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Abstract

Alhuseinalkhudhur, A. 2024. HER2-receptor quantification in breast cancer patients by
imaging with ABY-025 Affibody and PET. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine 2004. 55 pp. Uppsala: Acta Universitatis
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Breast cancer is the most common malignancy in women worldwide. Human epidermal growth
factor receptor type 2 (HER2) is overexpressed in up to 20% of breast cancer cases and is
considered an important prognostic factor and a therapeutic target. With the introduction of
HER2-targeted therapy, it was important to recognize patients who will likely benefit from
such treatment. Immunohistochemistry staining performed on a tumor biopsy, with in situ
hybridization to detect gene amplification if needed, is the current gold standard method for
HER?2 receptor quantification. However, in cases with multiple metastases, it is both unfeasible
and impractical to perform multiple biopsies without risking higher morbidity. Molecular
imaging with tracers specifically targeting HER2 receptors provides a non-invasive approach,
which allows full body quantification without the serious side effects associated with invasive
biopsies. The molecule of focus in this thesis work is Affibody Zygros0 (ABY-025) molecule
that has a high affinity and selectivity towards HER2 receptors.

This thesis is based on four original articles. The first part focused on the aspect of
breast cancer imaging using HER2-targeting gallium-labeled tracer *Ga-ABY-025 in positron
emission tomography (PET) and its role in predicting breast cancer outcome. The second part
was to investigate the effect of different risk factors on developing brain metastasis, the overall
survival and the effect of HER2-targeted treatment on breast cancer brain metastasis based on
Uppsala County cancer registry.

We demonstrated that HER2-binding Affibody PET kinetics can be explained using a two-
tissue compartment model and SUV values correlated well with the influx rates calculated
using kinetic modeling, supporting its use to measure actual HER2 receptor binding. Phase 11
study demonstrated the potential of *Ga-ABY-025 PET to predict the treatment outcome more
accurately compared to biopsy HER2-status that uses the traditional immunohistochemistry
staining and in situ hybridization techniques. *Ga-ABY-025 PET provided accurate staging and
reduced false positive "*F-FDG PET results in HER2-positive cases. HER2-positive molecular
subtypes were associated with an increased risk of developing brain metastasis. Yet, longer
survival times were observed in HER2-positive subtypes receiving HER2-targeted therapy.
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Introduction

Background

Breast cancer is the leading cause of cancer incidence and the fifth leading
cause of cancer-related mortality worldwide, with an estimated 2.3 million
new breast cancer cases in 2020.' In Sweden, 8619 women were newly diag-
nosed with breast cancer and 1326 died as a direct consequence of breast can-
cer in 2021.2

Several factors have contributed to the constant rise in incidence rates in
North America and Europe over the last decades. Between 5-10 % of breast
cancer cases are due to hereditary factors, among them, only a few have been
recognized with gene mutations linked to breast cancer. On the other hand,
there is a strong correlation between risk of developing breast cancer and hor-
monal factors such as early menarche, late menopause, less number of chil-
dren, less breastfeeding, later age at first pregnancy, menopausal hormonal
therapy, and oral contraceptives. In addition, lifestyle factors such as increased
weight, alcohol consumption, and decreased physical activity were also found
to be linked to increased breast cancer risk.**

Despite the increasing incidence, mortality rates in developed countries are
declining (Figure 1). This could be due to early detection as a result of wider
screening campaigns as well as advancements in targeted therapies.’ In less
developed countries, the mortality rates are still relatively high. This is likely
due to the scarcity of the most recent diagnostic and therapeutic developments,
which require huge economic resources.'>
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Figure 1. Breast cancer incidence and mortality rates, age-standardized (all ages) and
in women under 50 years, by world region. (A) Age-standardized incidence rates for
all ages. (B) Incidence rates for women under 50. (C) Age-standardized mortality rates
for all ages. (D) Mortality rates for women under 50 (reprinted from Lima et al.
2021).5

Classification

Breast cancer is considered a group of heterogeneous diseases with variable
morphological and biological differences that directly influence the clinical
outcome and response to treatment. Evidence has shown that histological
grade and type have an important prognostic value that helps predict tumor
behavior and facilitate treatment decision.”® Histological grade reflects the de-
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gree of aggressiveness of the tumor cells by measuring the degree of differen-
tiation and the mitotic index of the cells, while histological type defines the
growth pattern of the cells based on their histological appearance. In the pres-
ence of many variables in breast cancer types, it is crucial to find a clinically
meaningful classification system that aids oncological decision.

Breast cancer can be generally divided into non-invasive carcinoma (in
situ) and invasive carcinoma, each of them can be further classified based on
the cytological appearance and growth pattern into mainly ductal and lobular
carcinoma. Up to 80% of invasive breast cancer cells arise from the ductal
epithelium and are called invasive ductal carcinomas, whereas lobular carci-
nomas constitute around 10% of all invasive carcinomas. Other types include
tubular, medullary, mucinous, papillary, and other rare types.’

Molecular subtypes

Perou, Serlie, and their colleagues introduced a new molecular classification
system for breast cancer with their groundbreaking study in 2000.'° Based on
various gene expressions, breast cancer could be classified into five clinically
relevant molecular subtypes: Luminal A, Luminal B, Human epidermal
growth factor receptor type 2 (HER2) positive, basal, and normal like.

This is based on immunohistochemistry (IHC) essays, hormone receptor
status, including Estrogen receptors (ER) and progesterone receptors (PR),
HER?2 status, and proliferation measured as Ki-67. Luminal A is defined as
ER or PR positive or both, HER2-negative, low proliferation and low grade,
and luminal B is defined as ER or PR positive or both, HER2-negative, and
high proliferation or high grade. HER2-positive subtype can also be further
divided into Hormonal receptor-positive (HER2-luminal) and hormonal re-
ceptor-negative.’

Human epidermal growth factor receptor type 2 (HER2)

HER?2 receptor belongs to the epidermal growth factor (EGF) family of recep-
tor tyrosine kinases together with 3 other receptors, EGFR (HER1), HER3,
and HER4."" HER?2 is normally expressed at low levels in various tissues such
as breast, skin, and gastrointestinal tract. Its function is believed to mediate
cell-to-cell interactions necessary for cell growth and proliferation as well as
cell differentiation.'>"> When it comes to HER2-positive cancer cells, the
number of gene copies is amplified, which results in overexpression of HER2
receptors with up to a 100-fold increase in density.'* HER2 receptors have no
natural ligand, instead, they get activated via homo- or heterodimerization
with other members of HER-receptor family, which triggers a series of down-
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stream signaling known to aggravate malignant properties in cancer cells (Fig-
ure 2)." For this reason, inhibition of HER2 receptor dimerization is an attrac-
tive target to suppress tumor growth.

HER2 overexpression in cancer cells is linked to carcinogenesis and in-
creased metastatic tendency.'!'® Up to 20% of breast cancer cases presented
with HER2-receptor overexpression with or without gene amplification. Since
the late 1980s, HER2 status role in breast cancer pathogenesis and prognosis
has been well-established. HER2 expression is associated with worse overall
survival and shorter time to relapse in breast cancer patients, showing an even
higher significance than hormonal status.'” However, since the introduction of
HER2-targeted antibodies such as trastuzumab in 1998, the outcome of the
disease has been dramatically improved.'®"”

Systemic treatment in breast cancer

Adjuvant therapy improves treatment outcome and reduces recurrence rates in
breast cancer patients.’’?! The choice of the treatment regimen depends heav-
ily on the molecular subtype, the stage of the disease, and which lines of treat-
ment the patient received previously. Early-stage breast cancer without local
spread is usually treated surgically, with or without radiotherapy. However, in
some cases with more aggressive or diffuse disease, or with spread to the local
lymph nodes, such as axillary, supra- or infraclavicular nodes, neoadjuvant
systemic treatment might be considered. The goal is to reduce the tumor size,
thus maximizing the chances for curative surgical resection and reducing the
risk of recurrence.”

Systemic therapy is usually given as chemotherapy with either anthracy-
clines, taxanes, or both. Platinum-based chemotherapy can also be considered
as a second line of treatment and is proven effective in triple-negative breast
cancer.” If the patient has HER2-positive disease, HER2-targeted monoclonal
antibodies such as trastuzumab and pertuzumab can be added. For triple-neg-
ative cases, immunotherapy in the form of pembrolizumab can be added to the
neoadjuvant regimen, then as adjuvant therapy after surgery.***

With local recurrence, systemic therapy is given after surgical excision
with a curative intent. Treatment in the metastatic setting is mainly palliative.
The presence of biological targets such as the expression of certain hormonal
receptors on cancer cells allows for endocrine therapy, such as tamoxifen and
aromatase inhibitors, which are much more tolerable than cytostatic drugs that
are associated with more serious side effects.?**’

Some metastatic involvements are associated with poor prognosis. Brain
metastasis (BM) is usually associated with more aggressive types of breast
cancer, such as HER2-positive subtypes, that require intensive treatments.
While in luminal breast cancer, BM is less common and tends to develop at a
later stage of the disease. Systemic chemotherapy has shown limited effect in
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the treatment of BM as most chemotherapy agents cannot cross the blood-
brain barrier (BBB). However, in HER2-positive disease with BM, HER2-
targeted antibodies, such as trastuzumab, and tyrosine kinase inhibitors, such
as lapatinib, in combination with other drugs have shown evidence in prevent-
ing the development of BM as well as being effective in prolonging the overall
survival. 2?3

HER2-targeted treatment

HER2-targeted treatments, such as humanized monoclonal antibodies
trastuzumab and pertuzumab, have changed the outcome of HER2-positive
breast cancer drastically. Trastuzumab was approved by the U.S. Food and
Drug Administration (FDA) in 1998 for treatment-naive, HER2-positive
breast cancer patients in combination with chemotherapy. Later in 2006, the
FDA approved its use for the adjuvant treatment of surgically removed HER2-
positive breast cancer. Lastly, in 2010, it was approved in HER2-positive gas-
tric tumors. "'

Trastuzumab binds to the extracellular domain IV of HER2 receptor (Fig-
ure 2), thus inhibiting cell growth by blocking the intracellular signaling sys-
tem.*® It has also been shown to suppress cellular repair when cells are exposed
to radio- or chemotherapy and promote cell apoptosis.***>

The success of trastuzumab story encouraged researchers to examine other
antibodies, one of which is pertuzumab. Pertuzumab has a different mecha-
nism of action than trastuzumab. While trastuzumab prevents HER2 receptor
dimerization with another HER2 receptor, pertuzumab acts by preventing
HER2 dimerization with HER3 receptors. When used in combination,
trastuzumab and pertuzumab have a significantly better outcome than
trastuzumab alone.?**%7

The American Society of Clinical Oncology and College of American
Pathologists (ASCO/CAP) guidelines state that IHC staining with or without
in situ hybridization (ISH) should be performed on at least one biopsy speci-
men taken from the primary tumor and if possible one metastatic breast cancer
(MBC) lesion to aid the decision to give HER2-targeted treatment.”®** How-
ever, biopsy is not always feasible, especially in the metastatic setting. Breast
cancer is a heterogeneous disease and variations in HER2 receptor expression
across lesions within the same patient have been reported.***' In addition,
some tumors have shown resistance to HER2-targeted treatment, despite their
expression of HER2.** All of this poses a challenge to proper stratification of
patients that will most likely benefit from receiving HER2-targeted treatment.
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Figure 2. Human epidermal growth factor receptor (HER) on cell surface. HER2 re-
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homodimerization (HER2/HER2), which leads to phosphorylation, and initiates
downstream intracellular signaling. Affibody molecules bind to a different extracel-
lular site (The junction between domain 111 and IV) than Trastuzumab and Pertuzumab
(Domain IV and domain II, respectively). TK = tyrosine kinase

HER2-targeted therapy resistance

Despite the clinical success achieved with the use of trastuzumab, resistance
to HER2-targeted therapy remains a clinical challenge as a significant number
of adjuvant and a greater number of recurrent breast cancer patients do not
respond to trastuzumab treatment.’’*** Both initial and acquired resistance
mechanisms against HER2-targeted drugs such as trastuzumab have been pro-
posed. Some mechanisms are responsible for the initial resistance to HER2-
targeted therapy, such as a truncated HER2 receptor that blocks access of
trastuzumab to its binding site on the extracellular domain, or alterations in
the intracellular signaling pathways. For acquired resistance, mechanisms
such as upregulations of other HER receptors and their ligands, or deregula-
tions in target signaling pathways have been described.***

As an effort to overcome both initial and acquired resistance mechanisms
and improve efficacy, trastuzumab is usually given in combination with other
drugs. For example, Ado-trastuzumab Emtansine, which is an antibody-drug
conjugate, has improved treatment outcome in HER2-positive breast cancer.™
In other instances, trastuzumab is given in combination with other antibodies
such as pertuzumab, which has a different binding site on HER2 receptor (ex-
tracellular domain II), or with tyrosine kinase inhibitors such as lapatinib.
These combination therapies have a better response to treatment than mono-
therapy with trastuzumab only.”'?
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Imaging in breast cancer

Imaging improves the discovery of otherwise clinically undetectable malig-
nant lesions and gives a global overview of cancer spread. Besides, image-
guided biopsy helps obtain tissue samples from metastatic lesions that are oth-
erwise not feasible. Imaging techniques such as mammography, ultrasonogra-
phy, computed tomography (CT) and magnetic resonance imaging (MRI)
have been routinely used in the clinic for the diagnosis, staging, and treatment
follow-up of cancer patients.” While functional imaging in the form of single-
photon emission computed tomography (SPECT) or positron emission tomog-
raphy (PET) is used in measuring the biological processes on the molecular
level.

Molecular Imaging

The most widely used molecular imaging tracer by far is the glucose analogue
2-["*F]fluoro-2-deoxy-d-glucose ("*F-FDG PET), which is an effective tool in
detecting distant metastasis, recurrent disease, and in measuring treatment re-
sponse.’*> "F-FDG PET measures the metabolic activity of tissues, which
tends to be higher in cancer cells due to their rapid growth and high mitotic
activity. However, this phenomenon is not specific to cancer cells as there are
other non-malignant conditions with high metabolic activity, which means
that these conditions will also appear positive on '*F-FDG PET.>*>” Moreover,
it is not possible to validate the expression of certain biomarkers such as HER2
receptors with '*F-FDG PET.

HER2 receptor overexpression as mentioned earlier is an important bi-
omarker and its quantification is essential in treatment decision. This prompts
researchers to pursue more specific tracer alternatives that will facilitate a
whole-body evaluation of the HER2-receptor expression. Several probes have
been investigated using SPECT and PET including, among others, antibodies,
antibody fragments, and affibodies.”*®' ®Cu-trastuzumab and *Zr-
trastuzumab tracers were investigated as imaging probes for HER2-expression
in MBC.%% ®Cu-trastuzumab uptake in tumor tissue showed a strong corre-
lation with the patient HER2 status confirmed by biopsy, while *Zr-
trastuzumab in combination with '"®F-FDG PET showed a predictive value in
patients receiving HER2-targeted treatment. Despite the promising results, an-
tibodies are relatively large molecules and have slow pharmacokinetics, which
means image acquisition is usually performed 1 to 4 days after injecting the
tracer.
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Affibody molecules

Affibodies are small molecules (58 amino acids, 7 kDa) that have a high af-
finity towards HER2 receptors and are much smaller than antibodies, thus
have faster pharmacokinetics. This translates to a lesser time required for
blood clearance and higher tumor-to-blood ratios, resulting in a much shorter
waiting time after tracer injection that allows acquisition within a few hours.*
One of the Affibody molecules that showed promising results is the Affibody
Zugr22s91 (ABY-025) molecule.®** Labeled with the positron-emitting radio-
isotope Gallium 68 (**Ga), it was possible to achieve PET images with good
contrast after only 2 hours of injection in patients with advanced breast can-
cer.”!

Basic principles in PET

PET is a functional imaging technique that in its basic principle relies on the
annihilation phenomena of positrons emitted by certain isotopes. A positron,
which has the same mass as an electron but carries a positive charge, travels
very small distances within a few millimeters. When a positron loses most of
its kinetic energy, it collides with an electron in what is known as annihilation
process. Each annihilation process produces two photons carrying an energy
of 511 keV and travel in opposite directions. PET camera contains multiple
detectors arranged in a ring that can coincidentally detect these two photons
and estimate the line of response between the two points (Figure 3). With the
help of a CT image to calculate attenuation factors, an image can be recon-
structed from multiple measurements of radioactivity.®>%
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Figure 3. Schematic illustration of the basic principles of PET. Positron-emitting iso-
topes emit a positively charged positron that annihilates when met with an electron,
producing two photons traveling in opposite directions carrying the same energy (511
keV). These two coincidence photons are then detected by a PET camera.

Quantification in PET

PET measures the activity concentration per unit volume in tissue. Activity
concentration measurements vary based on the injected activity and patient’s
weight. These variations make it difficult to compare between different PET
scans. One way to overcome this issue is to use a standardized method, such
as standardized uptake value (SUV). SUV is a method to normalize the activ-
ity concentration to the injected dose and body weight. While it is a semi-
quantitative method that can be easily acquired with a simple formula, it is not
completely independent from certain patient parameters such as body size and
composition, and scanner parameters such as dose calibration.’”%

In nuclear medicine, the reduction in "*F-FDG uptake in a specific region
after treatment can be used as a means to measure the response rate to treat-
ment, this facilitates the evaluation of multiple lesions in the same patient
without the need for multiple biopsies.>

Kinetic modeling

Tumor uptake in PET is routinely reported as SUV. While it is generally ac-
ceptable in most situations, SUV values do not necessarily reflect the true ki-
netics of the tracer, especially in the case of ligand-receptor binding. The es-
timation of the influx rate (K;) to a certain tissue on the other hand can accu-
rately reflect the actual binding of the tracer to the target, for example HER2
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receptor. This provides a method to validate the use of SUV as a representative
value to the actual receptor binding, especially for new tracers.

In dynamic PET scans, data is collected sequentially after the injection of
the tracer, enabling the measurement of activity concentration in certain tis-
sues over time. The measured time-activity curves (TACs) can then be used,
with the help of compartmental modeling or graphical analysis, to calculate
the kinetic parameters of the tracer. In compartmental modeling, it is assumed
that there are separate pools of tracer activity that are called compartments.
For example, a one-tissue compartment, which is the simplest, is usually used
to estimate the kinetics of tracers aimed at measuring the blood flow in tissues.
Another example is the two-tissue compartment model, more suitable for *F-
FDG and receptor-ligand interactions. Here, the tracer moves from the arterial
blood compartment to the free tissue compartment, and then the tracer moves
to the second tissue compartment where it becomes specifically bound.*

The estimation of K; can be achieved either by performing a voxel-based
analysis through creating parametric images or by running a Volume-of-inter-
est (VOI)-based analysis, using TACs as an input function to estimate the ki-
netic parameters (Figure 4). Graphical analysis techniques, such as Patlak plot,
use linear regression to calculate the kinetic parameters with the assumption
of tracer irreversibility.”*”!

Time Activity Curves
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Figure 4. Time activity curves based on VOI-based analysis of %*Ga-ABY-025 dy-
namic PET scan in a breast cancer patient with liver metastasis.
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Aims of the thesis work

The overall thesis aims are to evaluate the role of the ®*Ga-ABY-025 PET as
a quantitative tool for the determination of HER2 expression and prediction
of treatment response in patients with breast cancer and to explore factors in-
fluencing the risk and overall survival of brain metastasis in breast cancer pa-
tients.

Specific aim for each paper:

Paper I

To explore the applicability of kinetic modeling and parametric image analy-
sis for absolute quantification of ®*Ga-ABY-025 uptake and HER2-receptor
expression and how that relates to static SUVs.

Paper 11

To investigate how “*Ga-ABY-025 uptake correlates to biopsy-based HER2
status and to predict HER2-targeted treatment outcome.

Paper II1

To assess the different pathological and physiological uptake patterns in both
treatment-naive and recurrent HER2-positive breast cancer patients.

Paper IV

To investigate the risk factors of developing BM in MBC and estimate the
overall survival based on breast cancer molecular subtypes.
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Patients and methods

Study populations

In paper I, we reanalyzed 16 patients with MBC from an earlier study (Table
1).%" Based on their IHC and ISH results, 12 out of 16 were HER2-positive
while 4 were HER2-negative. Thirteen patients had liver metastases.

Paper I was a prospective single-center phase II diagnostic study, a part of
the Affibody-3 clinical trial (NCT03655353). Forty patients with biopsy-con-
firmed HER2-positive breast cancer were included with either stage 11 or 111
breast cancer planned for neoadjuvant therapy or recurrent MBC.

In paper III, the 40 patients included in paper II in addition to another 10
patients recruited as part of the Affibody-3 clinical trial were analyzed.

Paper IV was a retrospective observational study based on data from a real-
time treatment registry (RealQ®) and included 663 patients with MBC treated
at Uppsala University Hospital between 2009 and 2022.

Production of ®*Ga-ABY-025

Vials containing GMP-quality ABY-025 peptide were provided by Affibody
AB. In Paper I, the labeling process resulted in a peptide dose product of 427
£ 19 pg with the use of a ®*Ge/**Ga generator (1850 MBq IGG100).

In paper II and I11, the production of ®*Ga-ABY-025 was done using a fully
automated system, yielding a 98% + 1% radiochemical purity (peptide dose
of 327 £ 29 pg).

BE-FDG PET

Patients in paper I, II, and III all underwent '*F-FDG PET at baseline (GE
Discovery ST/MI, GE healthcare). In paper II and III, a follow-up '*F-FDG
PET was performed after 2 cycles of treatment to assess metabolic tumor re-
sponse. The scans were performed according to a standard clinical protocol 1
h after the injection of 3 MBq of '®F-FDG per kilogram body weight.
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%Ga-ABY-025 PET

In paper I, all patients underwent simultaneous 45-minute dynamic **Ga-
ABY-025 PET (22 frames; 6 x 10, 3 x 20, 3 x 60, 5 x 180, 5 x 300 seconds)
over the upper abdomen with ®*Ga-ABY-025 tracer injection (241 + 49 MBq).
In two patients, dynamic scans were performed over the chest region instead,
where the lesions were located. Static PET scans were acquired 2 h and 4 h
post-injection (4 and 5 min per bed position, respectively) for the first 10 pa-
tients (group 1), and 2 h post-injection for the last 6 patients (group 2). Five
patients in group 2 underwent repeat scans (retest) the following week to in-
vestigate reproducibility of tracer uptake measurements. Images were recon-
structed according to the vendor-supplied settings (2 iterations and 21 subsets;
corrections for dead time, decay, and attenuation) into a 128 x 128 matrix with
voxel size 3.9 x 3.9 x 3.27 mm.

In paper II and III, all patients underwent a baseline static ®*Ga-ABY-025
PET 3 h post-injection with 139 + 43 MBq of ®*Ga-ABY-025 (cold peptide
content = 262 ng). Acquisition time was 4 minutes per bed position.

Image analysis
Dynamic PET analysis

In paper I, volumes of interest (VOIs) were defined manually using Carimas
2.9 (Turku PET Center, Turku, Finland), and concurrent CT images were used
to guide VOI definition. VOI-based kinetic analysis of dynamic PET images
was performed using a MATLAB program written in-house. Among the com-
partmental models tested, the irreversible two-tissue compartment model
(2TC-3k) (Figure 5) returned the best fit according to the Akaike information
criterion.

Based on the 2TC-3k model, parametric images of tracer delivery constant
(K1) and K; were created, with the descending aorta TACs as input function,
using a MATLAB program written in-house. Parametric images of K; based
on Patlak graphical analysis were also created. The VOI-based analysis was
performed to validate parametric images.

Static PET analysis

SUVs were calculated from 2 h and 4 h post-injection (paper I) or 3 h post-
injection (paper II, III) static whole-body images. Carimas 2.9 (Turku PET
Center, Turku, Finland) in paper I and Hermes Hybrid viewer (Hermes Med-
ical Solutions AB, Stockholm, Sweden) in paper II and III were used for VOI
definition and image analysis.
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BF-FDG PET was used to guide VOI definition (paper I-IIT) and to measure
the metabolic response as change in total lesion glycolysis (A-TLG) (paper 11,
and III).

Tissue compartment

Non-displaceable

Figure 5. Irreversible two-tissue compartment kinetic model.

Statistical analysis

Nonparametric tests were used to compare different groups in paper [, Mann-
Whitney test for independent comparisons, and Wilcoxon’s signed-rank test
for matched pairs. Bland-Altman plot and intraclass relative repeatability co-
efficient were calculated to investigate reproducibility in group 2 of patients
who underwent retest scans.

In paper II, cutoff values to predict positive metabolic outcome were esti-
mated using Receiver operating characteristic (ROC) curve. Multivariate anal-
ysis was used to investigate the relationship between different variables and
the treatment outcome. Nonparametric analysis of variance (ANOVA) was
used to investigate differences between patient groups stratified according to
the number of previous treatments received. Spearman's p (rho) was used to
investigate the correlation between the variables in paper III.

Kaplan-Meier estimator was used to calculate overall survival in paper IV,
log-rank test was used to compare survival between different groups. Risk ra-
tios between variables were calculated using Cox-proportional hazards model.
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Results

Paper I

We found that, among the compartmental models we tested, the irreversible
two-tissue compartment (2TC-3k) model was the best to fit the kinetics of
%%Ga-ABY-025, giving the lowest Akaike information criterion for the major-
ity of TACs. Parametric K; images and VOI-based K; values were basically
similar for both 2TC-3k model and Patlak graphical analysis (Figure 6. A, B).
K; values obtained from VOI-based analysis and parametric images were ba-
sically similar (R? > 0.99, p < 0.001, n=24) (figure 6. C, D). This means that
both can be used interchangeably.

Figure 6. Correlations between A VOI-based 2TC and Patlak K;’s, B parametric 2TC
and Patlak K;’s C 2TC K;’s VOI-based and parametric, and D Patlak K;’s VOI-based
and parametric. PMI = parametric images
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Both 2TC and Patlak Parametric K; images showed an advantage over static
SUV images by eliminating non-specific background uptake. This led to a fa-
vorable tumor-to-background ratio (TBR) of 3.7 £ 2.8 in 2TC K;and 7.1 £ 7.8
in Patlak K; (Figure 7). The latter was significantly higher than SUV-based
TBR (4.2 £ 3.4 2 h post-injection). SUV values at 2 h and 4 h had a good
correlation with K; values both from 2TC and Patlak methods (Figure 8).

In HER2-negative metastatic lesions, both SUV and K; values were equal
or lower than the normal liver uptake (Figure 7 B). We also found that tracer
delivery, presented as parametric K; images, was lower in the metastatic le-
sions compared with the normal tissue (Figure 7).

Both 2TC K; and Patlak K; showed comparable repeatability to static SUV
images without noticeable bias.

JA

SUV 2h = 15} suv 4h

®

0
0.06] Patlak K,

10} suvV 2h 15) suv 4h

0
0.06} Patlak K,

Figure 7. ¥F-FDG PET/CT and ®®Ga-ABY-025 PET/CT images and parametric im-
ages derived from dynamic PET in A patient with HER2-positive liver metastasis B
patient with HER2- negative liver metastasis. K; = delivery rate, K; = net uptake rate,
2TC = irreversible two-tissue compartment
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Figure 8. A 2TC-3k K; correlation with SUV 2h and SUV 4h (R’ = 0.87, 0.80 re-
spectively, both p < 0.0001). B Patlak K; correlation with SUV 2 h and SUV 4 h (R’ =
0.95, 0.90 respectively, both p < 0.0001). Shaded areas represent 95% confidence
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Paper 11

In this study, we reported the results of phase II of ®*Ga-ABY-025 PET pro-
spective diagnostic clinical trial (Affibody-3). Nineteen patients with primary
breast cancer (PBC) and 21 patients with MBC were included. Twenty pa-
tients out of 40 were treatment-naive, 12 had received 1 to 3 treatments, and
8 patients had received more than 3 treatments prior to the current study.
Based on biopsy results, 31 patients were HER2-positive (IHC 3+ or 2+ /ISH
amplified), 3 patients were borderline HER2-positive (IHC 2+ / ISH not am-
plified), and 6 patients were HER2-negative (IHC O or 1+). Patient character-
istics are summarized in table 2.

We observed heterogeneity in ®*Ga-ABY-025 PET uptake even at the in-
trapatient level (mean difference in SUVmax, 7.6; range, 1.2-39.1) (Figure 9
A and C). Using a cutoff SUVmax of 6.0 to determine HER2 positivity, **Ga-
ABY-025 PET results did not match biopsy-based HER2 status in 12 patients
(Figure 9 B). We did not find a significant correlation between **Ga-ABY-025
PET and biopsy-based results (p = 0.13) (Figure 10).

It was possible to predict the metabolic treatment response measured as A-
TLG below -25% using ®*Ga-ABY-025 PET with a cut-off SUVmax of 10.7
in all patients (AUC, 0.61; 56% sensitivity; 66% specificity; p = 0.03),
whereas biopsy-based HER2 status did not significantly predict metabolic re-
sponse (AUC, 0.58; 79% sensitivity; 37% specificity; p = 0.06).
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Table 2. Patient characteristics and descriptive data in paper II.

HER?2 status based on IHC and ISH results

Item Positive (n=31)  Negative (n =6) Borderline (n = 3)
Median Age (y) (range) 57 (29-89) 63 (45-78) 58 (53-62)
ER-positive (>10%) 14 (45%) 4 (67%) 2 (67%)
Stage
II 14 (45%) 0 1 (33%)
I 2 (7%) 1 (17%) 0
v 15 (48%) 5(83%) 2 (67%)
Molecular Subtype
Luminal-A 1 (17%)
Luminal-B 3 (50%) 2 (67%)
HER2-pos 17 (55%)
HER2-pos/Luminal 14 (45%)
Triple Negative 2 (33%) 1 (33%)
Neoadjuvant Treatment
Primary 15 (48%) 1 (17%)
Metastatic 2 (6%) 1 (33%)
Previous treatments
PBC
None 17 (55%) 1 (17%) 1 (33%)
MBC
None 1 (33%)
1 1 (3%) 1 (17%) 0
2 5 (16%) 2 (33%) 0
3 3 (10%) 0 0
4 2 (6%) 1 (17%) 0
5 1 (3%) 1 (17%) 0
6+ 2 (6%) 0 1 (33%)

For soft tissue lesions in the MBC group, the previously proposed cutoff SU-
Vmax of 6.0 showed 86% sensitivity and 67% specificity (AUC, 0.74; 95%
CL, 0.67-0.82; p =0.01). For skeletal lesions, a higher cutoff SUVmax of 16.2
predicted the metabolic response (AUC, 0.81; 95% CI, 0.74-0.87; 69% sensi-
tivity; 83% specificity; p = 0.003). We did not find a significant predictive
value for Biopsy-based HER2 status in either soft tissue lesions or skeletal
lesions.

All PBC patients responded to treatment with a variable degree. We could
not find a significant predictive value for either ®*Ga-ABY-025 PET or biopsy-
based HER?2 status for metabolic response in the PBC group.
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Figure 9. ¥Ga-ABY-025 PET/CT and '8F-FDG PET/CT images at baseline with '8F-
FDG PET/CT follow-up after 2 cycles of treatment in biopsy-confirmed HER2-posi-
tive disease. (A) Patient with high ®®Ga-ABY-025 uptake (SUVmax, 21), previously
received 3 lines of treatment. '8F-FDG PET/CT follow-up showed complete metabolic
response. (B) Patient with low uptake (SUVmax, 5.4), who previously received 3 lines
of treatment. '8F-FDG PET/CT follow-up showed disease progression (A-TLG,
168%) despite HER2-targeted treatment. (C) Patient with heterogeneous %Ga-ABY-
025 uptake, who previously received 7 lines of treatment. "*F-FDG PET/CT follow-
up showed a heterogeneous response, with lesions higher in ®*Ga-ABY-025 uptake
tending to have a better response. Arrows indicate biopsy sites.
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Figure 10. Clinical response in patients with breast cancer. The X-axis is HER2 status
according to IHC and ISH from trial biopsies. The Y-axis corresponds to ®*Ga-ABY-
025 PET uptake in biopsied lesions (n = 40). BC = breast cancer

We found that the metabolic response was associated with the number of pre-
vious treatments received. The more previous treatments the patients received,
the worse the metabolic response measured (Figure 11). In a multivariable
analysis, both the number of previous treatments and ®*Ga-ABY-025 PET SU-
Vmax significantly correlated to the change in global A-TLG per patient. (p =
0.0004 and p = 0.018, respectively). Neither biopsy-derived HER2 status nor
baseline TLG were found significant in this analysis (p = 0.09 and p = 0.17,
respectively) (n = 39). On a lesional level, A-TLG association with ®*Ga-ABY-
025 SUVmax, adjusted for the number of previous treatments, remained sig-
nificant (R? = 0.30; n = 133; p = 0.0009). Although A-TLG was more promi-
nent in PBC group (Average, -71%; 95% CI, -58% to -83%) compared to
MBC group (Average, -27%; 95% CI, -16% to -38%; p < 0.0001), average
%Ga-ABY-025 uptake did not differ significantly between PBC and MBC
groups (SUVmax of 9.8 and 13.9 respectively; p = 0.10).
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Figure 11. Number of previous treatments and their effect on response rate measured
as A-TLG after 2 cycles of HER2-targeted treatment. One-way ANOVA showed
significantly different response rates among 3 groups (p < 0.0001). Marker size
reflects statistical weight of lesions per patient. P values represent Wilcoxon signed-
rank test with regard to metabolic response among 3 groups.

Paper 111

In paper III, we analyzed ®*Ga-ABY-025 PET and "*F-FDG PET images in 50
patients (same patients in paper II + 10 additional patients included in the Af-
fibody-3 clinical trial). We examined the role of ®*Ga-ABY-025 PET in proper
staging and treatment planning, and the physiological and pathological uptake
patterns in both treatment-naive and recurrent breast cancer patients.

In this cohort, three patients had an additional disease spread into local ax-
illary, supraclavicular, or internal thoracic lymph nodes that are only detecta-
ble with ®*Ga-ABY-025 PET (Figure 12). These findings helped in restaging
in 2 out of 3 cases, both had invasive lobular carcinoma, which eventually led
to adjustments in their treatment plan. All three patients responded to treat-
ment with two of them achieving complete response early during treatment.
The third patient had already liver metastasis detectable on both ®*Ga-ABY-
025 PET and "®F-FDG PET, thus continued with the same neoadjuvant treat-
ment regimen. Unfortunately, she developed severe cardiac toxicity early dur-
ing HER2-targeted treatment mandating discontinuation of HER2-targeted
treatment, and her condition progressed shortly afterwards with brain metas-
tasis that caused death.
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Figure 12. Patients with low metabolic activity in tumor lesions not detectable by '®F-
FDG PET, the same lesions were detectable using ®*Ga ABY-025 PET (patient #10
had ductal carcinoma, while patient #13 and patient #34 had lobular carcinoma).

Two patients in this cohort underwent the baseline scans shortly after getting
COVID19 vaccine. Their "*F-FDG PET showed an increased uptake in multi-
ple lymph nodes ipsilateral to the injection site of the vaccine. The same lymph
nodes did not have an increased uptake above normal background tissue on
%%Ga-AY-025 PET (Figure 13). Uptake in these vaccine-related lymph nodes
disappeared in the follow-up '*F-FDG PET.
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Figure 13. Two patients with non-malignant metabolic activity in lymph nodes on the
ipsilateral side of COVID19 vaccine administration, visualized with FDG-PET (re-
gions outlined in red). Vaccine-induced inflammation was not associated with in-
creased %%Ga-ABY-025 uptake.

%Ga-ABY-025 uptake in the thyroid gland and axillary sweat glands was in-
versely correlated to the number of previous treatments (Figure 14). One pa-
tient in this cohort presented with a nodular uptake that is directly located
above the thyroid gland. The subsequent investigation and biopsy results
showed a benign pathology.
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Figure 14. Spearman’s correlations between the number of previous trastuzumab
treatments received and **Ga-ABY-025 uptake in A thyroid gland and B axillary
sweat glands in HER2-positive breast cancer patients (n = 50).

Paper IV

In this retrospective population-based study, we estimated the risk of devel-
oping BM in HER2-positive breast cancer and how it relates to other molecu-
lar subtypes. We also investigated the overall survival according to these sub-
types, and the role of other patient-related and disease-related factors in both
the risk of BM and survival.

Out of 663 patients, 134 had BM (Table 3). We found that the risk of de-
veloping BM 5 years after the first metastatic site was highest in hormonal
receptor (HR) negative / HER2-positive (HR-/HER2+) subtype (41%; 95% CI
26 — 57%) followed by triple-negative subtype (39%; 95% CI 24 — 56%)),
HR+/HER2+ subtype (30%; 95% CI 19 — 44%), then HR+/HER2- subtype
(14%; 95% CI 11 — 18%). The risk of developing BM in all patients was 19%
(95% CI 16 — 23%)).

Lobular disease (17.9% of cases) carried a higher risk for leptomeningeal
involvement than ductal disease (72.2% of cases) (Hazard ratio (HzR), 2.85;
95% CI 1.74 — 4.67), while HzR for developing leptomeningeal disease was
0.19 in HER2-positive patients compared to HER2-negative patients (95% CI
0.06 — 0.58) (p < 0.001).
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Table 3. Patient characteristics in paper [V.

HR+/HER2- HR+/HER2+ HR-/HER2+ Triple-nega- Total

All cohort (n=480) (n=64) (=51) tive (n=68)  (n=663)

Mean age at MBC 60139 5844169 597128 582+174  59.6+ 145

@SD),y
Histology
Ductal 327 (68.1%) 58 (90.6%) 39 (76.5%) 55 (80.9%) 479 (72.2%)
Lobular 111 (23.1%) 3 (4.7%) 1 (2%) 4 (5.9%) 119 (17.9%)
Others 21 (4.4%) 0 (0%) 3(5.9%) 5(7.4%) 29 (4.4%)
Unknown 21 (4.4%) 3 (4.7%) 8 (15.7%) 4 (5.9%) 36 (5.4%)
De novo MBC 103 (21.5%) 18 (28.1%) 16 (31.4%) 12 (17.6%) 149 (22.5%)
Risk of CNS met 68 (14.2%) 22 (34.4%) 22 (43.1%) 22 (32.4%) 134 (20.2%)
Only CNS (n=68) (n=22) (n=22) (n=22) (n=134)
Denovo CNS atMBC 19 (27.9%) 7 (31.8%) 11 (50%) 9 (40.9%) 46 (34.3%)
Oligo met (1-3) 35 (51.5%) 12 (54.5%) 10 (45.5%) 13 (59.1%) 70 (52.2%)
Extra CNS met 62 (91.2%) 21 (95.5%) 19 (86.4%) 17 (77.3%) 119 (88.8%)
Meningeal met 30 (44.8%) 2 (9.5%) 1 (4.5%) 3 (13.6%) 36 (27.3%)
Radiotherapy 54 (79.4%) 19 (86.4%) 15 (68.2%) 18 (81.8%) 106 (79.1%)
Whole Brain 41 (60.3%) 15 (68.2%) 12 (54.5%) 12 (54.5%) 80 (59.7%)
Local 8 (11.8%) 2 (9.1%) 0 (0%) 1 (4.5%) 11 (8.2%)
Both WB + Local RT 5 (7.4%) 2(9.1%) 3 (13.6%) 5(22.7%) 15 (11.2%)
Surgery 3 (4.4%) 2 (9.1%) 2(9.1%) 3 (13.6%) 10 (7.5%)
Gamma knife 0 (0%) 0 (0%) 0 (0%) 1 (4.5%) 1 (0.7%)
Systemic Rx
Chemotherapy 49 (72.1%) 19 (86.4%) 15 (68.2%) 17 (77.3%) 100 (74.6%)
Antibodies 7 (10.3%) 17 (77.3%) 13 (59.1%) 2 (9.1%) 39 (29.1%)
Endocrine 27 (39.7%) 8 (36.4%) 0 (0%) 1 (4.5%) 36 (26.9%)
Outcome CNS
Response Rate 25 (36.8%) 14 (63.6%) 13 (59.1%) 8 (36.4%) 60 (44.8%)
Complete Response 7 (10.3%) 6 (27.3%) 6 (27.3%) 5(22.7%) 24 (17.9%)
Median OS (months) 7.7 26.2 11.2 3.5 8.8
Deaths caused by BM 41 (60.3%) 11(50%) 16 (72.7%) 10 (45.5%) 78 (58.2%)

MBC = metastatic breast cancer, CNS = central nervous system, WB = whole brain,
RT = radiotherapy, OS = overall survival, BM = brain metastasis

Among the molecular subtypes, HR+/HER2+ had the longest survival after
the first metastatic site at 63 months (95% CI 42 — 72), followed by
HR+/HER2-with 43 months (95% CI 37 — 51). HR-/HER2+ and triple-nega-
tive subtypes had 36 months (95% CI 19 — 53) and 16 months (95% CI 8 —
23), respectively (p = 0.002) (Figure 15 B).

HR+/HER2+ subtype also had the longest survival after developing BM
(26.2 months; 95% CI 14 — 43), followed by HR-/HER2+ subtype (11.2
months; 95% CI 3 — 29), HR+/HER2- subtype (7.7 months; 95% CI 4 — 14),
and lastly triple-negative subtype with the worst survival of only 3.5 months
(95% CI 2 - 9; p = 0.04) (Figure 15 A). Time to develop BM was relatively
short and comparable in both HER2+ subtypes as well as triple-negative dis-
ease but was significantly longer in HR+/HER2- subtype (figure 15 C and D).
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Figure 15. A Overall survival after developing BM in breast cancer patients based on
their molecular subtypes [HR+/HER2- (n = 68), HR+/HER2+ (n = 22), HR+/HER2+
(n=22), HR-/HER2- (n = 22)], (total n=134, p = 0.053), B Overall survival after first
metastatic site in breast cancer based on their molecular subtypes [HR+/HER2- (n =
480), HR+/HER2+ (n = 64), HR+/HER2+ (n = 51), HR-/HER2- (n = 68)], (total
n=663, p<0.0001), C time to develop BM from initial diagnosis [HR+/HER2- (n =
480), HR+/HER2+ (n = 64), HR+/HER2+ (n = 51), HR-/HER2- (n = 68)], (total
n=663, p <0.0001), and D time to BM from first metastasis [HR+/HER2- (n = 480),
HR+/HER2+ (n = 64), HR+/HER2+ (n = 51), HR-/HER2- (n = 68)], (total n=663, p
=0.0004).

We found that patients with breast cancer brain metastasis (BCBM) without
extra CNS involvement as well as patients with BM as first metastatic site (de
novo BM) had a favorable survival. Patients with BM without extra CNS in-
volvement had a longer survival of 16 months (95% CI 5 — 46; n = 15), while
patients with extra CNS involvement had a median survival of only 9 months
(95% CI1 6 — 15) (n = 119; p = 0.18). Overall survival after BM was signifi-
cantly longer (18 months, 95% CI 12 — 36) in patients with BM as the first
metastatic site (de novo BM) compared to the recurrent disease (6 months,
95% CI13—-9; p=10.001).

We investigated the influence of various treatment modalities on overall
survival as well. In patients who underwent surgical removal of BM, median
overall survival was much longer (46 months, 95% CI 9 — 104) compared to
those who did not undergo surgical removal of BM (8 months, 95% CI 6 — 13;
p = 0.013). Patients with BM who received radiotherapy had a significantly
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higher overall survival (13 months, 95% CI 8 — 16) than BM patients who did
not receive radiotherapy (2 months, 95% CI 1 — 10) (p = 0.03). Radiotherapy
target and protocol influenced the overall survival as well. Patients with
BCBM who received adjuvant radiotherapy to the tumor and/or stereotactic
radiosurgery had the best overall survival of 41 months (95% CI 8 — 89). Pa-
tients who had whole brain palliative radiotherapy with or without a boost to
the tumor had an overall survival of 18 months (95% CI 3 —42) and 10 months
(95% C17—14), respectively. While for patients with BM who did not receive
any radiotherapy, the overall survival was only 2 months (95% CI 1 — 10) (p
=0.006).

Survival was significantly longer for patients with 1 to 3 brain lesions (12
months, 95% CI 7 — 18) compared with patients with more than 3 brain lesions
(8 months, 95% CI 4 — 14; p = 0.02) (Figure 16).
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Figure 16. Overall survival in patients with BM based on the number of metastatic
lesions, median survival was 8 months (95% CI 4 — 14) in patients with >3 lesions (n
= 64), while 12 months (95% CI 7 — 18) in patients with 1 to 3 lesions (n=70), (p =
0.016).

For systemic HER2-targeted therapy, BCBM patients with HER2-positive
disease who received HER2-targeted treatment had a longer survival (26
months, 95% CI 14 — 36) than those who did not receive HER2-targeted ther-
apy (7,5 months, 95% CI 0 — 18) and those with HER2-negative disease (6
months, 95% CI 4 — 12) (p = 0.01) (Figure 17).
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Figure 17. Overall survival of BCBM, comparing HER2+ cases with trastuzumab,
HER2+ without trastuzumab, and HER2- cases. Median survival time for HER2+ pa-
tients with trastuzumab treatment was 26 months (95% CI 14 — 36), while for HER2+
patients without trastuzumab treatment and HER2- patients was 7.5 months (95% CI
0 — 18) and 6 months (95% CI 4 — 12), respectively (p = 0.01).

In a univariate analysis, factors such as age < 55 years, HER2 positivity, HR
negativity or triple-negative disease, Ki-67 > 30%, pathological grade (Elston)
3, and de novo MBC carried a higher risk for developing BM (Figure 18).
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Figure 18. Forest plot showing hazard ratios of several factors to develop BM from
primary diagnosis in metastatic breast cancer patients treated in Uppsala County be-
tween 2009 and 2022 calculated via univariate analysis. BM = brain metastasis

Factors that increased mortality after BM were HER2 negativity, lack of sys-

temic therapy including chemotherapy and targeted therapy, no radiotherapy,
and multiple metastatic brain lesions (>3) (Figure 19).
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Figure 19. Forest plot showing hazard ratios for BCBM mortality risk of several fac-
tors in metastatic breast cancer patients treated in Uppsala County between 2009 and
2022 calculated via univariate analysis. BCBM = breast cancer brain metastasis, HR
= hormonal receptor
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Discussion

Current guidelines to determine HER2 status is limited to biopsy specimens
which within the heterogeneous HER2 expression in breast cancer is subopti-
mal. This makes introducing an imaging technique to quantify HER2 status in
the whole body advantageous. ABY-025 molecule showed high affinity and
selectivity towards HER2 receptors. Using ®*Ga-ABY-025 PET, it was possi-
ble to quantify HER2 status and to predict treatment outcome in patients with
MBC.

The results from paper I showed that the irreversible two-tissue compart-
ment model fitted the kinetics of ®*Ga-ABY-025 best, which came in agree-
ment with the preclinical findings that showed almost irreversible kinetic
properties of Affibody molecules in HER2 expressing tumor-cell lines.”>"
However, we found a small reversible component detectable in liver lesions.
We suspect that it is due to the spill-in effect from the surrounding normal
liver uptake.

Based on our findings, VOI-based kinetic modeling and voxel-based para-
metric images were identical and can be used interchangeably. The basis func-
tion implementation of the 2TC-3k model provided K; and K; parametric im-
ages. SUV values strongly correlated to both 2TC K; (R’ = 0.87, n = 9) values
and Patlak K; (R’ = 0.95, n = 9) values, which means that SUVs mostly reflect
the actual binding of the tracer in tumor lesions, thus supporting its use in
HER?2 imaging and quantification.

We found that the ®®Ga-ABY-025 uptake in normal liver was relatively
high. The liver is where peptides such as the Affibody molecule is metabo-
lized. However, a low to moderate degree of HER2 expression in normal liver
has also been previously reported.”*” This might explain the specific uptake
still found in normal liver detectable in parametric K; images. The majority of
lesions in paper I were in the liver. Patlak graphical analysis assumes irreversi-
ble binding which led in our case to the underestimation of K; values in normal
liver. This might explain the higher tumor-to-liver ratios we found with Patlak
parametric images, which in certain clinical cases could make it easier to de-
tect small liver lesions.

Parametric images should be preserved to certain cases as they require a
45-minute dynamic PET scan that puts a logistic burden on both the patient
and healthcare providers. In addition, parametric images require special pro-
grams to create that might not be widely available.
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In paper 11, discordant results between *Ga-ABY-025 PET uptake and bi-
opsy-based HER2 status were found in 12 out of 40 patients with no signifi-
cant correlation found between the two. However, we were able to accurately
predict the metabolic response to treatment using results from **Ga-ABY-025
PET. This was not possible with biopsy-based results where no significant
predictive value was found, suggesting that biopsy-based HER?2 status did not
necessarily reflect the receptors bioavailability. Breast cancer is known for its
heterogeneity and discordances between the primary tumor and metastases, as
well as intratumoral heterogeneity have been reported.*”’® Low **Ga-ABY-
025 uptake despite HER2-positive biopsy could mean that HER2-targeted an-
tibodies, such as trastuzumab, would not have access to the receptors, leading
to poor response. On the other hand, high ®*Ga-ABY-025 uptake despite
HER2-negative biopsy could be the result of tumor heterogeneity or, in some
cases, failed sampling. The latter is particularly more common in liver and
skeletal lesions where biopsies are relatively difficult to obtain compared to
other sites.

We found that the response to treatment was inversely correlated to the
number of previous treatments received by patients prior to this study. Hence,
all treatment-naive patients responded to treatment but to a variable degree
irrespective of ®*Ga-ABY-025 uptake. This variation in response could reflect
some degree of initial resistance in some of these patients. *Ga-ABY-025 up-
take together with the number of previous treatments could explain 30% (R’
= 0.30) of the metabolic response. A part of the remaining 70% could be at-
tributed to other factors, such as clonal variation of primary or acquired drug
resistance to HER2-targeted therapy resulting from exposure to previous treat-
ments.>'*

Using a predefined cutoff SUVmax of 6.0, it was possible to predict posi-
tive metabolic response in lymph nodes and soft tissue lesions. The same cut-
off could not be applied to other tissues such as skeletal lesions, where a higher
cutoff SUVmax value of 16.2 was required. Skeletal metastases are usually
associated with a later stage of the disease and are generally found in patients
who had more likely received multiple previous treatments, which in turn are
linked to drug resistance. Metabolic flare effect that is usually associated with
the inflammatory response in bone lesions could also affect adequate estima-
tion of metabolic response using '*F-FDG PET.”’

%Ga-ABY-025 PET provided a non-invasive tool allowing for whole-body
evaluation of HER2-receptor expression. A tool that is particularly useful in
situations where biopsies are difficult to obtain or when disease heterogeneity
is suspected. ®*Ga-ABY-025 PET might provide additional information that
helps identify patients most likely to benefit from HER2-targeted treatment
thus avoiding unnecessary side effects and ensuring timely treatment plan-
ning. This has become increasingly relevant since the introduction of new
lines of treatment to target HER2-low expression.’®”
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As HER2-targeted imaging becomes more widely used in clinical settings,
paper III offers an overview of diagnostic prospects and possible difficulties
associated with HER2 PET that might be clinically relevant. We found that in
some cases, ®*Ga-ABY-025 PET provided additional information that led to
restaging and adjustment of the treatment regimen, thereby guiding the treat-
ment decision and sparing patients from unnecessary side effects. The ad-
vantages that receptor-targeted imaging has over '*F-FDG PET have been re-
ported with other tracers as well, such as '®F-FES in ER-positive breast cancer.
More lesions are detected using '*F-FES PET compared to '*F-FDG PET.*
In paper III, two of the three patients with positive ®*Ga-ABY-025 PET find-
ings undetectable by 18F-FDG PET had lobular disease. Lobular carcinomas
are historically known to have a slow growth rate relative to other types and a
growth pattern that makes them difficult to detect in mammography. These
characteristics could explain the low metabolic uptake in '*F-FDG PET.%!

Treatment decision of locally advanced breast cancer depends on accurate
staging, which in turn depends on the proper detection of the involved lymph
nodes. ®*Ga-ABY-025 PET findings helped guide definitive treatment in these
patients leading to a better prognosis. These benefits however are limited to
HER2-expressing tumors.

Non-malignant inflammatory or immunologically induced reactions to vac-
cinations are a source of false-positive findings in tracers that measure the
metabolic activity. Since the introduction of COVID19 vaccine, several stud-
ies have reported increased uptake with '"*F-FDG and ''C-choline PET in cer-
vical, axillary, and clavicular lymph nodes ipsilateral to the intramuscular vac-
cine injection site in the deltoid muscle.**® while more specific tracers, such
as ®*Ga-FAPI PET, provide a tool to minimize false positive findings."’

So far, ®*Ga-ABY-025 uptake appears to be less impacted by benign in-
flammatory processes allowing to distinguish malignant from non-malignant
lesions. Similar findings were reported previously with PSMA-targeted trac-
ers in prostate cancer and somatostatin-receptor-targeted tracers in neuroen-
docrine tumors.®!

We found that uptake in the thyroid gland was higher than background up-
take and is more prominent in the treatment-naive group of patients. The up-
take in the thyroid gland was inversely proportional to the number of previous
treatments received. Exposure to multiple lines of chemotherapy has been as-
sociated with signs and symptoms of reduced thyroid function such as fatigue,
lethargy, amenorrhea, and weight gain.”*”* Our findings suggest that there is
a link between **Ga-ABY-025 uptake in the thyroid gland and its function
which we think is worth considering in future studies. The increased uptake
in axillary sweat glands might not be of great clinical significance but it is
worth noting for imaging specialists new to HER2-imaging. Previous research
has reported normal expression of HER2 receptors in apocrine sweat glands.”
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In paper IV, the majority of patients with MBC were of HR+/HER2- sub-
type (72%), 17% had HER2-positive subtype, while 10% of patients had tri-
ple-negative disease. This came in agreement with similar studies.”®”’ The
median overall survival of BCBM was 8.8 months, which is slightly longer
but in line with results reported by other studies.”®'*! HER2-positive molecu-
lar subtypes carried the highest risk of developing BM, followed closely by
triple-negative subtype. These findings are comparable to what have been re-
ported by other studies.'">'® HER2 expression is linked with aggressiveness
and an increased tendency to metastasize.'® Despite the comparable risk of
developing BM between HER2+ and triple-negative subtypes, HER2+ sub-
types had a significantly longer overall survival. This improved outcome is
most likely a product of more personalized treatment with HER2-targeted an-
tibodies like trastuzumab or antibody-drug conjugates like trastuzumab em-
tansine. Despite the impermeability of BBB to antibodies, studies have shown
that metastatic brain lesions over 0.5 cm affect the integrity of the BBB, ren-
dering it permeable to large molecules including anti-cancer regimens such as
HER2-targeted antibodies.'”'” Park et al. reported that trastuzumab treat-
ment given to HER2-positive breast cancer patients with BM is associated
with improved survival.'® In our study, trastuzumab treatment after BCBM
significantly improved survival outcome, even when compared with
HR+/HER2-. The latter showed a lower overall survival of 7.7 months.
HR+/HER2- subtype tends to develop BM at a later stage of the disease which
might explain the shorter survival after BM.

Similar to antibodies, systemic chemotherapy had a positive effect on dis-
ease outcome and improved survival almost two-fold. The benefit of systemic
chemotherapy on overall survival came as expected and has been reported
previously.””!% Local treatment in the form of surgery and radiotherapy
showed an impact on survival as well. Fewer metastatic brain lesions were
also associated with longer overall survival. However, the decision to give
radiotherapy with a curative intent or palliative whole-brain RT is based on
the disease status including the number of metastatic lesions in the brain. In
our study, patients with 3 or fewer BM lesions had significantly longer sur-
vival (12 months) than patients with more than 3 lesions (8 months; p = 0.02).
Additionally, the decision to give or withhold treatment relies on the general
condition of the patient. In patients with poor general conditions that are not
expected to survive longer, treatment might be withheld. This could introduce
a selection bias, thus our findings should be cautiously interpreted.

Our findings showed that patients with de novo BM and the lack of metas-
tases outside CNS had a favorable survival. These patients usually presented
with less cancer-related morbidity that contributed to longer survivability.
Lobular carcinoma was associated with an increased risk of leptomeningeal
disease (HzR = 2.85). Leptomeningeal disease is a serious complication pre-
sented with neurological symptoms that affect patients’ quality of life and
carry a poor prognosis.' 1
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Concluding remarks and future perspectives

In general, this thesis showed that imaging HER2 receptors in breast cancer
patients was possible using the novel tracer ®*Ga-ABY-025, allowing for
whole-body HER2 receptor quantification with the non-invasive PET imaging
that helped predict treatment outcome. More specific conclusions made from
this work are:

%Ga-ABY-025 kinetics were better explained using the irreversible two-
tissue compartment model, tumor K; values showed a strong correlation with
the SUV values both 2 and 4 h post-injection, supporting its use to reflect
actual ®*Ga-ABY-025 binding to HER2 receptor. Parametric K; images facili-
tated the visualization of small lesions in organs with known physiological
uptake such as the liver.

Molecular imaging using ®*Ga-ABY-025 PET predicted treatment outcome
in breast cancer patients receiving HER2-targeting therapy with higher speci-
ficity compared to biopsy results. Patients who had received several prior
treatments had a lower response rate to therapy with higher ®*Ga-ABY-025
uptake was necessary to achieve the desired metabolic response.

%%Ga-ABY-025 PET might serve as a useful tool for accurate staging and a
supplement to '*F-FDG PET, particularly in cases of HER2-expressing breast
cancer with lower metabolic activity, in patients with concurrent inflamma-
tory and malignant lesions, and in small lesions that are difficult to detect with
other imaging modalities. Cancer treatments influence the uptake of **Ga-
ABY-025 in some healthy tissues such as the thyroid and sweat glands.

Among breast cancer molecular subtypes, patients with HER2-positive
breast cancer had the longest survival following BM diagnosis, but they also
have a higher risk of developing BM. Systemic treatment, including antibod-
ies targeting HER2 receptors, has a positive effect on the overall prognosis of
BCBM. BM was considered the direct cause of death in 70% of diseased
BCBM patients.

Future research should be tailored towards a more clinically oriented ques-
tions. Other researchers already started working on imaging patients with
HER2-low expression, which is highly relevant especially with the recent ad-
vancements in HER2-targeted treatments. Another aspect is the use of ABY-
025 analogs labeled with beta-emitting isotopes as radionuclide therapy for
breast cancer, which is still in the preclinical phase but has shown promising
results.'!!
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