells (7x105 cells
per dish) were sorted into 4 groups (n=3). In group (A) 4 nM of labeled Tetrazine were added.
Group (B) was first treated with ZHER2:2395-TCO and after 1h incubation 4 nM of labeled
Tetrazine were added. Group (C) was incubated with excess ZHER2:342 affibody molecule
(blocking) for five minutes then the pretargeting steps were followed as in group (B). For group
(D), 4 nM ZHER2:2395-TCO were added and 4 nM of labeled and 10-fold excess of non-labeled
111
In-Tetrazine were competing for binding to TCO. After the addition of pretargeting
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components in each group, dishes were incubated for 1 h and later media and trypsinized cells
were collected in tubes and radioactivity was measured in gamma counter.

Time

Group A
111

Pretargeting test in vitro
Group B
Group C

0 min
In-Tetrazine ZHER2:2395-TCO
Blocking with ZHER2:342
5 min
ZHER2:2395-TCO
45 min
Trypsinazation
111
111
60 min
In-Tetrazine
In-Tetrazine
105 min
Trypsinazation
Trypsinazation
125 min
Table 1. Design of the in vitro pretargeting experiment.

Group D
ZHER2:2395-TCO

Excess Tetrazine
111
In-Tetrazine
Trypsinazation

Cellular processing
Internalization study of pre-reacted ZHER2:2395-TCO-Tetrazine-111In was performed on both
ovarian carcinoma cells, SKOV-3, and breast cancer cells, BT474. Each dish (7x105 cells) was
incubated with 4nM solution of pre-reacted affibody at 37 oC for 60 min. Thereafter medium
was discarded and cells were washed with 1ml of serum free medium. 1ml of complete media
was added in each dish and incubated at 37 oC. At specific time points (0, 1 h, 2 h, 4 h, 8 h and
24 h) a set of 3 dishes was removed and media was collected, cells were treated with 0.5ml 4
M urea solution in 0.1 M glycine buffer, pH 2.5 (acid solution) for 5 min on ice. The buffer that
contains the membrane bound radioactivity was collected. Cells were washed with additional
0.5 ml of acid solution which was also collected and considered as membrane bound
radioactivity24. Thereafter 0.5 ml of 1M NaOH solution were added for cell lysing and dishes
were incubated for 30 minutes at 37 oC. Another 0.5ml of the same solution was added, mixed
and resuspended. The alkaline solution is collected and contained the internalized activity.
Radioactivity of media, acid and base fractions was measured in gamma counter.

Cellular retention
Cellular retention was studied in SKOV-3 and BT474 for both the pre-reacted ZHER2:2395-TCOTetrazine-111In and 125I-ZHER2:2395-TCO. Experiments were performed in triplicates with 7x105
cells per dish. Dishes were incubated for 1h at 37 oC with 4 nM of the pre-reacted molecule or
the labeled primary agent. After incubation medium was removed, the cells were washed with
medium and an additional 1ml of complete media was added. Cells were incubated at 37 oC in
humified incubator. At specific time points (1 h, 2 h, 4 h, 8 h and 24 h) a set of 3 dishes was
removed. The media were collected in tubes, cells were trypsinized by trypsin-EDTA solution
and collected as well. Radioactivity from both cells and media was measured and the percentage
of cell bound radioactivity was calculated.
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Affinity determination using Ligand Tracer
Cells from both SKOV-3 and BT-474 cell lines were seeded on cell culture dishes (~106 cells
per dish) (Nuclon TM, Size 100620, NUNCA/S, Roskilde, Denmark). To measure the binding
affinity of the primary agent to HER2 receptors, 125I-ZHER2:2395-TCO and prereacted ZHER2:9325TCO-Tetrazine-111In were used. The measurements of binding of 125I-ZHER2:2395-TCO to HER2
on the cells was performed at room temperature with Ligand Tracer GreyTM (Ridgeview
Instrument AB, Uppsala, Sweden) while for binding of the prereacted molecule Ligand Tracer
YellowTM was used as described by Björke et al. (2006)25 (Figure 3). In both cases the tracer
measured a short baseline and gradually the concentrations of the radiolabeled compounds
increased. For 125I-ZHER2:2395-TCO 100 pM, 400 pM and 700 pM were added until equilibrium
was reached. For 111In-Tetrazine two concentrations were added 153 pM and 306 pM until
equilibrium was reached. After this, new medium was added and dissociation was measured
throughout time.

Figure 3. Schematic design of LigandTracer. Cells grow in a small area, at the edge of the dish while it
is tilted so that two areas will be formed, one target and one for background. The instrument has a tilted
rotating support surface on which the dish is placed. A detector is located above the highest point of the
rotating dish so that it receives the radioactivity signal of the liquid-free area on the dish. The opposite
site of the dish is used as reference. The signal output is the difference of maximum radioactivity of the
target area and the lowest radioactivity of the reference area per round. Measurements are reported as a
graph after repeated measurements over time.
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In vivo studies
The animal experiments were planned and performed in accordance with national legislation of
laboratory animal protection. The animal study plan have been approved by the local Ethics
Committee for Animal Research in Uppsala.
The biodistribution studies were performed to evaluate the behavior of the two agents in vivo
as well as to assess the specificity of the bio-orthogonal reaction. Twenty four female
immunodeficient Naval Medical Research Institute (NMRI) mice were used. SKOV-3 ovarian
carcinoma cells xenografts were implanted on the right hind leg of the mice. Animals were
divided into 5 groups. The first group of mice was injected with 125I- ZHER2:2395-TCO (0.7 nmol,
5 μg, 30 kBq). Four hours post injection (pi) an equimolar amount of 111In-Tetrazine was
injected (0.7 nmol, 1 μg, 30 kBq). One hour after the second injection, mice were euthanized
by overdose of anesthesia solution (20μl of solution/g body weight; Ketalar 10mg/ml, Pfizer;
Rompun [xylazine]: 1mg/ml) with subsequent cervical dislocation. Blood, liver, spleen,
kidneys, tumor, muscle, bone and remained carcass were collected. The collected organs were
weighed and radioactivity was measured in the gamma counter. The tissue uptake values were
calculated as percentage of injected dose per gram tissue (% ID/g) except gastrointestinal tract
(GI) and the carcass for which the %ID per whole sample was calculated.
Mice of the second and third group (n=5) were intravenously injected with higher dose (4.1
nmol, 30 μg, 30 kBq) of 125I-ZHER2:2395-TCO to reach saturation of HER2 receptors. Four hours
later 111In-Tetrazine was injected at a ratio 1:1 (4.1 nmol, 5.2 μg, 30 kBq) or 5:1 (20.5 nmol, 26
μg, 30 kBq). The mice were euthanized 1h after last injection as in group 1 and the same organs
and tissues were collected and treated as above
For confirmation of affibody specificity to HER2 expressing xenografts, a fourth group (n=4)
was pre-injected with approximately 300 fold excess of unlabeled affibody molecule to saturate
the receptors. One hour later 0.7 nmol of 125I- ZHER2:2395-TCO were injected and animals were
euthanized after 1 hour. The organs were collected, weighed and radioactivity was measured as
described above.
The fifth group of mice (n=3) was injected with only 1 μg of 111In-Tetrazine (0.7 nmol, 30 kBq)
to confirm the specificity of the secondary agent to the TCO group i.e. no pretargeting. One
hour after injection mice were euthanized and treated as before.

Imaging
In order to confirm the specificity of the method, one mouse was used for visualizing the HER2
expressing tumor. Imaging was performed by our collaborators in Preclinical PET Platform,
Uppsala. The SKOV-3 xenograft bearing mouse was injected separately with the injected
amounts of primary and secondary agent at a ratio 1:1 (30 μg of 125I-ZHER2:2395-TCO and 5.2 μg
of 111In-Tetrazine). Immediately before imaging (5h and 1h after injection of ZHER2:2395-TCO
and 111In-Tetrazine respectively) the mouse was euthanized by cervical dislocation. The
SPECT-CT was performed in The Triump Trimodality system (Gamma Medica, Inc.), a fully
integrated hardware and software platform optimized for small animals.
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Results
Conjugation of MMA-PEG4-TCO to ZHER2:2395-C
The yield of the conjugation was 18% and HPLC purified the product (˃90%). According to
the MS analysis its mass is 7525.62 which coincides with the calculated theoretical weight of
the conjugate (Figure 4A and 4B).
A.

B.

Fig.5. Purification of ZHER2:2395-C Affibody molecule. A, Reversed-phase HPLC chromatogram of
purified compound. B, Mass spectrum of the purified molecule.

Labeling
The labeling yield of Tetrazine-DOTA with 111In was 99.9%±0.12% with specific activity
1.2MBq/μg. The purity was high and no purification was needed. The labeled molecule was
diluted with either MQ water or PBS for further experiments.
For indirect labeling of ZHER2:2395-TCO with 125I, the yield was 18.75%±0.25% after
purification. A big amount of radioactivity (ca 17 MBq) remained on the column after
purification. Nevertheless the radiochemical purity was ~100%

Affinity determination using Ligand Tracer
Interactions between ΖΗΕR2:2395-TCO-Tetrazine-111In and HER2 receptors were monitored
using Ligand Tracer Yellow for 20 h (Figure 5A). After the addition of 153 pM of the prereacted molecule to cells the signal increased fast for 2 h and reached a small plateau. Then the
concentration was increased to 306 pM. The signal increased for 1.5 hours. After the removal
of the medium that contained the radiolabeled compound and adding new medium, the signal
begin to decrease due to dissociation of ΖΗΕR2:2395-TCO-Tetrazine-111In from the receptor and
the dissociation phase was measured overnight. For 125I-Z ΗΕR2:2395-TCO the same procedure was
followed but the concentrations were 400pM and 700pM. Data were evaluated by fitting the
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association and dissociation curves to a 1:1 interaction model using Trace Drawer software.
Both labeled pre-reacted and primary agent interact with HER2 expressing cells through a
single binding site. The equilibrium dissociation constant of both ZHER2.2395-TCO-Tetrazine111
In and 125I- ZHER2.2395-TCO are reported in the Table 2. This results agrees with earlier Surface
Plasmon Resonance experiments for ZHER2:2395 26. Figure 5A shows the sensorgram of
ZHER2.2395-TCO-Tetrazine-111In and Figure 5B shows the sensorgram of 125I- ZHER2.2395-TCO.

Affinity determination of labeled primary agent with
HER2 using ligand tracer
ΖΗΕR2:2395-TCO-Tetrazine-111In
Cell line
KD (pM)
SKOV-3
12±5
BT474
1.85±1.15
125

Cell line
SKOV-3
BT474

I-Z ΗΕR2:2395-TCO
KD(pM)
44.8±13.55
15.7±0.26

Table 2. The equilibrium dissociation constants KD of interaction of ΖΗΕR2:2395-TCO-Tetrazine-111In and
125
I-Z ΗΕR2:2395-TCO in two HER2-overexpressing cell lines using Yellow and Grey ligand Tracer
respectively.

A.
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B.

Figure 5. A. Real time binding assy of labeled primary agent on HER2 receptors.Sensorgram of
ΖΗΕR2:2395-TCO-Tetrazine-111In using the Yellow Ligand Tracer for binding of the labeled prereacted
affibody molecule to BT474 cells. B. Sensogram of 125I-Z ΗΕR2:2395-TCO for binding of the labeled
primary agent to BT474 cells using the Grey Ligand Tracer.

In vitro specificity
Binding of the primary Affibody molecule

125

I-Z ΗΕR2:2395-TCO to HER2 receptors of SKOV-3 and

BT474 was tested in dishes were the receptors were either blocked or available, to ensure that
binding was performed specifically through the HER2 receptor. The results showed specificity
as expected from affibody molecules. The results of the in vitro specificity experiments showed
significant decrease of the radiolabeled compound uptake by the cells when the receptor was
saturated with the non-labelled protein (Figure 6A, and 6B).
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Figure 6. A. Binding of 125I-ΖΗΕR2:2395-TCO tested on BT474 cells. B. Binding of 125I-ΖΗΕR2:2395-TCO on
SKOV-3. Blocked dishes in the two cell lines were pre-treated with ZHER2:342 in 500-fold excess 5 min
before the labeled variant was added.

In vitro pretargeting experiments were performed to test the feasibility of the method. Four
groups of dishes were treated with radiolabeled tetrazine while prior to the addition the
receptors were either blocked or saturated with the primary agent which in the last group reacted
with non-labeled tetrazine. The results of these studies showed high cell associated radioactivity
on the pretargeting-treated cells group B in comparison with the blocked receptors in group C
(figure 7). The low uptake of the labeled secondary agent in the first set of dishes (group A)
shows its specificity to ΖΗΕR2:2395-TCO. Furthermore if the TCO is pre-saturated with non-labeled
Tetrazine, the cell radioactivity was reduced from 3.6±0.3 % to 0.3±0.03 % on SKOV-3 and
from 2.0±0.1 % to 0.1±0.1 % on BT474 cells.
A.

B.
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Figure 7. In vitro specificity of pretargeting method. The blocked dishes were presaturated with 500fold excess of cold non-labeled ZHER2:342.

Cellular retention
Retention on the cells of the primary agent was tested by adding 125I-ZHER2:2395-TCO to both
cell lines (BT474 and SKOV-3) and follow it throughout time. The profiles of the two studies
were similar. During the first 4 hours there was a rapid decline in the radioactivity while after
8 h the drop was more gradual. A major amount of cell associated primary agent was retained
by both SKOV-3 (54.6±0.5 %) and BT474 (33.4±0.5 %) cells even at 24 h after incubation
(figure 8).

Figure 8. Retention studies of 125I-ZHER2:2395-TCO on SKOV-3 and BT474 cells. The errors bars are too
small to be visible.
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Cellular processing
Cellular processing experiments showed us in which compartments of the cells the radioactivity
was retained and if the binding of the primary agent induce internalization of the receptor. Cells
were incubated with ZHER2:2395-TCO-Tetrazine-111In and at specific time points membranebound and internalized radioactivity was collected and measured. The results of the processing
study showed large drop of membrane bound activity in the first 4 hours in both cell lines while
the internalization rate was slow (figure 9 A and B). After 24 hours only 21.7±1.5 % in SKOV3 and 26.5±0.5 % in BT474 of the total radioactivity was internalized while 50.6±0.9 % and
41.0±1.9 % respectively stayed on the membrane. Overall a high percentage of the primary
agent stays on the membrane as it was expected from affibody molecules.

A.

B.
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Figure 9. A. Cell-associated radioactivity as function of time after interrupted incubation of BT474 cells
with ΖΗΕR2:2395-TCO-Tetrazine-111In. B. Cell-associated radioactivity as function of time after
interrupted incubation of SKOV-3 cells with ΖΗΕR2:2395-TCO-Tetrazine-111In. In both studies the data are
presented as average value of 3 dishes ± SD.

In Vivo Studies
To check feasibility of pretargeting and evaluate the specificity of the two agents in vivo,
biodistribution studies in mice were performed. 125I-ZHER2:2395-TCO was used for evaluation of
the biodistribution of the primary agent. Pre-saturation of the HER2 receptors in SKOV-3
xenografts resulted in the significant reduction of uptake in the tumor (from 20.9±3.9 % at the
non-blocked to 2.6±0.3 % ID/g at blocked, 5 h pi). There was no difference in radioactivity
uptake in any normal organ between the blocked and non-blocked mice except the kidney
(figure 10), in which radioactivity concentration dropped from 9.0±1.0 % ID/g in the nonblocked group to 4.4±1.6 % ID/g in the blocked group.
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Figure 10. In vivo biodistribution study-results of 125I-ZHER2:2395-TCO in mice bearing SKOV-3
xenografts. The blocked group was pre-injected with excess amount of another non-labeled affibody
molecule. Results are presented as percentage of activity per gram of tissue.

The uptake 111In-Tetrazine was significantly higher in all organs in animals pre-injected with
ZHER2:2395-TCO compared to the non-pre-injected group (figure 11). Accumulation of 111InTetrazine in tumors is highly dependent on ZHER2:2395-TCO (0.2±0.02 vs 3.2±0.7 % ID/g uptake
in the tumor for non-pre-injected and the pre-injected group respectively). Another observation
is that the blood uptake is elevated in the case of pre-targeting (1.84±0.39 %ID/g) compared to
non-pretargeting (0.6±0.1 % ID/g). The kidney uptake was also elevated in case of pretargeting.
The tumor to kidney ratio at this injected amounts ZHER2:2395-TCO (5 μg) was 0.8. Increasing
the injected dose of the primary agent ZHER2:2395-TCO from 5 μg to 30 μg, resulted in a several
fold increase in 111In-Tetrazine uptake by the tumor table 3. The tumor to kidney dose was 2.1.
When the dose of secondary agent was increased at a ratio 5:1 (26 μg) to the primary agent,
tumor uptake of 111In-Tetrazine decreased to 2.9±0.4 % ID/g as shown in Table 3.
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Figure 11. Specificity of 125I-ZHER2:2395-TCO and 111In-Tetrazine reaction in vivo in mice bearing

ovarian cancer SKOV-3 xenografts. In the pre-injected group,ZHER2:2395-TCO was administered
4 h before 111In-Tetrazine injection. Results are presented as percentage of injected activity per
gram of tissue.

Dose of 125I-ZHER2:2395
(μg)

30

30

5.2

26
24

Doses of 111In-Tetrazine
(μg)
Blood
Lung
Liver
Spleen
Kidney
Tumor
Muscle
Bone

1.69±0.39
1.10±0.14
0.63±0.13
0.41±0.11
5.01±1.95
9.73±1.60
0.28±0.26
0.28±0.14

1.27±0.13
1.11±0.25
0.53±0.07
0.39±0.12
3.76±0.67
2.89±0.43
0.13±0.03
0.18±0.04

Table 3.Influence on radioactivity uptake in organs upon different doses of injected 111In-Tetrazine.

Imaging
Imaging was performed 5 h after injection of the primary agent at a mouse bearing SKOV-3
xenografts (figure 12). The kidney uptake of 111In-Tetrazine was low and the HER2 expressing
tumor was very well visualized. The image is in agreement with the biodistribution data.
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Figure 12.Small-animal SPECT-CT of mice bearing SKOV-3 xenografts t 1 h after injection of 111InDOTA-ZHER2:2395 (A)15 and at 5h after injection of ZHER2:2395-TCO (B) . In the biodistribution studies
111
In-Tetrazine is not retained in such big quantity in the kidneys.

Discussion
Affibody molecules are promising candidates for peptide-based targeted radionuclide therapy.
A major problem is the high renal retention of radiometal labeled affibody molecules. This
retention of radioactivity may result in delivering several folds higher dose to the kidney than
to the tumor. As a way to overcome this problem pretargeting was suggested. Among the
several pretargeting approaches proposed, the Reverse-electron Diels-Alder chemistry based
pretargeting is of interest. In order to prove the feasibility of in vivo Diels-Alder based
pretargeting, using affibody molecules, it was necessary to evaluate the properties of both the
primary (ZHER2:2395-TCO) and secondary (radiolabeled Tetrazine) agents. Although the in vitro
and in vivo properties of the Affibody molecule ZHER2:2395, were previously evaluated1, 2 the
conjugation of the recognition tag (MMA-TCO) may have resulted in different targeting
properties. Earlier evidence suggests that small changes in the affibody molecules such as, type
of chelator or radionuclide and linker length could have a profound influence on the targeting
properties of these molecules15, 29, 30. This made it necessary to study the properties of the
primary agent ZHER2:2395-TCO for successful pretargeting. The feasibility of the pretageting
reaction was first investigated in living cells and its specificity is determined. Later a full
biodistribution study was performed to assess the ability of the affibody-based pretargeting to
deliver radioactivity to the tumor while sparing healthy tissues and most importantly the
kidneys.
In this work 111In was the used radiometal for labeling Tetrazine. Indium-111 is a photon emitter
(γ-energy=245 keV, 171 keV t1/2=2.8d). The measurable radioactivity will enable us to check
that cycloaddition works both in vitro and in vivo and perform imaging using single Photon
Emission Tomography SPECT.
The primary targeting agent ZHER2:2395-TCO was successfully labeled with 125I using indirect
iodination. The compound retained high affinity to HER2 receptors. The binding of ZHER2:2395TCO to HER2 was slow (slow Kon) but the retention of the molecule on the receptor was stable
for a long period of time (figure 5). This is common for Affibody molecules14, 27. In addition
the primary agent showed a very slow rate of dissociation. This is of advantage when
pretargeting is considered as the primary agent would remain long enough on the target for the
radiolabeled secondary agent to co-localize. Similarity in binding kinetics and measured affinity
(30.3±6.9 pM) of ZHER2:2395-TCO to that of the parent molecule ZHER2:2395 (74 pM)14 indicates
that conjugation had no influence on the targeting properties of affibody molecule. The
retention study using 125I-ZHER2:2395-TCO confirmed high retention of the primary agent in both
BT474 (33.4±0.5 %) and SKOV3 (54.6±0.5 %) up to 24 h after incubation (figure 8).
Feasibility of the method in vitro was tested with a specificity test where only pretargeting
dishes showed high cell associated radioactivity (3.6±0.3 and 2.0±0.1 % of total added
radioactivity on SKOV-3 and BT474 respectively). Binding of the primary agent to cells was
HER2 mediated (figure 6). It was also shown that secondary agent’s binding to cells is
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dependable on the existence of the TCO group (Group A 0.1±0.04 % vs Group B 2.0±0.1 % on
BT474 and Group A 0.3±0.04% vs Group B 3.6±0.3% on SKOV-3, figure 7). This is a very
important finding which would ensure that the radiolabeled Tetrazine will specifically bind to
sites where TCO is located i.e. the tumor. We observed a difference in the cell associated
radioactivity when the TCO-Tetrazine reaction was done on the cell surface (figure 7) compared
to when the reaction was pre-done and then ΖΗΕR2:2395-TCO-Tetrazine-111In conjugate was
incubated with the cells (figure 6). There is no clear explanation for this but we can speculate
that that introduction of more steps when the TCO-Tetrazine is performed on the cell surface
can result in loss of control over added concentrations and therefore in total bound radioactivity.
Moreover, it might be that the total conversion of the HER2-receptors to TCOs is incomplete.
This leaves radiolabeled-Tetrazine with lower number of co-reactants (cell-bound TCO) and
hence results in lower reaction yield i.e. cell-bound radioactivity.
Cellular processing showed a high retention of radioactivity on the cell membrane after 24 h
(50.6±0.9% on SKOV-3 and 41.0±1.9% on BT474, figure 9). As has been observed earlier for
antiHER2-affibody molecules the internalization rate of ZHER2:2395-TCO was slow. This again
implies that affibody molecule preserves its properties after conjugation to TCO. However most
of the cell associated radioactivity was membrane bound. This is important for therapy since
the agent need to bind stably on the surface and not internalize and undergo degradation and
loss of the effector function.
Specificity studies in vivo showed significant reduction of radioactivity when the mice were
pre-injected with excess dose of HER2 binding affibody molecule. The tumor associated
radioactivity dropped from 20.9±3.9 % ID/g in the non-blocked group to 2.6±0.4 % ID/g in the
blocked one (figure 10), indicating that tumor binding of the primary agent is HER2-specific.
The experiment showed that the primary agent preserves its specificity towards the tumor in
mice models and that it cannot bind to the tumor unless the receptor is available which is
necessary requirement for targeted therapy. Although the radioactivity uptake in other organs
was low there was surprisingly a significant difference in kidney associated radioactivity
between non-blocked (9.0±1.0 % ID/g) and blocked group (4.4±1.6 % ID/g). According to
previous studies the kidneys do not express HER2 receptors 33. Such a difference may be due
to influence of elevated plasma concentration of the affibody molecule on the elimination
process of these molecules by the renal system.
Studies of pretargeting protocol in mice bearing SKOV-3 xenografts showed that 111InTetrazine uptake on the tumor increased from 0.2±0.02 % ID/g to 3.2±0.7 % ID/g when
ZHER2:2395-TCO was pre-injected 4 h prior to the injection of 111In-Tetrazine (figure 11). This
clearly shows that Tetrazine binding is highly dependent on ZHER2:2395-TCO molecules that were
already bound to the receptors. These results are in agreement with the in vitro experiments.
The specificity of the secondary agent to the primary one is important to minimize the radiation
retention on healthy tissues. As expected 111In-Tetrazine showed low uptake in all other body
organs and most importantly the kidney. The renal associated radioactivity in the pre-targeted
group was 5.0±2.0 % ID/g 1h after 111In-Tetrazine injection. This is 55-folds lower compared
to renal uptake of radioactivity when the directly-indium labelled ZHER2:2395 was injected in
mice15. This clearly suggests that our pretargeting approach has succeeded (as hypothesized) in
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lowering the renal uptake of radioactivity compared to direct targeting using radiometallabelled affibody molecules. We observed also that the blood concentration of radioactivity
elevated with the pretargeting protocol (1.9±0.4 vs. 0.6±0.1 % ID/g). We expect that the
primary agent was not fully excreted from circulation, leading to a kind of off-site TCOTetrazine reaction on the blood pool. This shows the need of optimization of experimental
protocol (dosing, injection timing) in order to reduce ZHER2:2395-TCO concentration in
circulation and thus minimize the interactions of the two agents post 111In-Tetrazine injection.
Increasing the injected dose of the primary agent from 5 to 30 μg (saturation dose of ZHER2:2395)
resulted in 3-folds increase in tumor associated radioactivity (3.2±0.7 % ID/g to
9.73±1.60%ID/g) table 3. No major differences were observed in other organs or tissues. An
explanation is that more ZHER2:2395-TCO is available on the tumor surface for reaction with 111In
-Tetrazine. Elevating the amount of injected Tetrazine from 1:1 to 5:1 Tetrazines: ZHER2:2395TCO reduced the tumor associated radioactivity from 9.7±1.6 to 2.9±0.4 % ID/g. This finding
shows a saturable reaction between TCO-Tetrazine in the tumor and hence eradicates the
possibility of optimizing the pretargeting protocol by adjusting injected doses of the two agents.
However injection-time optimization is a more reasonable alternative to elevate the tumor-tokidney ratio to the maximum.

Conclusion
This work proves the feasibility of affibody-mediated pre-targeting. It was possible to reduce
the renal uptake by several folds which is a precondition for targeted radionuclide therapy.
Imaging using SPECT confirmed our results. As mentioned above optimization of the current
protocol is required before launching therapeutic studies in mice using the beta-emitter 177Lu
or alpha-emitter 221Th radiometals.
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