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Introduction

1. Breast Cancer Statistics

Breast cancer remains one of the most prevalent and deadly cancers worldwide. In 2022
alone, an estimated 2.3 million women were diagnosed with the disease, accounting for 11.6%
of all cancer cases globally, and among this population more than 660,000 deaths, representing
nearly 7% of total cancer deaths M. Moreover, approximately 13% of the female population is
expected to be diagnosed with breast cancer during their lifetime, and 2.3% will die from it (21,
Consequently, among all cancers, breast cancer ranks as the second most common in incidence
after lung cancer and the fourth in mortality across both sexes. However, it holds the highest
incidence and mortality rates within the female population 1,

The incidence of breast cancer experienced a significant rise during the 1980s and 1990s,
largely due to the widespread adoption of mammography screening. While the rate of increase
has since slowed to approximately 1% annually 2, disparities in outcomes persist. Advances
in early detection and treatment have led to improvements in mortality rates in high-income
countries, yet mortality continues to rise in low-income countries and among specific racial
groups, such as Asians and Pacific Islanders [ 2. Despite of these improvements, the global
burden of breast cancer is predicted to escalate, with new cases expected to reach 3 million
annually, a 40% increase, and deaths rising to 1 million annually, a 50% increase in 2040 1,

With such predicted increase in cases and deaths, breast cancer remains not only one of
the most common but also one of the deadliest cancers, requiring global attention and
innovation to reduce its burden. Therefore, these statistics highlight the need for better
diagnostics, classification, and therapies to address breast cancer’s growing burden and reduce

its global impact.

2. Breast Cancer Heterogeneity

Breast cancer incidence and progression exhibit significant variations across different
ages and racial groups. Generally, the risk of breast cancer increases with age, peaking between
60 and 69 years 2. However, younger patients often face poorer prognoses, with women aged
40-49 years particularly vulnerable, with the highest risk of breast cancer among younger age
groups. Furthermore, white and Asian Pacific Islander women are more likely to be diagnosed

at earlier stages, whereas Black women exhibit the highest rates of high-grade tumours I,



Therefore, breast cancer is not a uniform disease but rather a spectrum with diverse
biological behaviours and outcomes. This diversity requires the need to classify breast cancer
into specific subtypes, allowing for more precise diagnosis, personalized treatment, and
improved prognostic accuracy. Molecular subtypes were first described in 2000, till now at
least four distinct breast cancer subtypes have been identified ©°1: Luminal subtypes (luminal A
and luminal B) with hormone receptor positivity which expresses genes characteristic of
physiological epithelial cells lining the lumen; HER2-positive subtype; and triple-negative
breast cancer (TNBC), a basal subtype which is triple-negative of estrogen receptor (ER)-

negative, progesterone receptor (PR)-negative, and HER2-negative.

2.1. Molecular Classification of Breast Cancer Subtypes

Based on receptor positivities and Ki-67 protein levels, breast cancer is classified into
specific molecular subtypes, providing critical insights into their molecular mechanisms and
enabling potential targeted treatment strategies.

Luminal A breast cancer subtype is ER-positive, PR-positive (>20%), HER2-negative,
and has a Ki-67 < 14%. It represents the most frequent subtype with more than 60% of breast
cancer cases °). The estrogen receptor activation translocates the receptor into nucleus,
regulating the transcription of specific genes responsible for cell growth and differentiation.
When localized to the membrane, the receptor can stimulate the PI3BK/AKT or Ras/MAPK
pathways via non-genomic mechanisms, driving cell proliferation and survival. Additionally,
progesterone contributes to carcinogenesis by triggering RANK-ligand expression, which in
turn enhances proliferation in adjacent cells (1.

Luminal B breast cancer subtype is observed in more than 10% of the cases . This
subtype is hormone receptor-positive and fulfils one of the following criteria: ER-positive, Ki-
67 > 14% or/and PR < 20%, HER2-negative; or ER-positive, HER2-positive, with any Ki-67
or PR levels. Ki67 protein is active during the G1, S, G2, and M phases of the cell cycle but is
not expressed in GO, anaphase, or telophase '), This makes Ki67 a key proliferation marker,
particularly useful for differentiating HER2-negative luminal subtypes.

HER2-positive breast cancer subtype has the lowest prevalence, representing less than
10% of cases . It is characterized by ER-negative, PR-negative, and HER2-positive status.
The HER2 receptor is part of the epidermal growth factor (EGF) family and is defined by
ErbB2 or neu oncogene mutation, amplification, or protein overexpression. Unlike other

receptors, HER2 does not require a ligand for activation. Upon dimerization, it becomes the



most potent member of its family, activating the PI3K/AKT, MAPK, and phospholipase Cy
(PLCy) pathways, which regulate proliferation and cell survival I,

TNBC subtype is traditionally defined by the absence of expression of the conventional
receptors (ER, PR, and HER2). However, it is a highly complex and heterogeneous subtype,
characterized by variable expression of additional biomarkers and signalling pathways. These
may include tumour immunological status, the presence of androgen receptors, as well as

markers indicative of mesenchymal features and angiogenesis 1.

2.2. Risk Factors Differences Across Subtypes

Patients with a family history of breast cancer are at an increased risk of developing
breast cancer with the same ER status as their relatives. A family history of both prostate and
breast cancer elevates the risk of ER-positive breast cancer, while a family history of cervical
cancer increases the risk of ER-negative breast cancer and TNBC 1%, The BRCA1 mutation is
particularly associated with an increased risk of TNBC, while the BRCA2 mutation is linked
to a higher risk of Luminal B subtype 111,

Obstetric and gynaecological history risk factors vary across breast cancer subtypes.
Later age at menarche is protective against breast cancer across all subtypes, although this
effect is less pronounced in HER2-positive breast cancer. Delayed menopause and the use of
hormone replacement therapy increase the risk of Luminal subtypes. In contrast, a later age at
first pregnancy and a higher number of pregnancies reduce the risk of Luminal subtypes, while
longer breastfeeding duration lowers the risk of TNBC. The use of oral contraceptives is
associated with an increased risk of most subtypes, especially TNBC 12231,

Demographic profiles are also different among subtypes. Caucasian is more likely to
develop luminal A, whereas African has higher risk of TNBC 2. Although Luminal subtypes
are more common overall, younger patients are more likely to develop TNBC, while older
patients tend to develop Luminal A subtype [*4],

Additionally, features of breast tissue can influence the risk of developing different breast
cancer subtypes. For example, high mammographic density is associated with an increased risk

of HER2-positive breast cancer %1,

2.3. Histology and Radiological Characteristics Among Subtypes
Luminal A cancers tend to present with lower-grade tumours, and features such as tubular
and cribriform carcinoma. Luminal B tumours are more commonly higher grade, typically

grade 2, and are more often associated with micropapillary carcinoma. In contrast, TNBC



exhibits heterogeneous expression, with variations based on the morphology of basal epithelial
cells and normal myoepithelial cells 1261,

Imaging patterns also differ among subtypes. Luminal A tumours exhibit the highest
stiffness, indicating a low grade and desmoplastic reaction 71, and demonstrates speculated
margin allowing earlier detection [*¢], Both TNBC and luminal B tends to appear more
oedematous [*°). TNBC tumours often have a necrotic core, despite the presence of hyper-
vascularization at the tumour rim, HERZ2-positive tumours also demonstrate increased

vascularization with an internal blood supply 2%,

2.4. Therapeutic Approach Differences Across Subtypes

Due to their hormone receptor positivity, Luminal subtypes of breast cancer can be
effectively treated with endocrine therapies. These include aromatase inhibitors or anti-
estrogenic drugs like tamoxifen and fulvestrant, which help block the hormones that promote
tumour growth 211,

HER2-positive breast cancers are treated with therapies that specifically target the HER2
receptor. These treatments include monoclonal antibodies like trastuzumab and pertuzumab, as
well as antibody-drug conjugates (ADCs) such as trastuzumab-deruxtecan (T-DXd), which
deliver chemotherapy directly to the cancer cells 2% 221,

TNBC primarily relies on cytotoxic agents for treatment. In recent years, the use of
immune checkpoint inhibitors has shown promise as a new therapeutic approach, offering

additional options for patients with this aggressive subtype 222,

2.5. Prognosis Differences Across Subtypes

Luminal subtypes generally have a better prognosis compared to non-luminal subtypes,
with the highest breast-specific survival rates %1, However, they also carry the highest risk of
bone metastasis, particularly when HER2-positive 241,

HER2-positive breast cancer is associated with the highest rate of metastasis [#* 251 with
a strong predilection for the liver. Additionally, this subtype shows a higher incidence of brain
and lung metastases compared to other subtypes 24261, Therefore, prior to the introduction of
trastuzumab in treatment regimens, HER2-positive breast cancer had the worst survival rates
[27. 28] The use of trastuzumab has significantly improved survival outcomes for this subtype
2] Despite this advancement, HER2-positive breast cancer remains the second deadliest
subtype 9 and carries the highest medical care costs due to the reliance on HER2-targeted

therapies B,
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TNBC has a lower rate of metastasis compared to HER2-positive cancer [?°1, but it is
associated with the worst outcomes, including the lowest rate of breast-specific survival 2%,

regardless of the cancer stage [,

2.6. Levels of Breast Cancer Heterogeneity

Breast cancer is a highly heterogeneous disease, with variations not only between patients
but also within tumours and over time. This heterogeneity significantly impacts tumour
progression, therapeutic responses, and clinical outcomes.

Intertumour heterogeneity refers to the presence of different subtypes of breast cancer
between the primary tumour and metastatic sites, as well as among various metastatic sites 2,
Differences in receptor status between lesions are commonly observed, particularly in therapy-
resistant metastatic cases.

Intratumour heterogeneity describes the existence of distinct cell subpopulations with
varying subtypes within the same tumour B2l As the results, different cell populations may
respond differently to therapies, potentially leading to incomplete eradication and disease
recurrence.

The tumour microenvironment plays a critical role in breast cancer progression and
therapy resistance. Factors such as metabolic rate differences, the presence of supporting
stromal cells, immune cell composition, neovascularization, and perfusion variability can all
influence tumour behaviour B3, Therefore, tracking these microenvironmental biomarkers can
provide valuable insights into cancer behaviour and progression.

Temporal heterogeneity refers to the development of cellular variations within the
tumour over time, particularly during disease progression or after treatment [, Receptor
conversion or downregulation is often observed following endocrine or targeted therapies,
contributing to therapy resistance. For instance, up to 30% of primary tumours show receptor
conversion after neoadjuvant chemotherapy (NAC), with loss of HER2 or PR expression being
most common B4, Furthermore, breast cancer recurrence or metastasis may result in distinct
subpopulations. Approximately 20% of molecular subtype conversion between primary and
metastasis, with ER and PR showing the highest conversion rate (more than 20%), typically to
a negative receptor status %, Whereas HER2 conversion occurs in approximately 10% of cases,
with gain in HER2 expression being more frequent, particularly in distant or multiple
metastases % 361,

Other biomarkers or intermediate subtypes: other biomarkers can also affect tumour

progression and therapy approach including HER3, EGFR, VEGF, androgen receptor, PD-L1,
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particular in aggressive and heterogeneous subtype like TNBC P71, Additionally, emerging
intermediate subtypes such as HER2-low (IHC +1 or IHC +2 with negative FISH) 8 and
estrogen receptor-low (ER+ in 1-10% of cancer cells) ¥ require adjusted chemotherapy
regimens to optimize treatment efficacy while minimizing side effects.

Therefore, dedicated, systematic, and temporal approaches to assessing breast cancer
biomarkers are essential for selecting effective therapies, monitoring treatment responses,

predicting outcomes, and making timely adjustments to treatment strategies.

3. Biomarkers Assessment in Breast Cancer

Biomarkers are defined as objective, quantifiable indicators of biological processes and
are considered surrogate endpoints for disease detection and progression 1. Their abilities to
assess and characterize the heterogeneity of breast cancer at different levels make them crucial

for understanding tumour behaviour and personalizing treatment strategies.

3.1. Types of Biomarker

There are numerous biomarkers currently used or under investigation to classify breast
cancer subtypes or assess protein expression levels in breast cancer cells:

Biofluid biomarkers include substances found in urine, saliva, blood, and cerebrospinal
fluid (CSF). Various modalities, such as genomics, proteomics, and lipidomics, are employed
to detect these biomarkers. Recently, circulating tumour DNA (ctDNA), cell-free DNA, and
hypermethylated DNA fragments have been identified as potential indicators of early breast
cancer metastasis. These biofluid biomarkers are non-invasive, easy to collect in serial samples,
and capable of assessing tumour heterogeneity, making them useful for monitoring tumour
progression. However, they require high sensitivity, as tumour-derived material can be diluted
in blood; moreover, the techniques cannot provide localization information 441,

Tissue samples are obtained through surgical biopsies, endoscopic biopsies, needle
biopsies, or aspirates from nipple fluid or pleural effusions. These samples are analysed using
techniques like immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH) to
identify specific genes, such as HER2 gene amplification. These modalities are currently gold
standard for obtaining essential pathological data, but it is invasive, time-consuming, and
uncomfortable for patients. The processing and staining of samples can delay results, and some
locations within the body are challenging to access. Additionally, tissue sampling does not

provide spatial information or capture the full extent of tumour mass or metastasis, as its results
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are highly dependent on the specific location and timing of the sample collection, potentially
overlooking tumour heterogeneity and dynamic changes in disease progression 111,

Imaging biomarkers, such as Magnetic Resonance Imaging (MRI), Computed
Tomography (CT), especially molecular imaging with Single Photon Emission Computed
Tomography (SPECT) or Positron Emission Tomography (PET) are used to visualize specific
radiopharmaceuticals within the body. These imaging modalities offer non-invasive, real-time
information with detailed spatial data, allowing for the detection of metastasis, the morphology
and dimensions of lesions, and tumour heterogeneity. Thus, they can be essential tools for

staging and follow-up tumour progression especially for targeted therapies.
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A Literature Review of PET Molecular Imaging in Breast
Cancer: Metabolic, Microenvironmental, and HER2
Imaging for Tumour Stratification

1. PET Imaging of Metabolic, Proliferative and
Microenvironmental in Breast Cancer Subtyping

1.1. [®F]JFDG

Given the distinct differences between subtypes, metabolic biomarkers assessed through
2-deoxy-2-[*®F]fluoro-D-glucose (FDG) imaging can reveal valuable insights into their unique
characteristics. A meta-analysis study on FDG uptake variation among subtypes has shown
that higher FDG uptake is typically observed in tumours with hormone receptor negativity,
HER2 positivity, and high Ki67 levels, which are associated with more aggressive cancer
behaviour 42,

However, the differences in FDG uptake between HER2-positive and TNBC subtypes
are not statistically significant [*> 43, Furthermore, the correlation between FDG uptake and
HER2 status is not evident 14, rather stronger correlations have been observed between FDG
uptake and tumour grade, size, stage ** %31 as well as additional marker such as p53, EGFR [*4],

Nevertheless, FDG uptake does show a correlation with Ki67 expression 344, A meta-
analysis reported an overall correlation coefficient of r = 0.44 across various cancers and a
similar correlation (r = 0.44) specifically in breast cancer 61,

Overall, while [*®F]FDG is routinely available and can differentiate several markers, it

remains nonspecific and is not able to identify any single biomarker with high specificity.

1.2. [®F]FLT

[*®F]-3'-Fluoro-3'-deoxythymidine (FLT) is a biomarker for in vivo imaging of cell
proliferation, targeting thymidine kinase 1 protein. a meta-analysis revealed a strong overall
correlation between FLT uptake and Ki-67 (r = 0.7), with particularly strong correlations
observed in lung, brain, and breast cancers 71, Further analysis comparing these two tracers
specifically in breast cancer found that FLT had a higher correlation with Ki-67 (r = 0.54)
compared to FDG (r = 0.4) . Nevertheless, the tracer is mostly studied for predicting

responses to chemotherapy [“°! rather than classify breast cancer subtypes.
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1.3. FAPI

%8Ga-labelled Inhibitor of fibroblast activation protein (FAP), a serine protease from the
dipeptidyl peptidase-4 (DPP-4), has emerged as an attractive tracer in recent studies. Research
comparing [3Ga]Ga-FAPI uptake across different breast cancer subtypes showed that higher
uptake was observed in HER2 positive tumours %, While this tracer cannot directly classify
breast cancer subtypes, the tracer demonstrated its superiority over FDG in detecting lesions
[50. 511 " syggesting that [3Ga]Ga-FAPI could offer a valuable alternative to FDG, potentially

improving the detection of certain tumour characteristics and guiding treatment strategies.

1.4. Angiogenesis imaging

Angiogenesis is a crucial component of tumour microenvironment, plays main roles in
cancer cell survival, promoting growth and metastasis. The angiogenesis is a complex process
involving many pathways stimulate pro-angiogenic factors and inhibit anti-angiogenic factors.
Thus, angiogenesis imaging tracers have been studied directly targeting various markers such
as VEGF, integrins, aminopeptidase N (CD13) 52,

VEGF is commonly expressed in breast cancer with highest prevalence in HER2-positive
subtypes. There are many studies using tracer targeting VEGF and VEGFR in breast cancer
([¥Zr]Zr-DFO-bevacizumab,  [¥9Zr]Zr-DFO-aflibercept,  [**Cu]Cu-DOTA-VEGFDEE).
However, renal physiology VEGFR1 expression, and many conditions involving
neovascularization, such as atherosclerosis, stroke, and osteoarthritis, can provide a false
positive when imaging tumour VEGFR, especially in the brain and bones, which are frequent
sites of breast cancer metastasis. Thus, VEGF imaging in breast cancer is currently suboptimal
[37]_

Aminopeptidase N (CD13) is another promising target in angiogenesis imaging. The
labelled NGR (Asn-Gly-Arg) peptide (such as [®Ga]-NOTA-c(NGR)) were proven to have
high affinity for the protein and looks promising in mouse models 2. Nevertheless, there is
limited research on the application of NGR-based peptides in breast cancer.

Intergins also participate in the neo-angiogenesis process, particularly the integrin avf3.
The over-expression of this heterodimeric integrin on the surface of tumour endothelial cells
make this an attractive target for anti-angiogenic therapy and angiogenic imaging. While many
peptide-based agents targeting avB3 have shown limited effectiveness due to partial agonist
effects and changes in affinity of the receptors, various alternative strategies including
allosteric modulators or pure antagonists have been developed to enhance the efficacy of avp3-

targeted treatments 531,
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Arginine-glycine-aspartic acid (RGD)-based radiopharmaceuticals, particularly cyclic
pentapeptides like RGDfK, have demonstrated high specificity for visualizing ovf3.
Polymerizing these peptides, especially in a dimeric form, has yielded promising and consistent
results 54,

Studies using RGD-based imaging have attempted to classify breast cancer subtypes
based on integrin expression. For example, [®Ga]Ga-RGD uptake was higher in tumour with
HER2 positivity, and lower in TNBC %, In other clinical study, using [*®F]Alfatide Il (a
dimeric version of RGD labelled with 8F via NOTA chelating with AIF) showed similar results,
i.e. TNBC had lowest RGD uptake, but the highest uptake were observed in luminal B (with
HER2 negativity) subtype [¢l. Both studies used the FDG-to-RGD uptake ratio to further
classify breast cancer subtypes and showed greater confidence in subtype identification.
Specifically, the ratio was lowest for luminal B and highest for TNBC [5° 561,

2. HER2 PET Imaging in Breast Cancer

HER2 imaging is crucial in the diagnosis and treatment of breast cancer and has been
extensively researched in recent years. Advances in HER2-targeted molecular imaging,
particularly with PET, have shown promising potential. Recent developments, particularly in
breast cancer preclinical and clinical studies (Table 1), highlight significant implications for
improving breast cancer detection, treatment planning, and monitoring. However, despite
extensive research on HER2-targeted PET tracers, only a limited number have progressed to
human studies, and none have yet achieved widespread acceptance in routine clinical
diagnostics. This translational gap highlights the importance of ongoing research in this field,
which aims to further advance HER2-targeted imaging strategies and support their integration

into clinical practice in the future.

2.1. Trastuzumab Labelled with 89Zr

The use of the radiolabelled isotope 8Zr, with an extended half-life of approximately 78
hours, is effective for labelling antibodies (also with long biological half-life). Trastuzumab
labelled with 8Zr using the chelator DFO has been extensively evaluated in clinical settings.
In most trials, it is common practice to administer a "cold" dose of trastuzumab, typically
around 50 mg, prior to the tracer injection to reduce background signal. Scanning is usually
performed 4 to 5 days after tracer administration 57581, However, studies suggest a lower cold
dose may be more appropriate for patients already undergoing trastuzumab treatment %, The

[89Zr])Zr-DFO-trastuzumab tracer has demonstrated its ability to detect or monitor HER2 status
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in metastatic lesions in the liver, bone, and lymph nodes regardless of the HER2 status of the
primary tumour 5759, Notably, it can also detect brain metastases, likely due to tracer uptake
facilitated by the disruption of the blood-brain barrier (€91,

Despite these promising results, there is a recognized risk of discordance between the
tracer uptake and IHC results, particularly in bone, liver, and lymph node lesions 1. This
discrepancy may lead to false positives, primarily attributed to the instability of DFO as a
chelator for 8Zr. The free zirconium that is released tends to accumulate in bone tissue.
Moreover, Fc-mediated uptake in active lymph nodes and the liver, key sites of antibody
metabolism, can also result in false positives.

The tracer’s potential in following up therapy responses was demonstrated by Linders et
al., using different parameters and ASUVR (the difference between SUV ratios of before and
after therapy). However, the study included a small number of patients (n = 6) and reported
some false-negative cases (2 cases) likely due to HER2 downregulation following high-dose
trastuzumab 2. In larger clinical trials (e.g., the ZEPHIR trial), combining [*®Zr]Zr-DFO-
trastuzumab imaging with conventional FDG PET/CT significantly improved the ability to
predict treatment response to trastuzumab emtansine (T-DM1), achieving positive predictive
values (PPV) and negative predictive values (NPV) exceeding 90%, up to 100% [63 64
Furthermore, a clinical trial by Gaykema et al. showed that [#°Zr]Zr-DFO-trastuzumab imaging
can help predict treatment responses when used alongside heat shock protein 90 (HSP90)
inhibitors in patients. The results showed significant correlations between the ASUVmax and
decrease in tumour size (r? = 0.69) [*°1. Additionally, in a preclinical study by McKnight et al.
involving breast cancer tumour-bearing mice, the tracer was able to assess the effectiveness of
tyrosine kinase inhibitors. There were significant correlations between tumour uptake and the
decreases in HER2 expression (r around 0.6) and in tumour volume (r around 0.8) 8], These
findings underscore the potential of [8Zr]-DFO-trastuzumab not only in monitoring HER2
status but also in evaluating the efficacy of different therapeutic approaches. Nevertheless,
larger studies with standardized assessment methods are required, whether using the SUVmax
lesion-to-background ratio, blood, liver, or contralateral side.

To address the in vivo instability of DFO, alternative chelators for [%°Zr]Zr-DFO-
trastuzumab have been developed and tested in preclinical models. For example, Deri et al.
showed that HOPO improved stability with lower bone uptake but presented challenges in
synthesis and lower tumour uptake ¢, DFO* (DFOstar) was demonstrated by Chomet et al.

to significantly improve thermodynamic stability while maintain similar tumour-to-
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background ratios (TBRs). This resulted in lower bone uptake and greater accuracy in detecting
breast cancer bone metastases [,

Site-specific conjugation produces a more homogeneous tracer, leading to more
predictable specificity and pharmacokinetics. In a study by Vivier et al. involving humanized
mice with breast cancer, both fully (by PNGaseF) and partially (by EndoS) deglycosylated
antibodies were conjugated to DFO specifically at the heavy chain glycan site ([3Zr]Zr-DFO-
Strastuzumab-EndoS) or non-specifically ([¥°Zr]Zr-DFO-"*trastuzumab-PNGaseF). Both
strategies showed significantly higher tumour uptake and an improved tumour contrast with
significantly lower liver and spleen uptake compared to [®°Zr]Zr-DFO-trastuzumab %, This
improvement is attributed to the attenuation of FcyR interactions while maintaining high HER2

binding affinity, requires additional but facile enzymatic deglycosylation step.

2.2. Trastuzumab Labelled with 54Cu

In addition to [¥Zr]Zr-DFO-trastuzumab, the use of [**Cu]Cu-DOTA-trastuzumab has
also been investigated in patients due to its comparable long half-life of 12.7 hours and better
resolution due to lower positron energy (0.656 MeV vs 0.897 MeV) "%, Studies suggest that
administering a cold dose of 50 mg trastuzumab, followed by a 48-hour incubation period
would optimize the TBR "Y; however, the tracer’s tumour visualization was limited in patients
undergoing trastuzumab therapy [2. Like [%%Zr]Zr-DFO-trastuzumab, [®*Cu]JCu-DOTA-
trastuzumab has proven effective in visualizing known brain metastases larger than 1 cm with
high confidence and HER2 specificity (validated with IHC and autoradiography) [3l. There is
some discordance between FDG PET imaging and [**Cu]Cu-DOTA-trastuzumab, with certain
lesions showing positivity with one tracer but not the other "l suggesting the potential
supplementary role of the tracer to the conventional FDG.

Moreover, [%*Cu]Cu-DOTA-trastuzumab has demonstrated potential in predicting
therapy response in HER2-positive patients. Mortimer et al. showed that patients who
responded to treatment exhibited significantly higher baseline uptake at 2 days post-injection
compared to non-responders. Although the study's small sample size (n = 10) limits the
generalizability of these findings [4].

One challenge with ®Cu is its tendency to transchelate with serum compounds,
highlighting the need for a more stable chelator. A preclinical study by Woo et al. showed that
[¢*Cu]Cu-NOTA-trastuzumab offers high specificity (significant tumour uptake decrease when
blocked in vivo with cold trastuzumab) and a lower uptake and absorbed dose to organs

compared to DOTA, indirectly indicating greater stability ["®l. A clinical pilot study using the
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same tracer by Lee et al. also reported a reduced organ dose while maintaining higher uptake
in HER2-positive lesions compared to negative ones '8, Recently, the NODAGA chelator has
emerged as a promising alternative, [**Cu]Cu-NODAGA-trastuzumab offers easier labelling
and enhanced stability while retaining high specificity in vitro [7],

2.3. Pertuzumab Labelled with 89Zr

Imaging the HER2 receptor with a trastuzumab-based tracer during trastuzumab therapy
can be challenging due to the saturation of the receptor’s binding sites. An alternative approach
using pertuzumab, which binds to a distinct epitope on HER2, offers a potential solution. In a
preclinical study by Marquez et al. using breast cancer xenografts, the [¥9Zr]Zr-DFO-
pertuzumab tracer demonstrated high specificity, with significant tracer uptake observed during
trastuzumab therapy ["8l. Building on these findings, a patient study (n = 6) by Ulaner et al.
revealed that optimal imaging was achieved 5-8 days post-injection with a cold dose of
pertuzumab administered beforehand to enhance the TBR. The approach resulted in a slightly
higher absorbed dose compared to [8°Zr]Zr-DFO-trastuzumab. Nevertheless, the tracer proved
effective in investigating HER2 heterogeneity and was able to detect brain HER2 metastases
in some patients [,

Beyond differentiating HER2 positivity, this tracer has been explored in preclinical
models for its ability to follow up and predict therapy response. For instance, after T-DM1
treatment, the tracer visualized changes in HER2-positive tumour size more effectively than
FDG. Specifically, the tumour’s tracer uptake did not significantly changed, which is
hypothesized to correspond to the unchanged HER2 concentration post-therapy 9. In contrast,
a study by Kang et al. with HSP90 inhibitor therapy showed decreased HER2 expression and
a significant reduction in tumour uptake after treatment . Another study by Lu et al.
demonstrated the tracer’s predictive ability following paclitaxel treatment, where tumours with
higher tracer uptake responded better, exhibiting reduced size and decreased FDG uptake (r =
-0.59), correlating with lower HER2 expression post-therapy 2. These findings highlight the
tracer’s potential not only for characterizing HER2 expression but also for predicting and
monitoring dynamic changes in HER2 status.

Similar to [%Zr]Zr-DFO-trastuzumab, a site-specific version, [#°Zr]Zr-DFO-
pertuzumab developed by Vivier et al., showed improved tumour-to-spleen and liver ratios in
preclinical models [, In a clinical study (n = 6) by Yeh et al., the site-specific tracer exhibited
a similar total absorbed dose compared to non-specific [8°Zr]Zr-DFO-pertuzumab, but with the

kidney identified as the critical organ instead of the liver. Nevertheless, the site-specific tracer
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provided better lesion visualization in some HER2-positive patients than the non-specific

version (84,

2.4. Trastuzumab Emtansine Labelled with 8Zr

Trastuzumab emtansine (T-DM1) is an antibody-drug conjugate effective for some
patients with trastuzumab-resistant cancers, but many either fail to respond or develop
resistance over time. To improve therapy selection, [3Zr]Zr-DFO-T-DM1 can be employed
over [%°Zr]Zr-DFO-trastuzumab. In preclinical breast cancer models with varying HER2
expression, Al-Saden et al. demonstrated that this tracer shows high HER2 specificity,
comparable to [*Zr]Zr-DFO-trastuzumab, and is particularly effective at stratifying HER2
status at 4 days post-injection %1, A subsequent study, also in preclinical models using tumour-
to-blood ratios, showed that the tracer could classify HER2 expression levels, with very strong
correlations with HER2 expression (r? = 0.94) and, importantly, with tumour response to T-
DM [88],

2.5. Labelled Trastuzumab Fragments

Antibody fragments lacking the Fc region could offer superior alternatives due to their
faster pharmacokinetics compared to full-length antibodies. In a study by Suman et al. using
F(ab") and F(ab')2 fragments labelled with ®8Ga via the NOTA chelator, the fragments retained
their affinity, and the labelling process was gentler than with the conventional DOTA chelator,
which can damage heat-labile fragments. As expected when using antibody fragments, the
F(ab") was primarily eliminated through the kidneys, exhibiting a faster clearance rate and
consequently achieving higher tumour-to-organ ratios than F(ab")2, except for the tumour-to-
kidney ratios [¢71,

A study by Moreau et al. on breast cancer tumour-bearing mice, investigating the optimal
chelator for the %Cu labelling of trastuzumab's Fab fragment found that MANOTA provided
better stability and superior tumour-to-blood and tumour-to-liver ratios (around twofold higher)
compared to DOTA, DOTAGA, and even the previously mentioned NODAGA, which already
had shown some improvements (681,

Various methods for the site-specific labelling of trastuzumab fragments have been
explored. For instance, a modified Fab with a mutated light chain containing methionine - a
rare amino acid typically hidden within protein pockets, enables easy and specific conjugation,
enhancing labelling precision. Implementing the techniques in preclinical models, Yue et al.

demonstrated that [®3Ga]Ga-DFO-M74 trastuzumab’s Fab demonstrated higher affinity and
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stability, leading to faster clearance from organs and higher tumour uptake, resulting in an
approximately 2-fold higher tumour-to-background than the wild-type tracer [,

However, their small size makes antibody fragments rapidly cleared from the body,
which may limit tumour uptake. Strategies such as adding polyethylene glycol (PEG) can
extend their half-life, although this requires chemical conjugation. An alternative approach,
PASylation, the addition of Pro, Ala, and Ser sequences, has been tested in pilot mice models
by Mendler et al. ® and in a human study (n = 1) with HER2-positive breast cancer by Richter
et al. [®Y. This technique showed prolonged plasma retention and successfully visualized

primary tumours and metastases.

2.6. HER2 Nanobody

Nanobodies, which are heavy-chain antibodies found in camelids, are even smaller than
antibody fragments. HER2-targeting nanobodies, such as 2Rs15d and 5F7, are particularly
well-suited for imaging with *8F due to the complementary short half-lives.

Zhou et al. utilized these two nanobodies with the novel fluorine prosthetic TFPFN for
HER2-positive breast cancer xenograft imaging. In vitro results showed that [*F] TFPFN-5F7
exhibited a better binding affinity and a higher internalization rate than [**F]TFPFN-2Rs15d.
However, 2Rs15d binds to a different domain (domain 1) than trastuzumab (domain 1V) and
pertuzumab (domain I1), making it a suitable imaging agent for patients undergoing HER2-
targeting antibody therapies, whereas 5F7 binds to domain IV. Nevertheless, in vivo, both
tracers showed high specificity for HER2 tumours and lower kidney uptake compared to other
available ‘8F prosthetics. This reduced the radiation dose to the kidneys and improved tumour
contrast, achieving tumour visualization comparable to residualizing labels 2. Due to the
similarly short physical half-life, [®3Ga]Ga-NOTA-2Rs15d was studied by Gondry et al. and
Keyaerts et al. in breast cancer patients, demonstrating good reproducibility, safety, and
effectiveness in detecting tumour heterogeneity [°> %4, In a preclinical study by Ducharme et
al. involving breast cancer xenografts with varying HER2 expression levels, [3°Zr]Zr-DFO-
2Rs15d was used to investigate the biodistribution of the nanobody at later time points. The
tracer demonstrated high specificity for HER2 and was only partially blocked by trastuzumab
in vitro, likely due to the induced internalization after binding. However, while small tracers
like nanobodies are primarily cleared through the kidneys, the consistent and prominent kidney

uptake observed up to day 3 poses a challenge for dosimetry [*°1.
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2.7. HER2 Affibody

Affibody molecules, which are protein scaffolds based on the Z domain of
Staphylococcus Protein A, have an even smaller molecular size than nanobodies (just a few
kDa) and exhibit exceptionally high affinity for the HER2 receptor (in the pM KD range).
ZHER2:342 (ABY-002) was the first affibody tested in humans; however, it showed high liver
uptake, which could impede the detection of hepatic metastases and necessitate modifications
for optimal labelling, potentially altering the tracer's in vivo behaviour !, To address this,
ZHER2:2305 was developed with an added cysteine at the C-terminus, increasing labelling
possibilities (7). Further refinement led to ZHER2:2891, which includes amino acid substitutions
near the C-terminus to improve stability and increase hydrophilicity while retaining high
affinity for HER2 [*® adding a cysteine residue along with a DOTA chelator produces ABY -
025.

[8Ga]Ga-ABY-025 has been clinically tested, demonstrating a lower absorbed dose
compared to FDG ¥ and effectively differentiating HER2 positivity, particularly through the
TBR (optimally tumour-to-spleen ratio) 1%, It was also able to detect HER2 heterogeneity [0,
which is especially beneficial in HER2-low patients [1°2. While the correlation with IHC was
not significant [1°2 the tracer did show a significant correlation with metabolic response to
HER2-targeted therapy [*%%1,

To reduce the hepatic uptake of ZHER2:34> tracers, Xu et al. developed MZHER2:342 by
adding a hydrophilic linker and labelling the affibody with different isotopes. In preclinical
models, [*¥F]F-AI-MAL-NOTA-Cys-MZHER234,  successfully  demonstrated HER?2
specificity and showed a significant correlation with HER2 IHC scores (r> = 0.99). This
labelling strategy also further decreased liver uptake, along with low bone uptake, indicating
enhanced tracer stability; however, kidney uptake remained high 1%, Similarly, [%8Ga]Ga-
MAL-NOTA-Cys-MZHER2:34> was able to differentiate HER2 positivity in patients and
showed lower liver uptake compared to ABY-025 (%l [3Zr]Zzr-DFO-MAL-NOTA-Cys-
MZHER:2:342 in tumour-bearing mice also exhibited HER2 specificity, with reduced liver and
osseous uptake, further suggesting the tracer's stability *%1. Consequently, this highlights the
flexibility and reproducibility of labelling MZHER2:34> and its potential for future studies.

Affibody molecules represent a promising approach for HER2 breast cancer imaging,
and ongoing developments aim to enhance their performance. Recently, ZHER2:2891 Was
modified to ABY-027 (including an albumin-binding domain) to reduce kidney uptake and
tested in preclinical models with [Y’Lu]Lu-ABY-027 for targeted radionuclide therapy [1°7],
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Additionally, the newer affibody ZHER2:.41071 features improved stability and hydrophilicity
and is currently being evaluated in clinical studies using SPECT imaging with the %™Tc-

ZHER2:41071 tracer (1081,

2.8. Other Scaffolds and Peptides

Similar to affibodies, ADAPT6 (ABD-Derived Affinity ProTein), a scaffold derived
from the albumin binding domain (ABD) of streptococcal protein G, can target HER2 with
high affinity and rapid clearance. A study using (HE)3DANS-ADAPT6-GSSC labelled with
%8Ga by different chelators showed high affinity for HER2-positive breast and ovarian cancer
cell lines in vitro. In vivo testing on ovarian cancer-bearing mice revealed that [*®Ga]Ga-
(HE)3DANS-ADAPT6-GSSC- NODAGA achieved the best TBR (compared to DOTA,
DOTAGA, and NOTA variants), highlighting its potential as a promising small molecule for
HER2 targeting [0,

Another promising candidate is DARPins (designed ankyrin repeat proteins), small
peptides with a high affinity for HER2. [®°Zr]Zr-DFO-G3-DARPin, produced by Fay et al.
through sortase enzyme site-specific conjugation, despite the slow conjugation process,
demonstrated high affinity and specificity with excellent tumour contrast in breast cancer
xenograft preclinical models 1191,

Protein scaffolds of bacterial origin, or to a lesser extent from camelid, may trigger
immunogenic responses 111, Small synthetic peptides are a promising class of candidates for
HER2 imaging due to their ease of modification and reduced immunogenicity. However, these
peptides can be degraded by enzymes in vivo, so strategies like D- or beta-amino acid
substitution, cyclization, and PEGylation are often employed to enhance their stability ™21,
Among the studied peptides, two are particularly notable: KCCYSL, which has a high affinity
with a Kd of 295 nM and binds to a different site than trastuzumab, and LTVSPWY, which,
while having a lower affinity, binds to the same site as trastuzumab 1231, A study by Biabani et
al. using [%®Ga]Ga-DOTA-(Ser)s-LTVSPWY to assess HER2-positive breast cancer
xenografts in mice showed high tumour affinity, with a significant decrease in uptake when
blocked both in vitro and in vivo with an unlabelled peptide. The tracer demonstrated serum
and in vivo stability, with rapid renal clearance due to increased hydrophilicity from serine
residues. Despite high initial renal activity, uptake decreased rapidly after 1 hour, maintaining
an adequate tumour-to-blood ratio of 1.7 at 2 h post-injection 141, Another study by Ducharme
et al. compared [®Ga]Ga-DOTA-PEG,-DTFPYLGWWNPNEYRY and [%8Ga]Ga-DOTA-
PEG,-GSGKCCYSL, using phosphoramidon to protect against degradation. Although both
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tracers demonstrated significant differences between HER2-positive and HER2-negative
tumours. The differences were inconsistent across time points (1h versus 2h post-injection) and
did not show significant uptake decreases in the in vivo PET blocking study. Nonetheless,
[®Ga]Ga-DOTA-PEG,-DTFPYLGWWNPNEYRY appeared more promising, with higher
tumour uptake at 1 h post-injection and greater stability in human serum 51,

In conclusion, small molecules (nanobodies, affibodies, etc.) targeting HER2 offer
significant advantages, including high affinity and rapid clearance, leading to high tumour
contrast and lower absorbed doses. However, they commonly suffer from high kidney uptake,
prompting various strategies to address this issue, such as administering Gelofusine, adding
linkers like PEG or PAS, using non-residualizing chelators or prosthetics, and improving tracer
stability [*16], However, these modifications can potentially alter the peptide's function and
biodistribution, underscoring the need for further research to develop optimal HER2 imaging

agents.

Table 1. Summary of radiopharmaceuticals assessing conventional biomarkers in breast cancer across
preclinical and clinical studies

Clinical/
Radiopharmaceuticals Preclinical Key features References
phase

Trastuzumab trastuzumab

Effective in detecting HER2+
metastases, including brain lesions
Helped predict and follow-up therapy
response, especially when combined [57-66]
with FDG PET/CT

Challenges include false positives in
liver and bone possibly due to
instability.

[8°Zr]Zr-DFO-trastuzumab Clinical

Improved stability but lower tumour

89 - -
[F2r]2r-HOPO Preclinical | uptake compared to [*°Zr]Zr-DFO- (o7

trastuzumab

labelled %9Zr Improved stability, retained high
tumour contrast compared to
[8°Zr]Zr-DFO*-trastuzumab | Preclinical | [¥Zr]Zr-DFO-trastuzumab, and was [68]
able to visualize HER2+ metastasis
in bone

Higher tumour uptake and higher
[89Zr]Zr-DFO- tumour contrast (especially against
SStrastuzumab-EndoS, liver and spleen) compared to [69]
[89Zr]Zr-DFO- [89Zr]Zr-DFO-trastuzumab
"Strastuzumab-PNGaseF Required enzymatic deglycolysating
step

Preclinical

Trastuzumab

Successful for imaging HER2+
metastasis, including brain

64 i i metastases

labelled [*CulCu-DOTA Clinical | Potential in predicting therapy [71-74]

b4 trastuzumab
u responses

Noted transchelation with serum
compounds.
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[¢*Cu]Cu-NOTA-
trastuzumab

Clinical

Higher tumour contrast and lower
off-target uptake and absorbed
compared to [**Cu]Cu-DOTA-
trastuzumab

[75, 76]

Pertuzumab
labelled 82Zr

[2°Zr]Zr-DFO-pertuzumab

Clinical

Was able to detect HER2+
metastasis, including brain metastasis
Showed potential in predict and
follow-up therapy responses (even
during trastuzumab treatment)

Has slightly higher absorbed dose
compared to [#°Zr]Zr-DFO-
trastuzumab

[78-82]

[8°Zr]Zr-*DFO-pertuzumab

Clinical

Improved tumour-to-liver and —
spleen ratios, but increased renal
absorbed dose compared to [3°Zr]Zr-
DFO-pertuzumab

[83, 84]

Trastuzumab
emtansine
labelled 89zr

[Zr]Zr-DFO-T-DM1

Preclinical

Higher HER2+ tumour uptake than
[8°Zr]Zr-DFO-trastuzumab
Potential in predict T-DM1 responses

(85, 86]

Labelled
trastuzumab
fragments

[(®Ga]Ga-NOTA-F(ab')-
trastuzumab,
[(3Ga]Ga-NOTA-F(ab'),-
trastuzumab

Preclinical

Faster clearance than trastuzumab
while retain affinity

F(ab") tracer showed faster clearance
and higher tumour-to-background
ratios than F(ab"),, except for
tumour-to-kidney ratios

[87]

[¢*Cu]Cu-MANOTA-Fab-
trastuzumab

Preclinical

Better stability and tumour contrast
than using other chelators (DOTA,
DOTAGA, NODAGA)

Clear visualization of the HER2+
tumour from 4h p.i.

[88]

[(®Ga]Ga-DFO-M74
trastuzumab’s Fab

Preclinical

Better stability and higher tumour
contrast compared to non-specific
wild type Fab tracer

[89]

[8°Zr]- DFO-HER2-Fab-
PAS00

Clinical

Extend biological half-life and
improved tumour visualization
including metastasis

[90, 91]

HER2
nanobody

[8F]TFPFN-5F7,
[*8F] TFPFN-2Rs15d

Preclinical

Lower kidney uptake, improved
tumour contrast compared to tracers
using other *8F prosthetics

[92]

[8Ga]Ga-NOTA-2Rs15d

Clinical

Confirmed safety and
reproducibility, able to detect inter-
lesion heterogeneity

Discordance with IHC results posed
challenges

[93, 94]

[#9Zr]Zr-DFO-2Rs15d

Preclinical

Explored the biodistribution of the
tracer at later time points, kidney
uptake remained a dosimetry
challenge

[95]

HER2
affibody

[(*Ga]Ga-ABY-025

Clinical

Detected HER?2 heterogeneity and
was able to follow HER?2 targeting
therapy

Tumour uptake correlation with IHC
was not significant

[99-103]

[*®F]F-AlI-MAL-NOTA-
Cys-MZHER2:342

Preclinical

Good HER?2 specificity with lower
liver uptake than ZHER2.342 tracers.
Low bone uptake indicated tracer
stability

[104]
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[®8Ga]Ga-MAL-NOTA-

Able to differentiate HER2 positivity

Clinical | Lower liver uptake compared to [105]
Cys-MZHERz:302 ABY-025 tracer
Good HER?2 specificity with low
89 _ - -
N([)TZ;\]_? sDII\:/IOZII—YIEAF\eL Preclinical | liver and bone uptake, indirectly [106]
Y 2342 indicated tracer’s stability
High HER?2 affinity and specificity
[®°Zr]zr-DFO-G3-DARPin | Preclinical | but prominent kidney uptake, and 1101
slow site-specific conjugation step
Good HER2+ tumour visualization
[®8Ga]Ga-DOTA-(Ser)s- . e tim . ’ 14
Other HER?2 LTVSPWY Preclinical | and tr_acer T( §tab111ty d(;,(splte
scaffolds pegomlnent idney uptake
and peptides [*Ga]Ga-DOTA-PEG;-
[(®Ga]Ga-DOTA-PEG;- DTFPYLGWWNPNEYRY showed
DTFPYLGWWNPNEYRY, Preclinical better human serum stability and [115]
[(®Ga]Ga-DOTA-PEG;- significant differentiate HER2-
GSGKCCYSL positivty 1h p.i. than [*#Ga]Ga-

DOTA-PEG,-GSGKCCYSL
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Aims of the Studies

1. Evaluation of Metabolic Activity & avp3 Expression in
Aggressive Breast Cancer

Angiogenesis process involves the upregulation of pro-angiogenic factors and the
inhibition of anti-angiogenic factors. Given the significant energy requirements of intercellular
interactions within the cancer microenvironment, exploring the potential relationship between
angiogenesis and glucose metabolism is essential to understanding their interplay.

[*®Ga]Ga-NODAGA-c(RGDfK),, a dimeric cyclic penta-peptide RGD-based
radiopharmaceutical was used for angiogenesis imaging. Thanks to the relatively short
biological and physical half-lives of [*®F]FDG and [Ga]-c(RGDfK)2 (T12*®F = 109.7 minutes,
T12%8Ga = 68 minutes), we were able to perform a longitudinal preliminary study using dual
radiopharmaceuticals to closely monitor tumour progression. The study evaluated the
correlation between tumour-to-muscle ratios of the two tracers and tumour growth in xenograft
models. Two cell lines were investigated: the fast-growing 4T1 (triple-negative murine breast
cancer) and the slower-growing MDA-MB-HER2+ (HER2-positive human breast cancer),
representing the two most aggressive breast cancer subtypes. Additionally, tumour

heterogeneity was analysed in the 4T1 model.

2. Preclinical Evaluation of 3>Mn-Trastuzumab for
Biodistribution, HER2 Imaging, and Biological
Characterization

In comparison with other prolonged half-live radiometals for antibody labelling, 2Mn is
a promising candidate. >2Mn can be produced from natural chromium by conventional medical
cyclotron using 16-6 MeV bombardment energy 71, With a similar extended half-life of 5.6
days, %Mn, imaging, offers an attractive radiation profile compared to 8Zr and Cu. Its 29%
positron emission with low maximum and average energy results in enhanced resolution (Table
2) comparable to *F. However, dosimetry calculations should be approached with caution due

to the higher energy y-photons (18119,
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Table 2. Decay properties, production methods for potential trastuzumab-radiometals

[118, 119]

Max Average Principle y -II\-/Iaart?a?tial
Radionuclide T B*Energy | B*Energy/ Ig* | Emissions/ I, and Natural
(MeV) (%) (%)
Abundance
007y 327d | 0.900 :;g(f;}kew 909 ke\V/ 99% | #Y (100%)
By 128h | 0.656 fgf/okew i B4Ni (0.9%)
1434 keV/
242 keV/ 100%
52 52 0,
Mn 5.6d 0.575 29% 935 ke\//95% Cr (82%)
744 keV/90%

Manganese in the +2 oxidation state typically exhibits a coordination number of 6 or 7,
making it well-suited for complexation with oxygen and nitrogen atoms 2%, Macrocyclic
chelators often demonstrate greater inertness compared to acyclic chelators, which are prone
to dissociation when exposed to excess Cu?* ions 1211221, Thus, selecting suitable chelator for

the labelling with >2Mn process is required.

2.1. [®>Mn]Mn-DOTAGA (anhydride)-trastuzumab

DOTA, a macrocyclic chelator, is recognized for forming highly stable complexes with
Mn?*, boasting one of the highest binding affinities among studied chelators (stability constant
log Kme > 19) 231 and can be complexed with room temperature, which is crucial in labelling
heat-labile trastuzumab 21,

In our first >2Mn-trastuzumab study, our team chose DOTAGA-anhydride (a derivative
of DOTA chelator) as a bifunctional chelator owing to its high reactivity, regioselective
anhydride-opening reaction, and the ability to conjugate without needing protection for other
chelating ligands or producing unwanted side products 1?4, Therefore, using [*>Mn]Mn-
DOTAGA(anhydride)-trastuzumab we assessed the tumour uptake of HERZ2-positive and
HER2-negative xenografts in preclinical models, melanoma xenografts were included as
specificity control. Additionally, we investigated the tumour uptake differences between

orthotopic and ectopic HER2-positive tumours.

2.2. [®*Mn]Mn-BPPA-trastuzumab

In our second %>Mn-trastuzumab study, we designed a Mn(11)-specific chelator capable
of providing satisfactory labelling yields, meanwhile showing sufficient stability and inertness.
A novel bispyclen-based bifuncional chelator possessing a picolinate pendant arm, BPPA, was

developed, synthesized, characterized, conjugated with trastuzumab, and labelled with
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[®>Mn]Mn. The biological behaviour of the novel conjugate was investigated in different
HER2-expressing breast tumour xenograft mouse models at both orthotopic and ectopic
inoculation sites using PET/MRI imaging in comparison to a reference [*Mn]Mn-
DOTAGA(pSCN-Bn)-trastuzumab.
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V.

Materials and Methods

1. Research 1: Temporal Assessment of Metabolic Activity and
avfp3 Expression in Aggressive Breast Cancer Models

1.1. Radiopharmaceuticals

NODAGA-c(RGDfK)2 was obtained from ABX (Radeberg, Germany). Ultrapure HCI,
NH4OAc buffer and water were purchased from Merck KGaA (Darmstadt, Germany). Oasis
HLB 1 cc cartridge was the product of Waters Corporation (Milford, MA, USA). All other
reagents and solvents were obtained from Sigma-Aldrich Ltd. (Budapest, Hungary) and were
of analytical grade. They were used without further purification in all cases.

[*®F]FDG was produced following the Good Manufacturing Practice (GMP) standards
for its clinical use in PET imaging. [*®F]FDG production was performed in the radiochemical
laboratory of the Division of Nuclear Medicine and Translational Imaging, Department of
Medical Imaging, Faculty of Medicine, University of Debrecen (Debrecen, Hungary).

Cyclotron produced ®Ga (Division of Nuclear Medicine and Translational Imaging,
Department of Medical Imaging, University of Debrecen, Hungary) was used for radiolabelling
NODAGA-c(RGDfK),. After fractional elution, 0.5 ml eluate was buffered with 0.5 ml (3
mol/dm?®) ultrapure ammonium acetate to adjust the pH of the reaction mixture to 4-4.1 for
each compound. A 10 pl (3 mmol/dm?®) NODAGA-RGD dimer acetate ag. solution was added,
and the reaction solution was incubated for 15 min at 95°C. Then, solid-phase extraction (SPE
— Waters Oasis HLB cartridge; 30 mg) was required to trap the radiopeptide. The radiolabelled
peptide ([®Ga]Ga-NODAGA-c(RGDfK),) was elutable from the HLB column with 0.1 ml of
isotonic NaCl solution/EtOH 1:1 mixture. [®Ga]Ga-NODAGA-c(RGDfK), was produced with
a high specific activity (15.7 £ 0.17 GBg/umol) and a good radiochemical purity (>95%), in
all cases. Quality control of the radiolabelled NODAGA-c(RGDfK) was performed with thin-
layer chromatography (TLC) and citrate buffer was used as an eluent (0.1 mol/dm?; pH = 5.5).

1.2. Cell Lines and Preclinical Models

Cell lines were generously provided by Dr. Gyorgy Vereb (Department of Biophysics
and Cell Biology, University of Debrecen). They were cultured at 37°C with 5% CO: in
Dulbecco's Modified Eagle Medium (DMEM, GIBCO, Life Technologies Magyarorszag Ltd.,
Budapest, Hungary), supplemented with 10% fetal bovine serum (FBS) (10%, heat-inactivated
FBS from GIBCO, Life technologies) and 1% antibiotic-antimycotic solution (1%, Sigma-
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Aldrich, Merck KGaA, Darmstadt, Germany). Monolayer cultures were passaged three times
a week.

Female CB17 SCID mice, weighing 21.68 + 2.74 g and between ages of 12 to 16 weeks,
were divided into two groups: one group of mice (n = 3, initially but one mouse died during
the protocol) was inoculated into mammillary fat pad with a fast-growing cell line (4T1),
whereas the other group (n = 3) received a slow-growing tumour cell line (MDA-MB-HER2+).
The animal research was registered by the University of Debrecen Committee of Animal
Welfare (registration No: 8/2016/DEMAB). Compliance with all relevant Hungarian laws and
European Union animal welfare guidelines, following the "4R" principles (reduce, refine,
replace, and responsibility), was ensured in animal handling.

4T1 cells and MDA-MB-HER2+ cells were injected into the fat pad of the inguinal breast
at a concentration of 5 x 10° cells in saline (150 pl 0.9% NacCl) to achieve optimal xenograft
growth 1?1, For a complete xenograft establishment, imaging was started two days after tumour
onset (when tumours were first detected and palpable): 7 days and 20 days after inoculation of
4T1 11261 and MDA-MB-HER2+ cell lines, respectively (Figure 1).

1.3. In Vivo Experimental Protocol

Both the groups received FDG and RGD four times on separate days. In the 4T1 group,
mice were scanned four times in two weeks with both tracers, whereas the HER2-positive
group underwent weekly scans for four weeks (Figure 1).

Administration of the radiopharmaceuticals into the lateral tail veins was carried out
under inhalational anaesthesia. The acquisition occurred after an incubation period, allowing
sufficient time for urinary excretion to minimize urinary bladder uptake. The exact injected
radioactivity was determined by measuring the syringe volume and calculating the activity
using a dose calibrator before and after every injection.

The administered dose of [*®F]FDG was 14.83 + 2.91 MBg. Prior to scanning, mice were
subjected to overnight fasting, lasting for at least 12 h, to minimize background uptake in the
blood pool and myocardium. The incubation time before scanning was 80.45 + 2.47 min.

The administered dose of [®®Ga]Ga-NODAGA-c(RGDfK), was 14.45 + 3.83 MBq. All
mice were provided with a sterile semi-synthetic rodent diet and sterile tap water before the
scan. The incubation time before scanning was 82.95 + 5.27 min.
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Figure 1. Timeline of the study including cell culturing, tumour inoculation, and scanning time of the
fast-growing cell line 4T1 (upper) and of the slow-growing cell line MDA-MB-HER2+ (lower).

1.4. In Vivo Imaging Protocol

PET/MRI images were conducted using the nanoScan® PET/MRI 1T (Mediso Ltd.,
Budapest, Hungary) while ensuring the animals remained under inhalational anaesthesia with
isoflurane (Forane, AbbVie, Budapest, Hungary) (3% for initiation and 2% for maintenance)
with a continuous supply of 0.4 I/min oxygen (Linde Healthcare, Budapest, Hungary) and 1.2
I/min nitrous oxide gas (Linde Healthcare). The animals were securely positioned on a scanning
bed to maintain a constant body temperature of 37°C throughout the procedure.

PET acquisitions lasted for 20 min with a field of view (FOV) of 98.5 mm. Following
the PET scan, MRI acquisition was performed with specific parameters: flip angle of 20
degrees, repetition time of 15 ms, echo time of 2 ms, FOV of 60 mm, and number of excitations
was set to 2, for approximately 18 min.

Reconstruction of the acquired raw data was carried out using Nucline software (Mediso
Ltd., Budapest, Hungary) and employed the 3D-OSEM (Ordered Subset Expectation
Maximization) algorithm with attenuation correction and random correction. When
reconstructing [*8F]FDG images, the voxel size was set at 0.4 mm?® with 6 iterations and low
regularization. In contrast, the reconstruction of [%8Ga]Ga-NODAGA-c(RGDfK), images
utilized a smaller voxel size of 0.3 mm?3, 12 iterations, and high regularization to enhance
resolution and minimize partial volume effects, which is more pronounced when imaging with

68Ga due to its higher positron energy of 1.9 MeV 1?71,
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1.5. In Vivo PET Measurements

Measurements were done with InterView™ FUSION software (Mediso Ltd., Budapest,
Hungary). Volume-of-interests (VOIs) were delineated on both tumour and muscle reference
areas using Muscle-Spacing Correction Method, i.e., using muscle reference with an equal

distance from the urinary bladder to correct its spillover effect (Figure 2).

Figure 2. Muscle-Spacing Correction Method: To guarantee the equal distance from the urinary
bladder to each measured volume of interest (VOI), a large VOI is drawn over the centre of the urinary
bladder. This bladder VOI intersects with both the central point of the tumour's avid/non-avid area
VOI / the furthest point of the whole tumour VOI from the bladder and the centre of the reference
muscle VOI. (A) Evaluating tumour heterogeneity, pink circle denotes the urinary bladder VOI, orange
circle indicates the non-avid area VOI, green circle represents the muscle reference VOI, and the
asterisk sign indicates the urinary bladder. (B) Accessing the whole tumour uptake; light blue circle
indicates the urinary bladder VOI, the brown VOI indicates the whole tumour VOI, and the green circle
represents the muscle reference VOI; the asterisk marks the urinary bladder.

To assess tumour heterogeneity, VOIs with a diameter of 2 mm were drawn over the
most avid and least avid regions within the tumour. These VOIs were positioned equidistant
with the reference VOIs from the centre of the urinary bladder to minimize the partial volume
effect of the bladder activity (Figure 2A).

Activity of the entire tumour was assessed by drawing VOIs manually around the
tumour's contour. Muscle uptake was used as a reference, and the distance from the bladder to
the reference muscle was adjusted to match the distance of the farthest point of the tumour from
the bladder (Figure 2B).

To calculate the Standardized Uptake Value (SUV) the following formula was used: SUV
= [VOI activity (MBg/ml)] / [injected activity (MBq) / animal weight (g)]. Evaluation of
tumour uptake was performed by calculating the ratio of tumour SUVmean to muscle SUVmean.
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Regions of interest (ROIs) were drawn around the tumour contours in each axial slice of
the MRI images. Tumour volumes were calculated by summing the areas of these ROls and

multiplying the result by the slice thickness (0.5 mm).

1.6. Histopathology and Immunohistochemistry

After the last scan, the mice were euthanized by cervical dislocation under anaesthesia,
and the tumours were resected, fixed in 10% formalin and frozen at a fixed temperature of -
20°C. The tumours were then sent for histopathologic and immunohistochemistry
examinations. In addition to the conventional haematoxylin and eosin (H&E) staining,
immunohistochemistry staining was performed to visualize the expression of GLUT1
transporter (GLUT1 Recombinant Rabbit Monoclonal Antibody, SA0377, Thermo Fisher
Scientific, Dreieich, Germany) and avb3 integrin (Anti-Integrin aVB3 Antibody, clone
EM22703 ZooMAb® Rabbit Monoclonal, Merck KGaA, Darmstadt, Germany) proteins.
Texas-red (Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Texas Red,
Thermo Fisher Scientific) was used as the secondary antibody, and cell nuclei were
counterstained with DAPI (DAPI ready-made solution, MBD0015, Merck KGaA, Darmstadt,

Germany).

1.7. Data Presentation

Due to the small sample size, resulting in a non-normal distribution, data were presented
as median and interquartile range: median (lower quartile to upper quartile). All the graphs
were created using GraphPad Prism 9.4.1 software (GraphPad Software, Boston, MA, USA).

2. Research 2: HER2 Expression in Different Cell Lines and
Inoculation Sites Assessed by [**Mn]Mn-
DOTAGA(anhydride)-trastuzumab

2.1. Chemicals

HPLC-MS grade ACN was from Scharlau. Rotipuran Ultra H20 (up H20), Rotipuran
Ultra HCI 34% (up HCI), Rotimetic 99.995% anhydrous sodium acetate (NaOAc), and
Cellpure HEPES were purchased from Carl Roth. Lyophilized Seronorm Human (5 mL) was
bought from Sero. Amicon Ultra (Ultracel — 30K, 0.5 mL) Centrigal Filters produced by Merck
Millipore. 450 A, 2.7 um Bioresolve RP mAb Polyphenyl 2.1 x 50 mm column was used for
analytical examinations. Instant Thin-Layer Chromatography Silica Gel (iTLC-SG) was

supplied by Agilent Technologies.
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2.2. 52Mn Production

The >?Mn isotope was produced by proton irradiation with a 14 MeV beam on a natural
Cr target via a *2Cr(p,n)*>Mn reaction. The purification of the radionuclide from CrCls was
performed on AG1-X8 anion-exchange resin using 3% (v/v) HCI in absolute ethanol and 0.1
M HCI solvents. A post-purification was carried out using DGA resin to remove other metal

contaminants (e.g. Fe, Cu).

2.3. Synthesis of DOTAGA(anhydride)-trastuzumab

Trastuzumab (Ontruzant®, Samsung Bioepis) was purified on a 30 kDa centrifugal filter.
Conjugation of pure antibody with DOTAGA-anhydride was carried out at pH 8 in 0.1 M
NaHCOs with 20-fold chelator excess. The conjugation efficiency and DOTAGA substitution
level were calculated by a UPLC-RA-MS (Waters) system (chelator/antibody ratio: 2.067).
DOTAGA-trastuzumab was purified and concentrated to 37 £ 14 mg/ml in up. H20 by
ultrafiltration.

2.4. Preparation of [®>Mn]Mn-DOTAGA (anhydride)-trastuzumab

50 pL of 37 = 14 mg/ml DOTAGA-trastuzumab solution was added to a mixture of
[**Mn]MnClI; solution in 0.1 M HCI (29 + 17 MBq, 100 L), 0.1 M NaOAc (140 pL) and 0.5
M NaOH (22.5 pL). The reaction mixture was incubated at room temperature for 15 min.
Radiochemical purity (RCP) was determined on iTLC-SG by TLC chromatography, using 0.1
M citric acid solution. Each product had an RCP higher than 95%. The reaction mixture was
divided into aliquots and diluted to 200 pL portions with 0.9 % NaCl solution (molar activity:
12.43 £+ 10.85 MBg/mg).

2.5. In Vitro Comparative Cell Binding Study

Human breast cancer cell lines MDA-MB-HER2+ (HER2 expressing cell line) and
MDA-MB-468 (HER2-negative cell line) (all from Department of Biophysics and Cell Biology,
University of Debrecen), were cultured for 24 hours at 36°C in RPMI medium supplemented
with 10% FBS at a concentration of 0.66 x 10° cells/mL for MDA-MB-HER2+ and 0.52 x 10°
cellssmL for MDA-MB-468. The radiopharmaceutical [*?Mn]Mn-DOTAGA(anhydride)-
trastuzumab, with an activity of 1.00 mCi (37 MBq), was added to the cell suspensions, and
they were incubated at 36°C for 30, 60, 120, and 180 minutes. After each incubation period,
radioactivity in the cells was measured using a gamma counter. Each cell line was performed

in duplicate (n = 2)
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2.6. Preclinical Model

MDA-MB-HER2+, MDA-MB-468, and murine melanoma cell line B16F10 were used
for the in vivo study. The cells were cultured at 37°C with 5% CO2 in DMEM media (from
GIBCO) that was supplemented with 10% FBS and a 1% antibiotic-antimycotic solution (from
Merck). The monolayer cell cultures were passaged three times per week.

The study used female mice aged 16 — 24 weeks, weighing 22.90 + 4.28 grams: CB17
SCID mice used for breast cancer xenograft study (n = 5), and C57BL/6 mice used for
melanoma xenograft study (n = 3). All mice (Animalab Ltd., Hungary) were provided with a
sterile semi-synthetic diet (VRF1, Akronom Ltd., Hungary) and sterile drinking water. The
animal research was registered by the University of Debrecen Committee of Animal Welfare
(registration No: 16/2020/DEMARB). Animal handling followed all applicable Hungarian laws,
and European Union animal welfare regulations taking into account the “4R” principle (based
on the principles of reduction, replacement, refinement, and responsibility).

CB17 SCID mice were divided into 2 groups: HER2 positive group (n = 3) and HER2
negative group (n = 2, originally n = 3, one excluded due to death during scanning). The HER2
positive group was injected with 4 x 106 MDA-MB-HER2+ cells mixed thoroughly in 100 pL
of saline solution before each injection. This group received two injections: one into the
inguinal mammary fat pad and another subcutaneously into the subscapular area then the
tumours were inoculated for 2 weeks after the injection. The HER2 negative group was
inoculated subcutaneously under the scapula with 4 x 105 MDA-MB-468 cells suspended in
100 pL of saline solution for the duration of 4 weeks. C57BL/6 mice (n = 3) were injected with
2 X 10° B16F10 suspended in 100 pL of saline into the subscapular area and were inoculated

for 2 weeks.

2.7. InVivo PET Imaging

All mice were injected with 3.50 + 0.59 MBq of [*’Mn]Mn-DOTAGA (anhydride)-
trastuzumab intravenously into the lateral tail veins. Under inhalation anaesthesia (induction:
3% isoflurane, maintenance: 2% isoflurane combined with 1 — 2 I/min Oz and 0.8 — 1 I/min
N:0) using anaesthesia device (IsoFlo, EICKEMEYER®), the HER2 positive groups scanned
with hybrid cameras nanoScan® PET/CT (Mediso Ltd., Hungary), while the HER2 negative
and melanoma bearing mice underwent scans with nanoScan® PET/MRI 1T (Mediso Ltd.,
Hungary). The scans were conducted using a scanning bed to minimize model movements,
while closely monitoring temperature, heart rate, and respiratory rate throughout the procedure.

The PET static scans with a duration of 20 minutes each scan were performed at 4 h, 24h, 48h,
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72h, and 120h post-injection. The anatomical images for localization and attenuation correction
maps were obtained by either MRI T1 gradient echo with 0.5 mm slice thickness, 20 ms
repetition time, 2.6 ms echo time, and 20° flip angle; or CT with 180 projections, 55 kVp X-
ray source.

The image reconstruction was done by Nucline software (Mediso Ltd., Hungary) using
Tera-Tomo™ 3D maximum-likelihood expectation-maximization (MLEM) method with
attenuation correction, random correction, and scatter correction. Using the InterView™
FUSION software (Mediso Ltd., Hungary), VOIs and ROIs were delineated on the
reconstructed images. The VOIs and ROIs were drawn with a 3 mm diameter over the
following areas: tumours, mediastinal blood pool, liver lobe, kidney cortex, spleen, lung lobe,
pancreas, submandibular salivary gland, knee joint, ovary, lacrimal gland, intestine, urinary
bladder, and quadriceps muscle. The measurements were done using the SUV was calculated
by the software with the formula: SUV = [ROIl or VOI activity concentration
(MBg/mL)]/[injected activity (MBq)/mouse body weight (gram)]. The measured organs’ and
tumour’ SUV means to muscle SUV mean ratios were used for investigation. Tumour sizes
were assessed using the formula: tumour volume (mm?3) = 0.5 x length (mm) x width (mm) x
height (mm) 281,

2.8. Histopathological Examination

After the in vivo measurements were completed, the mice were humanely euthanized by
cervical dislocation under general anaesthesia. The tumours were then resected and fixed in
10% neutral buffered formalin. The fixed tumour samples were subsequently sent for
histopathological analysis, including staining with H&E, and immunohistochemistry, to
determine HER2 status.

2.9. Statistical Analysis

The experimental data were expressed as mean + standard deviation (SD). Two-way
analysis of variance (ANOVA) with post-hoc Tukey’s test was used to analyse the data. A p-
value less than 0.05 was considered statistically significant. Data analysis and presentation
were performed using GraphPad Prism 9.4.1 software and Microsoft Excel.
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3. Research 3: Evaluation of [©2Mn]Mn-BPPA-trastuzumab for
Highly Specific HER2 PET Imaging

3.1. Synthesis and Characterization of BPPA and New Compounds

Starting commercial reagents/solvents were purchased from Sigma-Aldrich (St. Louis,
MO, USA), Tokyo Chemical Industry (Tokyo, Japan) and Fluorochem (Hadfield, Glossop, UK)
and were used without further purification unless otherwise stated. The syntheses requiring
microwave irradiation were performed in a CEM Discover microwave synthesis reactor (CEM
Corp., Matthews, NC, USA), using dynamic (constant temperature) mode and strong stirring
during the reactions. Deionized Milli-Q® water and gradient/LC-MS grade acetonitrile was
used for the preparation of all eluents and samples for High Performance Liquid
Chromatography (HPLC) and Mass Spectrometry (MS) measurements, and preparative HPLC
separations. Analytical HPLC was performed with a Waters Alliance 2690/5 HPLC (Waters
Corp., Milford, MA, USA) system equipped with a Waters 996 or Waters 2996 photodiode
array detector with an Alliance series column heater at 25°C temperature. Eluent composition
and other parameters are specified separately for each chromatogram. Small molecules were
analysed with a Luna C18(2) column (150 mm x 4.6 mm, 100 A, 3 um or 5 um, Phenomenex
Inc., Torrance, CA, USA) or an XBridge Shield RP18 C18 column (75 mm x 4.6 mm, 100 A
2.5 um, Waters Corp., Milford, MA, USA). Results were evaluated with Waters Empower
software. Preparative reverse-phase HPLC was performed using a YL9100 (Youngin
Chromass, Anyang-si Korea) system equipped with a YL91110s quaternary pump and a
YL9120s UV/Vis detector. Small molecules were purified on a Luna C18(2) Prep column (250
mm x 21.2 mm, 100 A, 5 pm, Phenomenex Inc., Torrance, CA, USA). Eluent composition and
other parameters are specified separately for each compound.
Nuclear magnetic resonance (NMR) spectra (*H and **C-JMOD) were recorded at 298.0

K using a Bruker Avance DRX 360 MHz (360.13 MHz - 'H, 90.55 MHz - *C) or Avance |
400 MHz (400.13 MHz - 'H, 100.62 MHz - 13C) or Bruker Avance 11 500 MHz spectrometer.
The chemical shifts (5) were calibrated against reference solvent peaks (*H, & = 7.26 ppm and
3¢, § =77.16 ppm for CDCls; *H, § = 4.79 ppm for D,0; *H, § = 3.31 ppm and *3C, § = 49.00
ppm for CD30D, H, § = 1.32 ppm and 3C, § = 118.26 ppm for CD3CN, *H, § = 2.50 ppm and
13C, & = 39.52 ppm for DMSO-ds) [*?°1. In 1*C-JIMOD (J-modulated) spectrum the multiplicity
of the 3C signals (methyl: quartet, methylene: triplet, methine: doublet, quaternary: singlet) is
reflected in the phase of the fully *H decoupled *C spectrum using the SEFT (Spin-Echo

Fourier Transform) technique. In the spectrum, the methyl and methine signals (odd number
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of hydrogen atoms) give signals with positive phase, while the methylene and quaternary
carbon atoms (even number and lacking hydrogen atoms) give negative phase signals.

High resolution (ESI) mass spectra were measured on a Bruker maXis Il UHR ESI-
QTOF mass spectrometer (Bruker, Bremen, Germany) using a capillary electrophoresis -
electrospray ionization (CE-ESI) Sprayer interface (G1607B, Agilent). Sample introduction
was carried out with an Agilent 7100 model capillary electrophoresis (CE) instrument (Agilent,
Waldbronn, Germany) using a 70 cm x 75 um id. capillary (Polymicro, Phoenix, AZ, USA).
The MS instrument was controlled by otofControl version 4.1 (build: 3.5, Bruker), obtained
mass spectra were processed by Compass DataAnalysis version 4.4 (build: 200.55.29609,
Bruker). MS measurements were performed in positive ionization mode with the following
instrument settings: 0.8 bar nebulizer pressure, 200°C dry gas temperature, 4.5 L/min dry gas
flow rate, 3500 V capillary voltage, 500 V end plate offset, 1 Hz spectra rate, 100-1400 m/z

mass range were applied. Sodium formate was used for internal m/z calibration.

3.2. Equilibrium, Kinetic and Relaxometric Characterization of the [Mn(BPPA)]
Complex

Equilibrium studies

MnClI; stock solution was prepared from the highest analytical grade chemical, and its
concentration was determined by complexometric titration with standardized Na;H-EDTA and
eriochrome black T indicator in the presence of ascorbic acid and potassium hydrogen tartrate.
The concentration of the ligand stock solution was determined by pH-potentiometric titration.
For determining the protonation constants of the ligand, pH potentiometric titration was carried
out with 0.15 M NaOH, using 0.0026 M ligand solution. The ionic strength was set to 0.15 M
by using NaCl. The titrated samples (starting volume of 6.00 mL) were stirred mechanically
and thermostated at 25°C by a circulating water bath (£0.1°C). The protonation constants of

the ligand (log Ki™) are defined as follows:

H_  [Hd]
K = [H;_,LI[H*] (eq. 1)

wherei=1, 2, ..., 5 and [Hi1L] and [H*] are the equilibrium concentrations of the ligand

(1=1), its protonated forms (i= 2, ..., 5) and hydrogen ion, respectively. The stability constant

of the MnL complexes is defined as follows:
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To avoid the effect of CO2, N2 gas was bubbled through the solutions during the titrations
process. The pH-potentiometric titrations were performed with a Metrohm 785 DMP Titrino
titration workstation with the use of a Metrohm 6.0234.100 combined electrode in the pH range
of 1.75-11.85. For the calibration of the pH meter, KH-phtalate (pH = 4.005) and borax (pH =
9.177) buffers were used, and the [H*] concentrations were calculated from the measured pH
values by applying the method proposed by Irving et al. [**]. A solution of approximately 0.01
M HCI was titrated with a 0.15 M NaOH solution (I = 0.15 M NaCl), and the differences
between the measured and calculated pH values (for the points with pH < 2.2) were used to
calculate the [H*] from the pH values measured in the titration experiments. The measured
points with pH > 11.0 of the acid-base titration were used to calculate the ionic product of water
which was found to be 13.882 under our experimental conditions.

The stability of [Mn(BPPA)]* was determined using standard pH-potentiometric
approach by titrating a sample containing the MnCl> and the ligand 2.60 mM concentration,
and accessed by H relaxometric titration by applying an out-of-cell technique. Longitudinal
(T1) and transverse (T2) relaxation times were recorded for samples at 20 and 60 MHz proton
Larmor frequency containing 1.48 mM complex in the acid concentration range of 2.45 — 251
mM (a total 14 samples). Fitting of the equilibrium data was performed by PSEQUAD
computer program 134 by fixing the molar relaxivity of the Mn(11) ion (determined previously)
[132].

Relaxometric measurements

The H longitudinal (T1) and transverse (T2) relaxation times were measured by using
Bruker Minispec MQ-20 and MQ-60 NMR Analyzers. The temperature of the sample holder
was set 25.0 (x0.2)°C and controlled with a circulating water bath thermostat. The ri, values
for the investigated complexes were determined by means of inversion recovery method (180°
—1—90°), averaging 4-6 data points obtained at 12 different t delay times, while r2p data were
collected by using Carl-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence. Relaxivities
were determined following published protocols using samples of 0.3-0.4 mL volume. pH was
either set by using a 0.05 M 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES)
buffer (pH = 7.4) while the ionic strength in the samples was set to 0.15 M NaCl.

Dissociation kinetics

The inertness of the [Mn(BPPA)]" complex was assessed by following the
transmetallation reaction provoked by the large excess of the essential Zn(ll) ions. The curse

of the reaction was monitored by measuring the T, relaxation times as a function of time at
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pH = 6.0, set by 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer in the presence of
25 equivalents of Zn(lIl) ions at 25 and 37 °C. These conditions were used recently by P.

Caravan et al. 1331,

3.3. Chemicals and Synthesis of BPPA-trastuzumab and DOTAGA(pSCN-Bn)-
trastuzumab

Rotipuran Ultra H20 (u.p. H20), 34% Rotipuran Ultra HCI (u.p. HCI), Rotimetic 99.995%
anhydrous sodium acetate (NaOAc) and Pufferan > 99.5%, Cellpure HEPES were purchased
from Carl Roth. HPLC-MS grade ACN was provided by Scharlau. Lyophilized Seronorm
Human (5 mL) was bought from Sero.

Amicon Ultra (Ultracel — 30K, 0.5 mL) Centrigal Filters was provided by Merck
Millipore. Bioresolve RP mAb Polyphenyl (450 A, 2.7 um) 2.1 x 50 mm column was purchased
from Waters. Glass macrofiber chromatography paper impregnated with silica gel (iTLC-SG)
was supplied by Agilent Technologies. The conjugation of trastuzumab with BPPA-BnPMMA
and serum stability of [>2Mn]Mn-BPPA-trastuzumab was followed by a Waters Acquity UPLC
I Class system with a Bertold FlowStar LB 513 radioactivity detector (RA) connected to a
Xevo G2 Q-TOF mass spectrometer (UPLC-RA-MS). RCP of [®Mn]Mn-BPPA and
[*?Mn]Mn-BPPA-trastuzumab was determined by a Raytest miniGita Star thin layer
chromatography scanner (TLC scanner).

Trastuzumab (Ontruzant®, Samsung Bioepis) was purified on a 30 kDa centrifugal filter.
Antibody was conjugated with BPPA-Bn-pMMA and pSCN-Bn-DOTAGA was carried out at
pH 8 —8.2in 0.1 M NaHCO3 using 20 and 5 fold chelator excess, respectively. The conjugation
efficiency and BPPA/DOTAGA substitution level was calculated by a UPLC-RA-MS system.
BPPA-trastuzumab and DOTAGA-trastuzumab was purified and concentrated to 21 mg/ml in
up. H20 by ultrafiltration.

3.4. Optimization of Radiolabelling Conditions of [®Mn]Mn-BPPA

RCP of [?2Mn]Mn-BPPA was examined in the presence of 0.03, 0.1, 0.3, 1, 3, 10, 30 and
100 uM ligand, in the pH range of 4 - 8. A 10 pL [*Mn]MnClI; solution (~200 kBq), 80 pL
buffer solution and 10 ul of 0.3, 1, 3, 10, 30, 100 or 300 uM ligand solutions were mixed in
order to reach the required concentration of ligands. 0.5 M u.p. NaOAc was applied as buffer
in the pH range of 4 - 6 and 0.5 M HEPES was used at pH 7 and 8. Reactions were carried out
in Eppendorf tubes with 5 min reaction time at 25°C and 95°C in a dry bath. Labelling of BPPA
with [>2Mn]MnCl; was followed by TLC scanner. 3 pL of the reaction mixture was dropped to

an iTLC-SG strip and developed in 3% NHs solution. *2Mn(11) was remained near the start
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point (Rf= 0.1-0.2), whereas [*>Mn]Mn-BPPA was eluted with the solvent front
(Rf=0.7-0.9).

3.5. Preparation of [*>Mn]Mnclz, [®>Mn]Mn-BPPA-BnPCO°H and [>>Mn]Mn-DOTAGA
for In Vivo Imaging

[>>Mn]MnCl:

35 pL of [>2Mn]MnClI; solution in 0.1 M HCI (12 MBq) was diluted with 65 pL 0.1 M
NaOAc and 5.2 pL 0.5 M NaOH. Reaction mixture was incubated at room temperature for
10 min. 3 x 4 MBq of reaction mixture was diluted to 200 pL portions with saline and their pH
was checked by pH paper (pH 6.0 — 6.5).

[52Mn]Mn-BPPA-BnPCOOH

30 uL of 1 mg/ml BPPA-BnPc°°H (59 nmol) solution was added to a mixture of
[*?Mn]MnCI; solution in 0.1 M HCI (50 pL; 30 MBq), 0.1 M pH 7 HEPES (43.5 pL) and
0.5 M NaOH (10 pL). Reaction mixture was incubated at room temperature for 10 min. RCP
was determined by TLC chromatography. 3 x 4.5 MBq of reaction mixture was diluted to
200 pL portions with saline.

[>*Mn]Mn-DOTAGA

15 pL of 1 mg/ml DOTAGA (63 nmol) solution was added to a mixture of [*>Mn]MnCl;
solution in 0.1 M HCI (40 pL; 22 MBqg), 0.1 M NaOAc (65 pL) and 0.5 M NaOH (6 pL).
Reaction mixture was incubated at room temperature for 10 min. RCP was determined on
iTLC-SG by TLC chromatography, using 3% NHseluent. 3 x 3.5 MBq of reaction mixture was
diluted to 200 pL portions with saline.

3.6. Preparation of [®?Mn]Mn-BPPA-Trastuzumab and [®*?Mn]Mn-DOTAGA(pSCN-
Bn)-Trastuzumab for In Vivo Imaging

[®>Mn]Mn-BPPA-trastuzumab

10 - 15 uL of 21 mg/ml BPPA-trastuzumab solution was added to a mixture of
[*2Mn]MnCl; solution in 0.1 M HCI (50 pL; 16 — 26 MBq), 0.1 M pH 7 HEPES (43.5 pL) and
0.5 M NaOH (10 pL). Reaction mixture was incubated at room temperature for 15 min. RCP
was determined on iTLC-SG by TLC chromatography, using 0.1 M citric acid. The reaction
mixture was divided into three aliquots and diluted to 200 pL portions with saline.

[>>Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab:

35-40 uL of 21 mg/ml DOTAGA-trastuzumab solution was added to a mixture of
[?*Mn]MnClI; solution in 0.1 M HCI (32 — 36 MBq), 0.1 M NaOAc (65 pL) and 0.5 M NaOH

(7 - 10 pL). Reaction mixture was incubated at room temperature for 15 min. RCP was
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determined on iTLC-SG by TLC chromatography, using 0.1 M citric acid. The reaction

mixture was divided into three aliquots and diluted to 200 pL portions with saline.

3.7. Determination of Serum Stability of [*>Mn]Mn-BPPA-trastuzumab and [*?Mn]Mn-
DOTAGA(pSCN-Bn)-trastuzumab

[?’Mn]Mn-BPPA-trastuzumab  and  [*>Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab
solution were diluted to five times its volume with human plasma (Seronorm), then placed into
a closed syringe (sealed off from air) and incubated for 10 day at 37°C. The solutions were
analysed at the following time points: 10 min, 2 h, 23 h, 2d, 5d, 7d and 10 d. RCP values
were determined on a polyphenyl column (Bioresolve RP mAb) by UPLC-RA-MS.

3.8. Experimental Animals

At least 16 weeks old, 23.02 £ 2.92 g weighted female CB17 SCID and BALB/c mice (n
= 20; Animalab Ltd, Budapest, Hungary) were used for the experiments. The sterile semi-
synthetic diet (VRF1; Akronom Ltd., Budapest, Hungary) and sterile drinking water were
available ad libitum to all animals. The animal research was registered by the University of
Debrecen Committee of Animal Welfare (registration No: 16/2020/DEMAB). Laboratory
animals were kept and treated in compliance with all applicable sections of the Hungarian Laws
and animal welfare directions and regulations of the European Union.

3.9. Xenograft Inoculation

All cell lines were kindly gifted by Dr. Vereb Gyorgy (Department of Biophysics and
Cell Biology, University of Debrecen) and was grown at 37°C and 5% CO2 in DMEM media
(GIBCO) supplemented with 10% FBS and 1% antibiotic-antimycotic solution (Merck), the
monolayer cultures were passaged 3 times a week. CB17 SCID mice (n = 12) were
anaesthetized with 3% isoflurane (Forane) applying an anaesthesia device (IsoFlo,
EICKEMEYER®) and divided into 2 groups. Group 1 (n = 6) was inoculated at 2 sites with 5
x 108 4T1 (HER2-, triple negative mouse breast cancer) cells in 100 pL saline subcutaneously
at the shoulder area and intramammarily at the orthotopic site to inguinal breast fat pad. Group
2 (n = 6) was inoculated also at 2 sites with 5 x 10° MDA-MB-HER2+ (a human breast cancer
cell line expressing a high level of HER2 receptor, originally developed by Dr. Gydrgy Vereb
for HER2 studies) cells in 100 pL saline subcutaneously at the shoulder area and
intramammarily at the orthotopic site to inguinal breast fat pad.
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3.10. PET/MRI Imaging and In Vivo Measurements

Healthy BALB/c (n = 8) and MDA-MB-HER2+ (n = 6) and 4T1 (n = 6) tumour bearing
CB17 SCID mice were examined. After 1-3 weeks of inoculating, as the tumours had reached
5-7 mm in maximum diameter the mice were anaesthetized (induction: 3% isoflurane,
maintenance: 2% isoflurane combined with 1 — 2 I/min Oz and 0.8 — 1 1/min N20) with
anaesthesia device and injected at the lateral tail vein with 2.61 £ 0.36 MBq in 200 pl of
[**Mn]MnNCI; or [*Mn]Mn-DOTAGA or [*>Mn]Mn-BPPA (healthy mice), 2.52 + 0.24 MBq
in 200 pl [P*Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab or [2Mn]Mn BPPA-trastuzumab
(tumour bearing mice).

Throughout the scanning process mice were put on scanning bed (MultiCell Imaging
Chamber, Mediso Ltd., Hungary) to maintain body temperature and to prevent movement.
Right after injection 90 min dynamic whole-body PET/MRI (nanoScan PET/MRI 1T, Mediso
Ltd., Hungary) scans were performed then 20 min static whole-body PET/MRI scans (98.5 mm
FOV; 400 — 600 keV energy window) were carried out 4 h, 24 h, 72 h, 120 h, 156 h and 240 h
post injection. Dynamic PET acquisitions were reconstructed with the time frame of 4 x 15 s,
4 x60s, 11 x 300 s and 3 x 600 s. For anatomical references, the mice were scanned by MRI
T1 gradient echo with 0.5 mm slice thickness, 50 slices, and 20° flip angle.

After the scans, maximum-likelihood expectation-maximization (MLEM) reconstruction
was completed by Nucline software (Mediso Ltd., Hungary) using Tera-Tomo 3D method, 0.4
mm? voxel size, 4 iterations, with attenuation correction, random correction and scatter
correction. From the reconstructed images (InterView FUSION software, Mediso, Hungary),
VOIs were drawn with a diameter of 3 mm over tumours and blood pool (over mediastinum),
liver, lungs and muscle; ROIs with area of 7.065 mm? (corresponding to volume of a circle
with a diameter of 3 mm) were drawn over kidney cortex, pancreas, and salivary gland. SUV
was calculated using the following formula: SUV = [ROI activity (MBg/mL)]/[injected activity
(MBq)/animal weight (g)].

3.11. Immunohistochemistry and Histopathology

Following the in vivo measurements, the mice were euthanized by cervical dislocation
under general anaesthesia, the xenografts were resected and fixed with 10% formalin then sent

for HER2 status immunohistochemistry analysis and histopathological examination.
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3.12. Statistical Analysis

Experimental data was presented as mean with standard deviation (mean + SD). Data
were analysed using two-way ANOVA and student’s t-test, p < 0.05 was considered to be
statistically significant. All the computation was done by GraphPad software (GraphPad Prism
9.4.1) or Microsoft Office Excel.
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Results

1. Research 1: Temporal Assessment of Metabolic Activity and
avp3 Expression in Aggressive Breast Cancer Models

1.1. 4T1 Tumour Heterogeneity

During our two-week longitudinal study, there was significant heterogeneity in the tracer
uptake in different areas within the 4T1 tumours. We monitored the changes in the activities of
both high-uptake areas (avid areas) and low-uptake areas (non-avid areas) throughout the study

(Figure 3). Based on SUV measurements, there were fluctuations in tumour/muscle ratios in
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Figure 3. PET/MRI hybrid images on different scanning days using [**F]FDG (upper row) and
[*®Ga]Ga-NODAGA-c(RGDfK), (lower row) on 4T1 tumour-bearing mouse. Red contours highlight
the avid areas within the tumour. The SUV scale is displayed at the right.

both radiopharmaceuticals. As the tumours grew, the heterogeneity became more prominent
(on days 7-8 and days 10-11). These differences were more pronounced when using [1®F]FDG
compared to [®Ga]Ga-NODAGA-c(RGDfK),. Specifically, the ratios of [*®F]FDG uptakes on
days 10-11 were: avid areas 18.62 (14.99 to 22.25) vs. non-avid areas 7.06 (6.19 to 7.93);
whereas with [*8Ga]Ga-NODAGA-c(RGDfK), the ratios were: avid areas 13.98 (10.58 to
17.38) vs. non-avid areas 6.85 (6.74 to 6.97) (Figure 4A).

Tracking the changes of the two tracers over time in both avid and non-avid areas

revealed a synchronized pattern (Figure 4B).
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Figure 4. Line graphs presenting tumour/muscle ratios using [*®*F]FDG (FDG) and [®Ga]Ga-
NODAGA-c(RGDfK), (RGD) in avid areas and non-avid areas of 4T1 tumours (A, B).

1.2. 471 and MDA-MB-HER2+ Whole Tumour Assessment

Due to the noticeable trends between FDG and RGD in both avid and non-avid areas of
fast-growing 4T1 tumours, we investigated the correlation across the entire tumour. Based on
the line graphs following the two tracers over time, it was evident that the two ratios were
comparable and their changes follow a similar direction. The scatter plot further confirmed this
observation, revealing a relatively remarkable positive correlation between the two tracers,
which both increased from the 1% scan [FDG: 7.22 (7.00 to 7.43), RGD: 9.05 (6.13 to 11.96)]
to the 3 scan [FDG: 9.05 (9.03 to 9.06), RGD: 12.63 (10.48 to 14.79)] (Figure 5A).
Furthermore, HER2-positive graph also revealed a relative correlation in this slow-growing
group, even though the correlation seemed weaker. Specifically, there was a slight increase in
FDG from week 1: 2.04 (1.50 to 2.39) to week 2: 2.04 (1.74 to 2.015), and week 3: 2.45 (1.32
to 4.21), whereas the RGD decreased from week 1: 8.70 (7.76 to 9.93) to week 2: 7.50 (4.98 to
10.37), and week 3: 5.35 (5.26 to 25.88). Nevertheless, scatter plots revealed a noticeable
correlation between the two tracers in both groups (Figure 5A).

However, there was a noticeable difference in the trend of whole tumour FDG ratios over
RGD ratios between 4T1 and MDA-MB-HER2+ xenografts. The MDA-MB-HER2+ tumours
exhibited higher tumour-to-muscle ratios for RGD compared to FDG, resulting in notably
lower FDG-to-RGD ratios in this group, as demonstrated in the scatter plot (Figure 5A).
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Figure 5. Line graphs and scatter plots of whole tumour/muscle ratios using [*®*F]FDG and [®*Ga]Ga-
NODAGA-c(RGDfK); in MDA-MB-HER2+ tumours and 4T1 tumours (A). Bar graphs demonstrate
the tumour/muscle ratios using [*®*F]FDG (left), [®*Ga]Ga-NODAGA-c(RGDfK), (middle) in the 1%
(day 1: FDG, day 4: RGD) and 2™ (day 7-8: FDG, day 8-9: RGD) scanning week on MDA-MB-HER2+
and 4T1 tumours, right bar graph compares tumour sizes of the two groups (B).

There were notable differences in tumour sizes within the two groups, i.e., on day 8:
MDA-MB-HER2+ tumour size was 28.84 (27.97 to 39.98) mm?, whereas 4T1 tumour size was
656.24 (387.81 to 924.66) mm? (Figure 5B). When comparing the FDG SUV mean ratios between
the two groups on corresponding scanning days, consistently higher ratios were observed in
the fast-growing 4T1 group. For instance, in the second week, the FDG ratio for 4T1 tumours
was 9.05 (9.03 to 9.06), while for MDA-MB-HER2+ tumours, it was 2.04 (1.74 to 2.15). The
difference was less pronounced for the RGD tracer [the ratios of 4T1 tumour vs. MDA-MB-
HER2+ tumour on the second week were 12.63 (10.48 to 14.79) vs. 7.50 (4.98 to 10.37),
respectively] (Figure 5B).

There were notable correlations between FDG ratios and RGD ratios with the tumour
sizes inthe 4T1 group. Both line graphs (Figure 6A) and scatter plots (Figure 6B) demonstrated
comparable positive correlations between 4T1 tumour sizes and 4T1 tumour-to-muscle ratios
using the two radiopharmaceuticals. However, these positive correlations were not as visible

in the slow-growing group (Figure 7).
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Figure 7. Line graphs (A) and scatter plots (B) showing changes over time and correlation between
tumour sizes and whole tumour/muscle SUVmean ratios using [“|F]FDG (left) and [**Ga]Ga-
NODAGA-c(RGDfK); (right) in MDA-MB-HER2+ tumours.
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1.3. Histopathology and Immunohistochemistry Examination

H&E staining revealed that the triple-negative tumour group was stroma-rich, while the
HER2-positive group showed prominent necrosis. GLUT1 transporter staining in the 4T1
xenografts showed strong, widespread staining, particularly in the stromal areas. HER2-
positive tumours had less intense GLUTL1 transporter staining, which showed a rather
heterogeneous cellular distribution. The two tumour types displayed similar avP3 integrin
staining intensities, with HER2-positive tumours showing slightly weaker stromal staining and
a more uniform distribution (Figure 8).

4T1 tumour

MDA-MB-HER2+ tumour

’
ANy

H&E

GLUT-1 transporter

ayf; integrin

Figure 8. Histopathology and immunohistochemistry results of triple-negative (4T1) and HER2
positive (MDA-MB-HER2+) xenografts. Upper row shows hematoxylin and eosin (H&E) staining,
middle row and bottom row display GLUT-1 transporter and avfi3 integrin staining, respectively.
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2. Research 2: HER2 Expression in Different Cell Lines and
Inoculation Sites Assessed by [**Mn]Mn-
DOTAGA (anhydride)-trastuzumab

2.1. InVitro Comparative Cell Binding Study

The cell binding study demonstrated significant time-dependent uptake of [*>Mn]Mn-
DOTAGA(anhydride)-trastuzumab in both MDA-MB-HER2+ and MDA-MB-468 cell lines.
MDA-MB-HER2+ cells consistently exhibited higher counts per minute (cpm) compared to
MDA-MB-468 cells, with values increasing from 544.8 + 161.4 to 671.5 + 16.4 cpm/10° cells
over 180 minutes, while MDA-MB-468 cells showed a more modest rise, from 156.8 + 10.8 to
355.4 + 81.8 cpm/10° cells (Figure 9).
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Figure 9. Line graph shows that in vitro MDA-MB-HER2+ cells exhibited higher of [*“Mn]Mn-

DOTAGA(anhydride)-trastuzumab uptake (counts per minute, cpm) across all time points compared to
MDA-MB-468 cells.

2.2. Invivo Temporal Biodistribution

In vivo biodistribution consistently showed the highest uptake in the blood pool at all
time points. Liver, spleen, kidney, and lung all display comparable uptake with similar
clearance rate. Low activity was noted in the pancreas, joints, and salivary glands. Initially,
elevated activity was observed in the lacrimal glands and ovaries, which gradually cleared in
subsequent scans (Figure 10).

In the MDA-MB-HER2+ groups, uptake in HER2-positive tumours was notably higher
than in major organs at most time points, particularly evident in breast tumours. Specifically,
starting at 24 hours post-injection, the activity ratio in breast tumours (SUVmean: 1.67 + 0.19)
was significantly higher than that in the blood pool (SUVmean: 1.16 + 0.18), and other major
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Figure 10. Bar graphs show mean and standard deviation of the 20-minute static PET measurements
were taken at 4, 24, 48, 72, and 120 hours post-injection with [**Mn]Mn-DOTAGA(anhydride)-
trastuzumab into MDA-MB-HER2+ tumour- bearing mice (n = 3) scanned with PET/CT.

organs (liver, kidney, spleen, lung) (p <0.01). Conversely, starting from 48 hours post-injection,
the ectopic tumours uptake (SUVmean: 1.11 + 0.22) was only significantly higher than that of
the liver (SUVmean: 0.74 = 0.09) and lung (SUVmean: 0.60 £ 0.10) (p < 0.05), and only slightly
higher than that of the spleen and kidney in subsequent scans (Figure 10).

Table 3. Biodistribuion of [*?Mn]Mn-DOTAGA(anhydride)-trastuzumab on MDA-MB-HER2+ tumour

bearing mice (n = 3) using hybrid PET/CT cameras. The data is presented as SUV mean (standard
deviation).

4h 24h 36 h 72h 120 h
Blood 2.59(0.18) | 1.16 (0.18) | 0.97 (0.14) | 0.86 (0.04) | 0.75 (0.03)
Liver 1.34(0.10) | 0.74(0.09) | 0.60 (0.02) | 0.53 (0.03) | 0.46 (0.02)
Kidney 1.14(0.12) | 0.78 (0.06) | 0.69 (0.10) | 0.65(0.10) | 0.52 (0.02)
Spleen 1.09(0.23) | 0.52 (0.06) | 0.57 (0.12) | 0.57 (0.03) | 0.55 (0.03)
Lung 1.26 (0.10) | 0.60 (0.10) | 0.44 (0.09) | 0.43 (0.04) | 0.40 (0.01)
Pancreas 0.35(0.05) | 0.29(0.05) | 0.26 (0.03) | 0.25 (0.03) | 0.24 (0.05)
Salivary gland | 0.22 (0.06) | 0.28 (0.04) | 0.26 (0.03) | 0.29 (0.04) | 0.29 (0.04)
Ovary 0.87 (0.19) | 0.39(0.12) | 0.33(0.07) | 0.31(0.07) | 0.30(0.10)

52



Lacrimal gland | 1.11 (0.18) | 0.65(0.14) | 0.42 (0.11) | 0.37(0.02) | 0.32 (0.05)

Joint 0.32 (0.06) | 0.26(0.02) | 0.25 (0.01) | 0.25(0.04) | 0.23 (0.01)

Tumour back 1.38(0.12) | 1.11(0.22) | 1.02(0.21) | 0.97 (0.11) | 0.87 (0.12)

Tumour breast | 1.81(0.16) | 1.67 (0.19) | 1.65(0.33) | 1.55 (0.21) | 1.41(0.11)

Intestine 0.25(0.17) | 0.20(0.05) | 0.16 (0.04) | 0.16 (0.02) | 0.11 (0.02)

Urinary bladder | 1.06 (0.74) | 0.41(0.16) | 0.34 (0.12) | 0.24(0.03) | 0.15 (0.03)

Muscle 0.11 (0.02) | 0.12(0.01) | 0.12 (0.01) | 0.11(0.01) | 0.10 (0.00)

Table 4. Biodistribuion of [*?Mn]Mn-DOTAGA(anhydride)-trastuzumab on MDA-MB-468 tumour
bearing mice (n = 2) using hybrid PET/MRI cameras. The data is presented as SUV mean (standard
deviation).

4h 24h 36 h 72 h 120 h
Blood 4.37(0.21) | 2.53(0.83) | 2.27 (0.53) | 2.08 (0.29) | 2.03 (0.50)
Liver 2.13(0.48) | 1.22(0.24) | 1.19 (0.14) | 1.16 (0.18) | 0.88 (0.12)
Kidney 1.80 (0.30) | 1.31(0.15) | 1.23 (0.06) | 1.23(0.04) | 0.97 (0.05)
Spleen 2.33(0.08) | 1.81(0.01) | 1.69 (0.01) | 1.54 (0.14) | 1.38 (0.04)
Lung 1.91 (0.61) | 1.24 (0.42) | 0.96 (0.06) | 0.76(0.25) | 0.80 (0.10)
Pancreas 0.95 (0.45) | 0.57(0.13) | 0.52(0.07) | 0.54 (0.02) | 0.55(0.13)

Salivary gland | 0.58 (0.04) | 0.70 (0.06) | 0.61(0.10) | 0.60 (0.06) | 0.60 (0.13)

Ovary 1.44(0.16) | 1.18 (0.37) | 0.89 (0.04) | 0.93 (0.30) | 0.74 (0.46)

Lacrimal gland | 1.68(0.12) | 1.25(0.06) | 1.18 (0.15) | 0.85(0.14) | 0.89 (0.23)

Joint 0.64 (0.08) | 0.61(0.04) | 0.56 (0.06) | 0.54 (0.03) | 0.52(0.08)

Tumour back 0.46 (0.09) | 1.04(0.02) | 1.69 (0.15) | 2.05(0.22) | 2.53 (0.06)

Instestine 0.71(0.06) | 0.57 (0.06) | 0.49 (0.15) | 0.39(0.01) | 0.39 (0.03)

Urinary bladder | 0.68(0.21) | 0.47 (0.09) | 0.39 (0.12) | 0.27 (0.06) | 0.43 (0.06)

Muscle 0.23(0.04) | 0.35(0.06) | 0.27 (0.00) | 0.28 (0.06) | 0.35 (0.16)
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Table 5. Major organs uptake of [**Mn]Mn-DOTAGA(anhydride)-trastuzumab on B16F10 tumour
bearing C57BL/6 mice (n = 3) using hybrid PET/MRI cameras. The data is presented as SUV mean
(standard deviation).

4h 24h 36h 72 h 120 h
Blood 6.37 (0.67) | 2.64 (0.65) | 1.93(0.38) | 1.37 (0.44) | 1.03(0.39)
Liver 2.21(0.20) | 1.68 (0.12) | 1.57(0.16) | 1.41(0.08) | 0.92(0.13)
Kidney 1.89(0.17) | 1.24 (0.16) | 0.98(0.17) | 0.79 (0.09) | 0.57 (0.18)
Spleen 2.64(0.14) | 1.43(0.23) | 1.23(0.28) | 1.09 (0.23) | 0.90 (0.32)
Lung 1.87 (0.41) | 1.08 (0.23) | 0.75(0.15) | 0.67 (0.15) | 0.53(0.14)
Tumour back | 1.40 (0.68) | 1.54 (0.26) | 1.09(0.22) | 1.00(0.22) | 0.61(0.16)
Muscle 0.17 (0.04) | 0.24(0.09) | 0.16 (0.06) | 0.14(0.04) | 0.08 (0.02)

2.3. Tumour uptake in HER2-positive orthotopic and ectopic breast xenograft

Given the prominent tumour-to-background ratios observed in HER2-positive breast
xenografts compared to HER2-positive ectopic tumours based on biodistribution, we
investigated the SUV differences between tumour uptake in HER2-positive cell lines
inoculated at orthotopic versus ectopic sites. The orthotopic tumours consistently exhibited
significantly greater tracer activity than the ectopic tumours at all time points (p < 0.01). This
difference increased over time and peaked around day 3, with breast tumour SUV mean: 1.55 *
0.21 versus back tumour SUVmean: 0.97 = 0.11 (p < 0.0001). Similarly, on imaging, the
orthotopic tumours showed significantly higher tumour-to-background contrast, becoming
clearly visible from the first time point, whereas the ectopic tumours showed lower contrast,

with only peripheral areas being highlighted at most of time points (Figure 11).
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Figure 11. Images of PET/MRI and PET/CT scans were obtained at different time points (4, 24, 48, 72,
120 hours) following injection of [*“Mn]Mn-DOTAGA(anhydride)-trastuzumab into MDA-MB-468
tumour-bearing mice (upper row) and into the MDA-MB-HER2+ tumour-bearing mice (middle and
bottom rows displaying the back and breast tumours, respectively). Red circles were used to highlight
the MDA-MB-468 back tumour (upper row), the MDA-MB-HER2+ back tumour (middle row), the
MDA-MB-HER2+ breast tumour (bottom row) at 4 h and 120 h time points. A prominent high uptake
in the HER2-positive orthotopic xenografts, characterised by a particularly good tumour-to-
background. Tumour contrast was also visible in the ectopic HER2-positive xenografts but less
markedly, both HER2-positive tumours showing a stronger peripheral uptake compared to the less avid
core. In contrast, the HER2-negative xenografts exhibited less pronounced tumour contrast, but this
contrast increased at later time points with relatively homogeneous uptake even in the core of the
xenografts.

[2Mn]Mn-DOTAGA-trastuzumab on
MDA-MB-468

[*2Mn]Mn-DOTAGA-trastuzumab on
MDA-MB-HER2+ back tumour

[32Mn]Mn-DOTAGA-trastuzumab on
MDA-MB-HER2+ breast tumour
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Figure 12. Bar graphs show mean and standard deviation of the 20-minute static PET measurements
were taken at 4, 24, 48, 72, 120 hours post-injection with [52Mn]Mn-DOTAGA(anhydride)-
trastuzumab into (A) MDA-MB-468 tumour bearing mice (n = 2) scanned with PET/MRI and (B) MDA-
MB-HER2+ tumour bearing mice (n = 3) scanned with PET/CT. Using SUVmean Organ/Muscle,
comparable biodistribution was seen in both groups, despite scanning with different attenuation maps
(PET/CT vs PET/MRI).

2.4. Tumour uptake in cell lines with different HER2 expressions
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In contrast, it was evident that the orthotopic HER2-positive tumours consistently
exhibited dominance throughout all time points, although an increase in the ratios of the MDA-
MB-468 xenografts was observed in the later scans. Specifically, the tumour-to-background
ratios of the orthotopic HER2-positive tumours were significantly higher than those of the
melanoma at all scan time points, and notably higher than those of the HER2-negative

xenografts throughout the study duration (two-way ANOVA, p < 0.05) (Figure 13)
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Figure 13. Line graphs represent the mean and standard deviation of the tumour/background ratios
of MDA-MB-HER2+ breast (orthotopic) tumours (purple lines), MDA-MB-HER2+ back (ectopic)
tumours (blue lines), MDA-MB-468 back tumours (orange lines) in the CB17 SCID mice, and B16F10
tumours (green lines) in the C57BL/6 mice after injection of with [**Mn]Mn-DOTAGA(anhydride)-
trastuzumab. * indicates significantly higher ratios of breast HER2-positive tumours than all other
tumours, # indicates significantly higher ratios of HER2-positive back tumours than HER2-negative

tumours.
2.5. Histopathological examination

Histopathological findings revealed distinct characteristics between the samples. The
MDA-MB-HER2+ and B16F10 samples exhibited pronounced necrotic features, particularly
in the B16F10 sample. In contrast, the MDA-MB-468 sample demonstrated a complex

intertwining of stromal components without necrotic activity (Figure 14).
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Figure 14. Histopathological and the HER2 staining images of the (A) MDA-MB-HER2+, the (B)
MDA-MB-468, and the (C) B16F10 after the tumours being resected and fixed with 10% formalin.

Our HERZ2 staining results on the MDA-MB-HER2+ xenografts showed HER?2 positivity
with varying levels of staining due to necrosis or hypoxia. In contrast, the MDA-MB-468 and

B16F10 samples exhibited minimal HER2 staining, perfectly representing HER2-negative
tumours (Figure 14).
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Figure 15. The line graph shows progression of tumour size for each tumour group and for the sum of
the breast and back HER2+ tumours, data are shown as mean + standard deviation. The larger size of
HER2-negative tumours compared to the sum of ectopic and orthotopic HER2-positive tumours can be
seen. There was a rapid growth of melanoma tumours that were larger than the sum of HER2-positive
tumours on later days.
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3. Research 3: Evaluation of [©>Mn]|Mn-BPPA-trastuzumab for
Highly Specific HER2 PET Imaging

3.1. Synthesis of the BPPA, BPPA-BnPc°°H and BPPA-BnPMMA chelators

The synthesis of the BPPA, BPPA-Bnp©°°H and BPPA-BnpMMA (Scheme 1) ligands was
started from the bispyclen (3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane, BP) (1) macrocycle,
whose synthesis was recently optimized *4. N-alkylation of the given macrocycle with methyl
6-(chloromethyl)picolinate obtained following literature protocols % in the presence of
K2COs as base and catalytic amounts of Kl in anhydrous acetonitrile under argon atmosphere
afforded the BPPA methyl ester. The ester protecting group was removed from (2) by acid
hydrolysis with 6 mol/L hydrochloric acid to give BPPA chelator. For the synthesis of the bi-
functional chelators (BFCs), bispyclen (1) was first N-alkylated with tert-butyl 4-
(bromomethyl)benzoate in the presence of KoCOs in acetonitrile to form the platform with non-
coordinating benzyl spacer. The tert-butyl ester protecting group was then removed from (3)
with trifluoroacetic acid (TFA) in dichloromethane affording the compound (4). Picolinate
pendant arm (PA) required for the metal ion coordination was introduced to the remaining
secondary amine group with tert-butyl 6-(bromomethyl)picolinate prepared following
literature methods in the presence of Hiinig’s base (N,N-diisopropylethylamine) in N,N-
dimethylformamide (5). The maleimide derivative of (5) was obtained by coupling the para-
benzoic acid pendant of (5) to 1-(2-aminoethyl)-1H-pyrrole-2,5-dione hydrochloride using 1-
hydroxybenzotriazole (HOBt) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronoium
hexafluorophosphate (HBTU) reagents in the presence of N,N-diisopropylethylamine (DIPEA)
in dichloromethane (6). Tert-butyl ester protective groups of (5) and (6) were then cleaved in
the same way as described earlier for (3) to receive BPPA-BnP“°H and BPPA-BnPMMA BFCs,
Details of the synthesis steps of each compounds and their HPLC, NMR spectra (1H and 13C-
JMOD), high resolution (ESI) mass spectra result details are presented at the end of this section
(Figure 31- Figure 62).
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Scheme 1. Scheme of visualizing the synthesis of the BPPA, BPPA-Bn"“°°" and BPPA-Bn""™A chelators.
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3.2. Equilibrium, kinetic and relaxometric characterization of the [Mn(BPPA)] complex

Protonation constants of the BPPA chelator were accessed by pH-potentiometric titration
(25 °C and | = 0.15 M NacCl) (Figure 16). The first and the second protonation occurs at the
secondary and tertiary amine groups whereas the last protonation can be assigned to the
picolinate pendant arm. Comparing protonation constants with those of the parent 3,9-PC2A,
it's evident that the BPPA ligand is less basic due to fewer basic macrocyclic N-atoms, as seen
in the parent BP2A chelator (the first protonation constant of BPPA is being ca. 3-5 log units
lower than that of the 3,9-PC2A) [132 136, 137] " gSiahility of the [Mn(BPPA)] complex was
attempted to be determined by pH-potentiometirc titration, however the fitting of the data
acquired indicated the quantitative formation of the complex at the beginning of the titration
(pH = 1.80) (Figure 16).

11.75 1

9.75 A1

7.75 1

pH
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-2 -1 0 1 2 3 4 5 6
NaOH equivalents

Figure 16. Potentiometric titration curves for BPPA in the absence (black) and in the presence (red)
of an equivalent MnCl;, (Cmngiy = ¢ = 2.6 mM; 0.15 M NaCl, 25°C)

Therefore, an out-of-cell relaxometirc titration was performed with the use of samples
containing equimolar amounts of Mn(lI1) and BPPA ligand in the acid concentration range of
2.42-252 mM. The relaxation rate data was measured and fitted simultaneously with the
titration data obtained pH-potentiometrically (Figure 17). The model used for the data fitting
appeared to be simple as the formation of only MnL and MnL(OH) species were detected (the
later complex forms when the water molecule (the existence of which was confirmed by the

relaxivity measurements) deprotonates under very basic conditions (pKa = 12.19(2)). The
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Figure 17. Relaxation rates (red: Ri, and blue: Rzp) as function of total acid concentration recorded
for the samples containing equimolar amounts of MnCl, and BPPA ligand (T = 25°C and 1=0.15 M
NaCl).

stability constant of the [Mn(BPPA)] complex is nearly as high (log KmnL = 16.14(1)), as it was
observed for the parent [Mn(3,9-PC2A)] (log Kwmn=17.09) which in the light of reduced
basicity of BPPA predicts the high apparent stability of the chelate. Indeed, the calculated pMn
values (pMn = -log[Mniree]; at pH 7.4 and 10° M total ligand and metal concentrations)
allowing for the comparison of complex stabilities of ligands with different basicity (Table 6),
was found to be higher (pMn = 10.98) than those calculated for the Mn(I1) complexes formed
with DOTA (9.02) or PCTA (9.74) ligands [ 381 Only two systems are known to the
literature with higher pMn values reported (12.73 and 12.59) 3?1, However, these Mn(ll)
complexes formed with bispidine derivative chelators were found to form slowly (taking 6-72
h for the complexation depending upon acid concentration of the sample) [1*] whereas in our
case the complex formation was instantaneous which fits the radiochemical applications.
Prior to the radiochemical studies, information on the inertness of chelate was accessed
by studying the rate of metal exchange reaction occurring Zn(ll) (pH = 6.0, 25 equivalents of
Zn(I1), T2 relaxometry at 25 °C and 37 °C). Such study does not provide detailed information
on the dissociation (contribution of different reaction pathways), yet the pseudo-first order rate
constants (and the half-lives calculated with their use) determined allows to set an order of
inertness of the complexes under the conditions applied. The dissociation kinetics studies
results showed that the [Mn(BPPA)] chelate had improved inertness (Kobs at 37 °C is 8.29 x 10
®s-1 which translates into a half-life of 2.32 h) (Figure 18) as compared to that of the parent
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[Mn(3,9-PC2A)] complex (an improvement of almost an order of magnitude). However, the
inertness of the chelate does not reach the half-lives observed for the pH or Zn(lIl) responsive
Mn(I1) probes designed recently [0 1411 On this basis, it is expected that the inertness of the
chelate will be further improved during the derivatization. Furthermore, the *H longitudinal
(T1) and transverse (T2) relaxation times results (Figure 19), the complex's potential as an MRI

contrast agent (Table 6).
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Figure 18. Dissociation of the [Mn(BPPA)]™ complex in the presence of 25 equiv. of Zn(ll) at pH =
6.0 as determined by T, relaxometry at 1,41 T filed strength at 25 (blue) and 37°C (red).
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Figure 19. Determination of ry, (red) and rop (blue) relaxivities for [Mn(BPPA)]™* at 0.49 T (triangles)
and 1.41 T (circles) field strengths at 25°C.
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Table 6. Summary of physicochemical data (protonation constants, stability, pMn values, dissociation
rates, half-lives of dissociation and relaxivities) obtained for the [Mn(BPPA)]* as compared to the

complexes formed with model ligands (I = 0.15 M, NaCl and t = 25°C).

BPPA BP2A 3,9-PC2AT | 3,9-PC2A | PyC3AF Lt
BnPCOOH [d]
log K" 8.65(1) 9.57; 8.18M 12.25 10.28 10.16 >11.05
log Ko" 6.26(1) 5.99; 5.77l° 5.97 6.88 6.39 6.73
log K" 2.92(1) 2.59; = 3.47 3.98 3.13 5.62
log K4" — 2.22; 0] 1.99 1.89 - 5.27
log Ks" — — — 1.66 - 2.30
2 14.91 15.56; 18.22 17.16 16.55 >17.78
). log k! 14,951
i=1
log Ky, 16.14(1) — 17.09 14.76 14.11 24,20
log KnnH - — - 4.04 2.43 3.04
log KwminH-1L 12.19(2) - - - — —
pMnld! 10.98 — 8.64 8.37 8.17 12.73
Kobs (ST | 8.29x10° — 5.43x10* | 4.28x10° | 6.76x10* —
tyz () 2.32 — 0.35 4.50 0.28 2400
rp (MMs" 2.74(2) — 2.40 4.95 2.10M 5.040
l)[i]

[a] from 12%¢1: [b] from 7; [c] from (2; [d] from #21; [e] from B3 [f] from [%9; [g] calculated by
using cwnz+ = 0.01 mM, ¢, = 0.01 mM at pH = 7.4 as suggested by E. Téth and co-workers 1#%1: [h] the
rate of transmetallation kinetics measured at pH = 6.0 in the presence of 25 fold Zn(lIl) excess under
conditions suggested by P. Caravan and co-workers from 1*3: [i] tyz = In2/kess (h); [j] measured at
1.41 T and 25°C; [K] measured at 1.41 T and 37°C; [I] measured at 0.49 T and 25°C

3.3. Radiolabelling of [*?Mn]Mn-BPPA-trastuzumab

To optimize the radiolabelling of BPPA-trastuzumab with [>>Mn]Mn(Il), the effect of pH,

temperature, reaction time and ligand concentration on labelling efficiency were investigated.

Radiochemical purity of [??Mn]Mn-BPPA was examined by using 5 min reaction time at 25°C
and 95°C (Figure 20) with a BPPA concentration of 0.1 pM - 100 uM, in the pH range of 4 -
8. HEPES buffer was applied at pH 7 and 8, whereas NaOAc was used between of pH 4 - 6.
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Figure 20. Radiochemical purity (RCP) of [**Mn]Mn-BPPA as a function of chelator concentration in
the pH range of 4 — 8 at 25°C (A) and 95°C (B) with 5 min reaction time.

The rate of change (slope) of the curves is consistent at both 25°C and 95°C. Efficiency
of BPPA labelling with [®>Mn]Mn(11) was enhanced with increasing pH, > 95% RCP was
obtained using a ligand concentration of 1 uM above pH 7, while one order of magnitude higher
ligand concentration was required below pH 6 for the same yield. The impact of reaction time
was also studied on the inflection point of the ligand concentration curves for each pH, whereby
no effect was observed toward the prolonged reaction times.

Based on the optimization, BPPA-trastuzumab labelling with [?>Mn]Mn(11) was ideally
performed at room temperature using pH 7 HEPES buffer for 15 min. Molar activity and RCP
of [?>Mn]Mn BPPA-trastuzumab was higher (0.085 + 0.033 MBgq/ug; 99.93 + 0.07%) than that
of [**Mn]Mn DOTAGA trastuzumab (0.0200 + 0.002 MBq/ug; 88.37 + 8.37%).

3.4. Determination of Serum Stability of [??Mn]Mn-BPPA-trastuzumab and [*?Mn]Mn-
DOTAGA(pSCN-Bn)-trastuzumab
Preliminary kinetic measurements of cold Mn(l1)-BPPA complex showed that the
complex stable against transchelation with CDTA, however [??Mn]Mn-BPPA-trastuzumab
provided reduced stability results in serum. Its RCP decreased to 71% by day 10, while the
RCP of [*>Mn]Mn-DOTAGA (pSCN-Bn)-trastuzumab did not fall below 90%, even after 10
days (Figure 21).

3.5. Biodistribution of [*>Mn]MnClz, [®*Mn]Mn-BPPA, [>*>Mn]Mn-DOTAGA

Biodistribution of [*?Mn]MnClz, [®*Mn]Mn-BPPA and [*?Mn]Mn-DOTAGA was
investigated on healthy mice by dynamic and static PET/MRI imaging. [**Mn]MnCl showed

high kidney and liver uptake which reduced over time, notably there was a plateau clearance
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Figure 21. Serum stability of [*Mn]Mn-BPPA-trastuzumab (e) and [**Mn]Mn-DOTAGA(pSCN-Bn)-
trastuzumab (A) at 37°C

pattern observed in the case of pancreas and salivary gland (Figure 22A, Figure 23C). Unlike
[*2Mn]MnCI, the chelated [>Mn]Mn exhibited rapid clearance. Most of [*?Mn]Mn-DOTAGA
was excreted by urine in the first hour (Figure 22B, Figure 24A), while [*>Mn]Mn-BPPA
showed some faecal excretion in addition to kidneys (Figure 22C, Figure 24B). At later time
point, [>>Mn]Mn-DOTAGA showed dominant lung and liver uptake (Figure 23A), whereas
[®?Mn]Mn-BPPA presented a similar distribution pattern with [?Mn]MnCl, (Figure 23B).
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Figure 22. 90-minute dynamic PET time activity curves of (A) healthy BALB/c mouse received i.v 2.37
MBq [**Mn]MnCl,, (B) healthy mouse injected with 2.20 MBq [*>Mn]Mn-DOTAGA without urinary
bladder, (C) healthy mouse injected with 3.09 MBq [*“Mn]Mn-BPPA without urinary bladder. Curves
were created by using curve viewer tool in InterView FUSION software (Mediso Ltd) ROI were drawn
over abdominal aorta, liver, kidney cortex, lung, pancreas, salivary gland, gallbladder, intestine and
urinary bladder.

67



A o3 [*Mn]Mn-DOTAGA B s [*2Mn]Mn-BPPA
.
\ 0.4
0.64L}
= c *
E E 03
0.4
0.0 e N PN + 0.0 ; + . , .
0 50 100 150 200 250 0 50 100 150 200 250
Time (h) Time (h)
C 52
. [*Mn]MnCl, E ,, [MnIMnBPPA-trastuzumab HER2+
10 12

SUV mean

0 50 100 150 200 250
Time (h)

SUV mean

D 57 [**Mn]Mn-DOTAGA-trastuzumab HER2+

W

b

o

SUV mean

0 50 100 150 200 250 b 50 100 150 00 550
Time (h) Time (h)

-+ blood = liver = kidney - lung - pancreas -+ salivarygland + tumor back -= tumor breast

Figure 23. 20-minute static PET measurements on 4 hours, 1 day, 2 days, 3 days, 5 days, 7 days, 10
days post injection of (A) [**Mn]Mn-DOTAGA (n = 3), (B) [**Mn]Mn-BPPA (n = 3), (C) [**Mn]MnCl,
(n = 2) on healthy BALB/c mice, and (D) [**Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab (n=3), (E)
52Mn-BPPA-trastuzumab (n = 3) on HER2+ tumour bearing SCID mice. ROl were drawn over
mediastinum, liver, kidney, lung, pancreas, salivary gland and tumours.

3.6. In Vivo Investigation of [®*Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab and
[**Mn]Mn-BPPA-trastuzumab
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Figure 24. 90-minute dynamic PET time activity curves with urinary bladder of (a) healthy mouse
injected with 2.20 MBq [**Mn]Mn-DOTAGA, (B) healthy mouse injected with 3.09 MBq [**Mn]Mn-
BPPA. Curves were created by using curve viewer tool in InterView FUSION software (Mediso Ltd).
ROI were draw over abdominal aorta, liver, kidney cortex, lung, pancreas, salivary gland, gallbladder,
intestine and urinary bladder.

It is demonstrated that [>?Mn]Mn-BPPA-trastuzumab provides HER2 specificity and
higher uptake values from 24 h than [>>Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab (Figure 25).
Using [*?Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab most of the organs showed a gradual
decline in uptake over time (Figure 23D). Tumour uptake increased steadily overtime, with the
back xenograft reaching the maximum uptake at 240 h (SUV 1.10 + 0.12), while the breast
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tumour peaked at 168 h (SUV 1.53 + 0.16). The difference of uptake between orthotopic
HER2+ and HER2- tumours was observable only from 168 h, however the difference was not

statistically significant (Figure 26A). By examining tumour/liver and tumour/muscle ratios, it

[*3Mn]Mn-DOTAGA-trastuzumab
on MDA-MB-HER2+

[*3Mn]Mn-BPPA-trastuzumab on
MDA-MB-HER2+

[3Mn]Mn-BPPA-trastuzumab
on 4T1

Figure 25. PET/MRI hybrid images results on different time points after injecting [*>Mn]Mn-
DOTAGA(pSCN-Bn)-trastuzumab on HER2+ bearing mice (upper row), [“Mn]Mn-BPPA-
trastuzumab on HER2+ and HER2— bearing mice (middle and lower rows respectively). Red circles
highlight the orthotopic breast tumours. The SUV scale is demonstrated at the right.
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can be seen that HER2+ breast tumour showed significant difference with 4T1 tumours, but
only at the 240 h scan (ANOVA, p <0.001) (Figure 26B).

The biodistribution of [*2Mn]Mn-BPPA-trastuzumab was different than that of
[?2Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab (Figure 23E). On the first 48 h, liver uptake was
significantly higher than kidney uptake thereafter, blood pool and liver showed much faster
clearance rate than kidney, pancreas, and salivary glands. Uptake in both back and breast

tumours was so pronounced that it was significantly higher than in the liver and other organs
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Figure 26. HER? targeting ability of [*2Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab. Left bar graph (A)
shows SUV mean values of HER2+ back, HER2+ breast, HER2— back, HER2— breast tumours. Upper
and lower right line graphs (B) display tumour/liver and tumour/muscle uptake ratio, respectively, of
each tumour after the injection of [*2Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab. ANOVA was used to
compare tumour uptakes, asterisks indicate level of statistical significance: * p < 0.05, ** p < 0.01,
#xkp < 0.001, **** p < 0.0001.

as early as 48 hours (ANOVA, p <0.001). Their uptake increased steeply and peaked around
168 h (SUV 10.08 £ 2.18) and 240 h (SUV 7.7 £ 1.15) for back and breast tumour, respectively
(Figure 27A). While the uptake of HER2+ breast tumours at 24 h was barely higher than that
of 4T1 breast tumours (SUV: 3.71 £ 0.96 vs. SUV: 2.33 + 0.30, p < 0.05), this difference
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Figure 27. HER2 targeting ability of [*2Mn]Mn-BPPA-trastuzumab. Left bar graph (a) shows SUV mean
values of HER2+ back, HER2+ breast, HER2— back, HER2— breast tumours. Upper and lower right
line graphs (b) display tumour/liver and tumour/muscle uptake ratio, respectively, of each tumour after
the injection of [*Mn]Mn-BPPA-trastuzumab. ANOVA was used to compare tumour uptakes, asterisks

indicate level of statistical significance: * p <0.05, ** p <0.01, ***p <0.001, **** p <0.0001.
became more pronounced at later time points (breast: SUV 7.60 £ 1.45 vs. SUV 2.15+ 0.51, p
<0.01 and back: SUV 10.08 £2.18 vs. SUV 2.22 + 0.47, p <0.001).

Comparing the HER2 specificity of the two labelled antibody on HER2+ tumours,
accumulation of [*2Mn]Mn-BPPA-trastuzumab was significantly higher than that of

[**Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab from 48 h onwards (Figure 28).
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Figure 28. The superior tumour specificity and tumour to background ratio of [**Mn]Mn-BPPA-
trastuzumab over [*“Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab on HER2+ tumour bearing mice. Left
bar graph (A) shows tumour uptakes over time for both radiotracers, ANOVA was used to compare
BPPA group with DOTAGA group, asterisks indicate level of statistical significance: * p < 0.05, ** p
<0.01, ¥**p <0.001, **** p <0.0001. Upper and lower right line graphs (B) display the tumour/liver
and tumour/muscle of the two groups on HER2+ tumours.

3.7. Histopathology and Immunohistochemistry

HER2 expression was confirmed by immunohistochemistry and based on this result the
MDA-MB-HER2+ tumour showed a clear HER2 2+ morphology, whereas the 4T1 tumour
showed minimal HER2 staining, indicating its HER2 negativity (Figure 29, Figure 30).

Flgure 29. Immunohlstochemlstry results on the MDA-MB- HER2+tumour and 4T1 tumour. (A) MDA-
MB-HER2+ tumour showed an IHC HER2 2+ pattern, and (B) 4T1 tumour demonstrated HER2
negative staining.
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Figure 30. Histopathological results on the MDA-MB-HER2+ tumour and 4T1 tumour. (A) MDA-
MBHER2+ tumour showed necrotic pattern, and (B) 4T1 tumour demonstrated abundance of stromal
component.

3.8. High-performance Liquid Chromatography (HPLC), NMR Spectra (*H and *C-
JMOD), High Resolution (ESI) Mass Spectra Results

Methyl 6-(3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)picolinate (2)
N
A N NH
I ~N N\
P I =
0] (0]

250 mg (1.04 mmol) of 3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane (bispyclen, BP)
macrocycle (1) was dissolved in 350 mL of anhydrous acetonitrile. Finely powdered anhydrous
potassium carbonate (360 mg, 2.60 mmol) and sodium iodide (16.5 mg, 0.11 mmol) were added
to the solution and the suspension was heated up to 80°C under Ar atmosphere while being
stirred vigorously. Upon reaching the reflux dropwise addition of methyl
6-(chloromethyl)picolinate (195 mg, 1.04 mmol) dissolved in 50 mL of anhydrous acetonitrile
has started. The course of the reaction was monitored using analytical HPLC technique. When
the area of the monosubstituted product did not increase further (the optimal amount of 6-
(chloromethyl)picolinate was found to be between 0.80-0.85 equivalent), the reaction
suspension was cooled down to room temperature, filtered, and the filtrate was evaporated
under reduced pressure. The resulting oil was redissolved in 1 mL of 50% (v/v%) acetonitrile
and water and the product was purified using preparative HPLC. The collected fractions

containing the product were unified and freeze-dried. The desired product (209 mg) is white
fluffy powder (yield 52%).
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Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 6.97 min;
gradient: 0.00—7.00 min 8—13.6% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column ID: H18-268346

'H NMR (400.13 MHz, CD3CN-d3) §; 8.05 (d, J = 7.7 Hz, 1H), 7.98 (t, ] = 7.7 Hz, 1H),
7.81(d,J=7.7Hz,1H), 7.58 (t, J = 7.7 Hz, 2H), 7.12 (d, J = 7.7 Hz, 2H), 7.07 (d, J = 7.7 Hz,
2H), 4.87 (s, 2H), 4.64 (s, 4H), 4.47 (s, 4H), 3.94 (s, 3H) ppm; 1*C-JMOD NMR (100.61 MHz,
CD3CN-d3) 8; 166.10, 154.26, 154.00, 152.89, 148.41, 140.17, 139.90, 128.51, 125.86, 124.03,
123.66, 62.60, 61.13, 53.51, 52.95 ppm. UHRMS (ESI+) m/z calculated for C22H23N502
[M+H]* 390.1925; found 390.1925; HPL.C purity (260 nm): 98.43%; retention time: 6.186 min;
gradient: 0.00—15.00 min 0—90% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 1.00 mL/min; injection volume: 10.00 pL; sample: 1 mg/mL 50% ACN
in H20; column: Phenomenex Luna C18(2) 100 A, 5 um, 150 x 4.60 mm; column ID: 345362.

75



1400

1300

447
—1.94 CD3CN

06
04

00

98

82

81

60
h7.58
15

11

08

06
487
4564
—3.94

1200
-110EI
1000
'- 500
800

700
500

300

Al w e

L LU N N P | e

T
8.5 8.0 75 7.0 65 50 5.5 50 45 4.0 35 30 25 2.0 15
f1 (ppm)

Figure 31. *H NMR (400.13 MHz, 298.0 K, CD3CN-d3) spectra of compound 2.
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Figure 32. *C-JMOD NMR (100.62 MHz, 298.0 K, CD3CN-d3) spectra of compound 2.
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Figure 33. UHRMS spectra (ESI+) of compound 2.
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Figure 34. Analytical HPLC chromatogram (260 nm) of compound 2.

6-(3,7-Diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)picolinic acid (BPPA)

N
N N NH
| ~N N\
I T4
0] OH

200 mg (0.51 mmol) of (2) was dissolved in 4.00 mL of 6 mol/L hydrochloric acid and
the solution was sealed in a pressure tube and placed in a microwave reactor. The mixture was
heated up to 100°C while being stirred strongly and kept at a given temperature for 10 minutes
with an irradiation power of 20 W or less (dynamic mode). After the reaction was complete the
solution was freeze-dried. The crude product was redissolved in 1 mL of water and purified
using preparative HPLC. The fractions containing the pure product were unified and freeze-
dried, yielding 71 mg (yield 37%) of the desired product as white fluffy powder.

Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 2.58 min;
gradient: 0.00—8.00 min 8—10% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column ID: H18-268346.

H NMR (360.13 MHz, D20) §; 8.15 (d, J = 7.8 Hz, 1H), 8.14 (t, ] = 7.8 Hz, 1H), 7.87
(d,J=7.8Hz, 1H), 7.55 (t, J = 7.7 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 7.08 (d, J = 7.8 Hz, 2H),
5.12 (s, 2H), 4.63 (bs, 8H) ppm; *C-JIMOD NMR (100.61 MHz, D,0:CD3sCN-d3 2:1) §;
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166.84,151.04, 150.92, 150.20, 148.24, 141.00, 139.79, 128.92, 126.34, 124.96, 124.34, 61.86,
61.74, 52.95 ppm. UHRMS (ESI+) m/z calculated for C21H21NsO, [M+H]" 376.1768; found
376.1768; HPLC purity (260 nm): 99.38%; retention time: 5.662 min; gradient:
0.00—15.00 min 0—90% B; eluent: mixture of 5 mM TFA in MQ-water (A) and acetonitrile
(B); flow: 1.00 mL/min; injection volume: 10.00 puL; sample: 1 mg/mL 50% ACN in H20;
column: Phenomenex Luna C18(2) 100 A, 5 um, 150 x 4.60 mm; column ID: 345362.
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Figure 35. *H NMR (360.13 MHz, 298.0 K, D,0) spectra of BPPA.
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Figure 36. *C-JMOD NMR (100.62 MHz, 298.0 K, D,0:CDsCN-d3 2:1) spectra of BPPA.
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Figure 37. UHRMS spectra (ESI+) of BPPA.
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Figure 38. Analytical HPLC chromatogram (260 nm) of BPPA.

Tert-butyl 4-(3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)benzoate (3)

500 mg (2.08 mmol) of 3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane (1) was dissolved
in 400 mL of acetonitrile and 890 mg (6.44 mmol) potassium carbonate was added to the
solution. The temperature of the reaction mixture was brought up to 60°C and stirred for 15 min.
The solution of 170 mg (0.627 mmol) alkylating agent (tert-butyl 4-(bromomethyl)benzoate)
in 60 mL acetonitrile was added to the reaction mixture dropwise. The mixture was stirred for
an additional 3 hours at 60°C and the solvent was removed under reduced pressure to afford
the crude product, which was purified by preparative HPLC. The fractions containing the pure
product were combined and lyophilized. The product obtained is a white solid (150 mg, yield
55%).

Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 10.15 min;
gradient: 0.00—11.00 min 10—32% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column ID: H18-268346
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'H NMR (360.13 MHz, MeOD-d4) §; 8.11 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.3 Hz, 2H),
7.52 (t,J=7.7Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 7.04 (d, J = 7.7 Hz, 2H), 5.08 (s, 2H), 4.86 -
4.35 (m, 8H), 1.59 (s, 9H) ppm; 13*C-JIMOD NMR (90.56 MHz, MeOD-d4) §; 166.32, 151.82,
139.98, 135.01, 134.63, 132.56, 131.23, 124.84, 124.40, 82.84, 62.64, 61.28, 53.48, 28.32 ppm;
UHRMS (ESI+) m/z calculated for C26H30N4O2 [M+H]* 431.2442; found 431.2442; HPLC
purity (260 nm): 99.35%; retention time: 7.208 min; gradient: 0.00—15.00 min 5—95% B;
eluent: mixture of 5 mM TFA in MQ-water (A) and acetonitrile (B); flow: 1.00 mL/min;
injection volume: 10.00 uL; sample: 1.2 mg/mL 50% ACN in H2O; column: Phenomenex Luna
C18(2) 100 A, 5 pm, 150 x 4.60 mm; column ID: H21-212012.
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Figure 39. "H NMR (360.13 MHz, 298.0 K, MeOD-d4) spectra of compound 3.
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Figure 40. *C-JMOD NMR (90.56 MHz, 298.0 K, MeOD-d4) spectra of compound 3.
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Figure 41. UHRMS spectra (ESI+) of compound 3.
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Figure 42. Analytical HPLC chromatogram (260 nm) of compound 3.

4-(3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)benzoic acid (4)

Tert-butyl-4-(3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)benzoate 3)
(140 mg, 0.325 mmol) was dissolved in 15.0 mL of dichloromethane and 7.0 mL
trifluoroacetic acid was added dropwise to this solution at room temperature. The reaction
mixture was stirred at room temperature for an additional 23 hours and concentrated under
vacuum to afford 4 as a white solid (120 mg, yield 98%).

1H NMR (360.13 MHz, MeOD-d4) &; 8.17 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 8.2 Hz, 2H),
7.50 (t, J = 7.7 Hz, 2H), 7.10 (d, J = 7.7 Hz, 2H), 7.03 (d, J = 7.8 Hz, 2H), 5.08 (s, 2H), 4.86 -
4.35 (m, 8H) ppm; *C-JMOD NMR (90.56 MHz, MeOD-d4) &; 168.87, 151.80, 151.02,
140.01, 134.78, 133.95, 132.63, 131.69, 124.87, 124.43, 62.73, 61.34, 53.53 ppm; UHRMS
(ESI+) m/z calculated for C22H22N4O2 [M+H]" 375.1816 ; found 375.1816; HPLC purity (260
nm): 88.36%; retention time: 2.735 min; gradient: 0.00—7.50 min 5—95% B; eluent: mixture

of 5 mM TFA in MQ-water (A) and acetonitrile (B); flow: 1.00 mL/min; injection volume:
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5.00 pL; sample: 1 mg/mL H20; column: Waters XBridge Shield RP18 C18 100 A 2.5um 75
x 4.60 mm; column ID: 01193505914502.
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Figure 43. *H NMR (360.13 MHz, 298.0 K, MeOD-d4) spectra of compound 4.
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Figure 44. *C-JMOD NMR (90.56 MHz, 298.0 K, MeOD-d4) spectra of compound 4.
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Figure 45. UHRMS spectra (ESI+) of compound 4.
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Figure 46. Analytical HPLC chromatogram (260 nm) of compound 4.
4-((7-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)-3,7-diaza-1,5(2,6)-
dipyridinacyclooctaphane-3-yl)methyl)benzoic acid (5)
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120 mg (0.320 mmol) of 4-(3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-ylmethyl)
benzoic acid (4) was dissolved in 100 mL of N,N-dimethylformamide and 340 puL (1.95 mmol)
N,N-diisopropylethylamine was added to the solution. The temperature of the reaction mixture
was brought up to 85°C and stirred for 15 min. The solution of 50 mg (0.184 mmol) of the
alkylating agent (tert-butyl 6-(bromomethyl)picolinate) dissolved in 25 mL N,N-
dimethylformamide was added to the reaction mixture dropwise. The mixture was stirred for
an additional 18 hours at 85°C and the solvent was then removed in vacuum to afford the crude
product, which was purified by preparative HPLC. The combined fractions containing of the
target substance were lyophilized. Freezer-drying returned 52 mg (yield 50%) of the product 5
as a white solid.

Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 9.60 min;
gradient: 0.00—15.00 min 20—60% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
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acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column 1D: H18-268346

'H NMR (360.13 MHz, MeOD-d4) §; 7.87 (d, ] = 7.8 Hz, 1H), 7.86 (t, ] = 7.8 Hz, 2H),
7.78 (d,J =8.0 Hz, 2H), 7.77 (t, J = 7.8 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 8.0 Hz,
2H), 7.31 (d,J=7.8 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 4.47 (bs, 4H), 4.39 (s, 2H), 4.34 (s, 4H),
4.23 (s, 2H), 1.59 (s, 9H) ppm; C-JMOD NMR (90.56 MHz, MeOD-d4) §; 169.31, 165.25,
162.15, 159.70, 158.26, 149.71, 144.42, 142.44, 139.20, 131.25, 130.72, 130.38, 128.09,
124.82, 123.12, 123.09, 83.66, 61.84, 61.35, 58.88, 58.72, 28.29.ppm; UHRMS (ESI+) m/z
calculated for CzsH3sNsOs [M+H]™ 566.2762; found 566.2762; HPLC purity (260 nm):
99.25%:; retention time: 6.181 min; gradient: 0.00—15.00 min 5—95% B; eluent: mixture of 5
mM TFA in MQ-water (A) and acetonitrile (B); flow: 1.00 mL/min; injection volume: 10.00
pL; sample: 1 mg/mL 50% ACN in H20; column: Phenomenex Luna C18(2) 100 A, 3 um,
75 x 4.60 mm; column ID: 413959-7.
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Figure 47. *"H NMR (360.13 MHz, 298.0 K, MeOD-d4) spectra of compound 6.
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Figure 49. UHRMS spectra (ESI+) of compound 6.
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Figure 50. Analytical HPLC chromatogram (260 nm) of compound 6.
6-((7-(4-carboxybenzyl)-3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-
yl)methyl)picolinic acid (BPPA-BnPCOOH)
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0% oH
HO” 0

4-((7-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)-3,7-diaza-1,5(2,6)-
dipyridinacyclooctaphane-3-yl)methyl)benzoic acid (6) (7.0 mg, 0.0124 mmol) was dissolved
in 1.0 mL of dichloromethane and 470 uL trifluoroacetic acid was added dropwise to this
solution at room temperature. The reaction mixture was stirred at room temperature for 5 hours
and concentrated under vacuum to afford the crude product, which was purified by preparative
HPLC. The fractions of the pure product were combined, lyophilized to yield the BPPA-
BnPCOOH Jigand as a white solid (6.1 mg, yield 97%).

Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 6.60 min;
gradient: 0.00—10.00 min 5—65% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column ID: H18-268346

IH NMR (500.13 MHz, CD3CN-d3) §; 7.91 (d, J = 7.7 Hz, 1H), 7.81 (t, ] = 7.8 Hz, 2H),
7.75(d, 3 = 8.0 Hz, 2H), 7.74 (t, = 7.7 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.32 (d, J = 8.0 Hz,
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2H), 7.23 (d,J=7.8 Hz, 2H), 7.19 (d, J = 7.8 Hz, 2H), 4.37 (bs, 4H), 4.30 (s, 2H), 4.22 (s, 4H),
4.12 (s, 2H) ppm; ¥C-JMOD NMR (125.77 MHz, CD3CN-d3) 3; 167.76, 165.66, 160.99,
159.13, 158.25, 147.15, 144,59, 142.26, 139.52, 130.69, 130.42, 130.07, 128.63, 123.56,
122.86, 122.78, 61.55, 60.89, 58.29, 58.17 ppm; UHRMS (ESI+) m/z calculated for
C29H27N504 [M+H]" 510.2136; found 510.2133; HPLC purity (260 nm): 96.09%; retention
time: 7.049 min; gradient: 0.00—15.00 min 5—95% B; eluent: mixture of 5 mM TFA in MQ-
water (A) and acetonitrile (B); flow: 1.00 mL/min; injection volume: 10.00 pL; sample: 1
mg/mL H20; column: Phenomenex Luna C18(2) 100 A, 5 um, 150 x 4.60 mm; column ID:
H21-212012.
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Figure 51. *H NMR (500.13 MHz, 298.0 K, CD3CN-d3) spectra of BPPA-BnP°°H,
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Figure 52. 3C-JMOD NMR (125.77 MHz, 298.0 K, CDsCN-d3) spectra of BPPA-BnP°°H,
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Figure 54. Analytical HPLC chromatogram (260 nm) of the BPPA-BnP®°°,

Tert-butyl 6-((7-(4-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
ylethyl)carbamoyl)benzyl)-3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-
yl)methyl)picolinate (7)

®
I
o 074 ;%

10.6 mg (0.0782 mmol) 1-hydroxybenzotriazole (HOBt), 22.1 mg (0.0583 mmol), 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 37.0
uL (0.212 mmol) diisopropylethylamine were added to the solution of 4-((7-((6-(tert-
butoxycarbonyl)pyridin-2-yl)methyl)-3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-
yl)methyl)benzoic acid (6) prepared by dissolving 30.0 mg (0.0530 mmol) in 20 mL of
dichloromethane. The reaction mixture was stirred at room temperature for 30 min, and
10.1 mg (0.141 mmol) 1-(2-aminoethyl)-1H-pyrrole-2,5-dione hydrochloride was added to the
reaction mixture under argon protected atmosphere. The reaction mixture was stirred for an
additional 20 hours at room temperature and the solvent was removed in vacuum to afford the
crude product, which was purified by preparative HPLC. Fractions containing the pure product

were combined, lyophilized receive the product 7 as a white solid (20.5 mg, yield 57%).
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Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 9.68 min;
gradient: 0.00—15.00 min 20—60% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column 1D: H18-268346

'H NMR (360.13 MHz, MeOD-d4) 6; 7.87 (d, J = 7.8 Hz, 1H), 7.86 (t, ] = 7.8 Hz, 2H),
7.77 (t,J =7.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz,
2H), 7.32 (d,J=7.8 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 6.78 (s, 2H), 4.46 (bs, 4H), 4.37 (s, 2H),
4.32 (s, 4H), 4.20 (s, 2H), 3.70 (m, 2H), 3.51 (m, 2H), 1.61 (s, 9H) ppm; *C-JIMOD NMR
(90.56 MHz, MeOD-d4) 6; 172.54, 169.93, 165.32, 159.84, 158.37, 149.73, 143.06, 142.52,
139.25, 135.43, 134.87, 130.44, 128.29, 128.01, 124.84, 123.08, 83.68, 61.76, 61.37, 58.79,
58.70, 39.52, 38.43, 28.31 ppm; UHRMS (ESI+) m/z calculated for C3oH41N7O0s [M+H]*
688.3242; found 688.3242; HPLC purity (260 nm): 99.37%; retention time: 10.181 min;
gradient: 0.00—15.00 min 20—60% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
acetonitrile (B); flow: 1.00 mL/min; injection volume: 10.00 puL; sample: 0.2 mg/mL ACN;
column: Phenomenex Luna C18(2) 100 A, 5 um, 150 x 4.60 mm; column ID: H21-212012.
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Figure 55. *H NMR (360.13 MHz, 298.0 K, MeOD-d4) spectra of compound 7.
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Figure 56. *C-JMOD NMR (90.56 MHz, 298.0 K, MeOD-d4) spectra of compound 7.
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Figure 57. UHRMS spectra (ESI+) of compound 7.
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Figure 58. Analytical HPLC chromatogram (260 nm) of compound 7.
6-((7-(4-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carbamoyl)benzyl)-3,7-
diaza-1,5(2,6)-dipyridinacyclooctaphane-3-yl)methyl)picolinic acid (BPPA-BnPMMA)
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Tert-butyl 6-((7-(4-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)ethyl)carbamoyl)benzyl)-3,7-diaza-1,5(2,6)-dipyridinacyclooctaphane-3-
yl)methyl)picolinate (7) (17.6 mg, 0.0256 mmol) was dissolved in 1.5 mL of dichloromethane
and 700 pL trifluoroacetic acid was added dropwise to the given solution at room temperature.
The reaction mixture was stirred at room temperature for 7 hours and concentrated under
vacuum to afford the crude product, which was purified by preparative HPLC. Fractions
containing the pure product were combined, freezed, lyophilized to furnish the BPPA-BnPMMA
ligand as a white solid (8.6 mg, yield 53%).

Preparative HPLC: UV-Vis detection: 210 and 260 nm; retention time: 6.67 min;
gradient: 0.00—10.00 min 5—65% B; eluent: mixture of 5 mM TFA in MQ-water (A) and
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acetonitrile (B); flow: 25.00 mL/min; column: Phenomenex Luna Prep C18(2) 100 A, 5 um,
250 x 21.20 mm; column ID: H18-268346

IH NMR (360.13 MHz, MeOD-d4) §; 8.01 (d, J = 7.8 Hz, 1H), 7.86 (t, ] = 7.8 Hz, 1H),
7.81 (t,J = 7.8 Hz, 2H), 7.66 (d, J = 7.8 Hz, 1H), 7.57 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz,
2H), 7.27 (d,J =7.8 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 4.53 (bs, 8H), 4.39 (s, 2H), 4.34 (s, 2H),
3.71 (m, 2H), 3.53 (m, 2H) ppm; 1*C-JIMOD NMR (90.56 MHz, MeOD-d4) §; 172.57, 169.91,
167.48, 158.71, 157.44, 148.81, 144.10, 142.25, 139.71, 135.44, 135.24, 130.72, 128.51,
128.44, 125.32, 123.31, 61.95, 61.56, 59.22, 58.95, 39.56, 38.43 ppm; UHRMS (ESI+) m/z
calculated for CzsH33N7Os [M+H]" 632.2616; found 632.2616; HPLC purity (260 nm):
95.21%:; retention time: 6.991 min; gradient: 0.00—15.00 min 5—95% B; eluent: mixture of 5
mM TFA in MQ-water (A) and acetonitrile (B); flow: 1.00 mL/min; injection volume: 10.00
pL; sample: 1 mg/mL ACN; column: Phenomenex Luna C18(2) 100 A, 5 um, 150 x 4.60 mm;
column ID: H21-212012.
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Figure 59. *H NMR (360.13 MHz, 298.0 K, MeOD-d4) spectra of BPPA-Bn"MA,
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VI.

Discussions

Tumour imaging research continues to advance our understanding of breast cancer
biology, particularly regarding the interplay between angiogenesis and glucose metabolism,
the biodistribution and specificity of antibody-based radiotracers, and the development of novel
chelators to enhance HER2-targeted imaging. However, despite substantial progress, the
correlation between glucose metabolism and angiogenesis imaging in breast cancer subtypes
still requires further investigation. Moreover, only a few HER2-targeted PET tracers have
progressed to routine clinical application, highlighting the need for continued research to bridge
these gaps. The following sections present findings from three interrelated experimental studies
focused on tumour PET imaging and HER2-targeted PET tracers, contributing to our overall

research aims.

1. Temporal Assessment of Metabolic Activity and avp3
Expression in Aggressive Breast Cancer Models

In our first study, the results show a noticeable positive correlation between glucose
metabolism and angiogenesis imaging, indicating their possible significant interplay in tumour
characterization. Moreover, both FDG and RGD correlate with tumour growth, particularly in
the 4T1 tumour. Furthermore, there were variations in FDG over RGD ratios between the two
groups, highlighting the different behaviours among breast cancer subtypes.

Angiogenesis relies on several biochemical processes, which include the expression of
pro-angiogenetic factors, VEGF, bFGF, TGF, TNF, and other cytokines and growth factors,
especially under hypoxic conditions mediated via the transcription factor HIF-1a. In addition,
inhibiting negative regulatory processes, such as tissue inhibitor metalloprotease, angiotensin,
and angiostatin, is also required for effective angiogenesis [*44l. Therefore, considering the
substantial energy demands of intercellular crosstalk within the cancer microenvironment,
there may be a direct correlation between angiogenesis and glucose utilization.

Studies have indeed demonstrated a positive correlation of FDG uptake with different
histologic angiogenesis markers, such as CD31 and CD105, in lung and breast cancers [145-1471
prompting ongoing investigations into the relationship between FDG and RGD tracers. Wei et
al. conducted a study on mice bearing lung cancer xenografts and found a very strong
correlation between these two tracers with r = 0.917 [1481_ Additionally, several clinical studies
have reported a positive correlation across various tumour types, particularly in tumours with

high FDG avidity (rectal, breast, non-small cell lung cancer, and head and neck cancer) [5% 149
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1561 The correlation between the two radiopharmaceuticals may become more evident when
their values are corrected using a muscle reference [15% 1561, This adjustment is necessary due to
the substantially lower uptake of RGD compared to FDG in general [*5%: 1561581 g the distinct
differences in the biodistribution of these two radiopharmaceuticals 5.

In our study, relatively positive linear correlations were observed between RGD and FDG
tumour/muscle ratios regardless of the growth rate of the tumour, indicating a potentially
significant relationship between angiogenesis and glucose metabolism. It is assumed that
several factors may contribute to these observations. Firstly, tumour endothelial cells were
found to up-regulate glucose transporters GLUT1 and GLUT3 in response to high glucose
transportation 1% leading to increased FDG uptake in regions of enhanced angiogenesis.
Additionally, cancer cells exhibit an elevated FDG uptake due to the Warburg effect,
particularly within hypoxic regions 16!, These hypoxic areas are closely associated with
regions undergoing angiogenesis, further contributing to the strong correlation between FDG
uptake and angiogenic regions [*621, Moreover, cancer-associated fibroblasts have a significant
impact on tumour FDG uptake (%% and have an essential role in angiogenesis processes,
particularly in cancers with substantial stromal components, such as breast cancers 164,
Furthermore, angiogenesis in cancer is characterized by abnormal vessel formation involving
immature endothelial cells which tend to be leaky, and lack proper basement membrane and
supporting pericytes (%%, This neo-vasculature is associated with increased permeability and
perfusion within the tumour (%1, further enhancing FDG uptake (671,

Utilizing the observed correlation between tumour sizes and tumour/muscle SUV ratios
of the two tracers, coupled with the ability to assess tumour heterogeneity, provides a valuable
means of precisely determining the target tumour volume for therapy. In our study, comparable
correlations of the FDG and RGD with tumour size were observed, especially in the aggressive
tumours. The correlations were not clearly seen in slow-growing tumours, likely due to the
different behaviours between subtypes of the same cancer, as reported in a study on non-small
cell lung cancer, where both adenocarcinoma and squamous cell carcinoma demonstrated
positive correlations between FDG uptake and tumour size; however, the correlation
coefficient and correlation pattern varied between the two subtypes ¢ Nevertheless,
comparing the correlation of two tracers with tumour size, a previous larger study reported a
superior correlation of RGD with the pathologic volume of the tumour %% possibly because
tumour growth heavily relies on angiogenesis more linearly, while glucose metabolism is more

complex, encompassing elements like inflammation and stromal activity. RGD imaging can
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assist oncology surgeons to determine the possible resection margins or even delineate the
gross tumour volume for radiotherapy by precise detection of the tumour extension. Therefore,
it can serve as a specific predictive tool, minimizing false positives associated with
inflammation, for evaluating tumour progression and monitoring responses to treatment,
particularly in anti-angiogenic therapy 7% 1741 ysed in metastatic colorectal cancer, non-small-
cell lung cancer, glioblastoma, ovarian and cervical cancers 1721,

Despite differences in growth rates, the breast cancer subtypes used in our study represent
the most aggressive types reliant on angiogenesis, resulting in the highest expression of avf33
among all breast cancer subtypes [7® 174 While both cell lines exhibited correlations in
tumour/muscle ratios between FDG and RGD, glucose metabolism was noticeably higher than
angiogenesis in the 4T1 triple-negative cell line. This observation can be attributed to the
aggressive nature of 4T1, given that the triple-negative breast cancer subtype is known to have
the worst prognosis and the lowest survival rate of all breast cancer subtypes regardless of
cancer stage %1751, Consequently, this aggressive subtype, displaying a faster growth rate, has
a higher FDG-to-RGD ratio when compared to other subtypes %1, Furthermore, larger tumours
are associated with denser microvascularity, which facilitates the penetration and uptake of
FDG, thus increasing overall FDG tumour uptake (%71 Our histopathological examination
revealed that 4T1 had an abundant tumour stroma, which has been reported in the literature
[176] The stroma-rich cancer environment has a significant impact on increased FDG uptake
within the tumour, especially in cancers with high FDG that have a greater distribution of
stroma (%% In contrast, the HER2-positive subtype is known to have the highest rate of
parenchymal organ metastases among all breast cancer subtypes 21 although recent advances
in HER2-targeted therapies have improved the survival rates of this particular subtype. As a
result, HER2-enriched tumours displayed an elevated RGD uptake, whereas triple-negative
breast cancer exhibited lower RGD uptake relative to its high FDG uptake % 61, Moreover, a
study has associated HER2 positivity with an increased expression of HIF-10. 1771 which may
further promote neo-angiogenesis 2. These explain the minimal differences observed
between the HER2-positive xenograft and the aggressive triple-negative 4T1 xenograft when
using RGD imaging and avf3 integrin staining.

Tumours characterized by a higher FDG uptake [*%21 or higher FDG tumour-to-muscle
ratio, like the triple-negative breast cancer subtype we used in our experiments, exhibited a
more robust correlation between neo-angiogenesis and FDG-avidity in comparison to other

tumours 51781 Our study observed relatively more linear relationships in the group with higher
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FDG tumour-to-muscle ratios; however, due to the small sample size no statistical analysis was
performed to investigate the differences further, thus the results should be considered
preliminary. Nevertheless, this observation emphasizes the significance of neo-angiogenesis in
tumour growth, particularly in aggressive tumours, where rapid growth demands high levels of
oxygen and nutrients.

Peptide-derived tracers like RGD are predominantly excreted via the kidneys, leading to
high activity accumulation in the urinary bladder 7°1. This can cause a partial volume effect,
resulting in false increased activity measured in the surrounding organs. Invasive bladder
continuous flushing % and non-invasive hydration plus furosemide [ protocols have been
proposed to minimize this artifact. Reconstructing with spatial resolution improvements, such
as using the OSEM iterative reconstruction method ™% increasing the number of iterations,
and reducing voxel size 821 have been attempted to reduce this unwanted effect. In this study,
we further enhanced guantitative accuracy without in vivo intervention by implementing the
Muscle-Spacing Correction Method. Taking advantage of the consistently minimal muscular
uptake, along with the homogenous and relatively oval shape of the fully filled urinary bladder,
the method uses a muscle VOI as the reference for background correction. In order to ensure
equal distances from the reference VOI to the bladder centre and from the target VOI to the
bladder centre, an additional VVOI is drawn. Its centre aligns with the centre of the bladder and
intersects with the centres of the target and reference VOIs. Utilizing this method, we can
correct the partial volume effect not only when the target is near the bladder but also potentially
in brain imaging, where a similar phenomenon frequently occurs.

One notable limitation of this study is the relatively small sample size, especially in the
4T1 group (n = 2), which may limit the statistical power and the generalizability of the findings.
Additionally, the measuring method employed in the study has not been thoroughly validated,
and therefore further investigation is needed to verify the reliability and reproducibility of the
technique. Moreover, it is important to acknowledge that breast cancers are substantially
complex and heterogeneous with various subtypes exhibiting distinct molecular profiles and
clinical behaviours. Further research with larger sample sizes and various breast cancer
subtypes is necessary to confirm the complex relationship between glucose metabolism,

vascular formation, and tumour progression in this heterogeneous cancer type.
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2. HERZ2 Expression in Different Cell Lines and Inoculation
Sites Assessed by [2Mn]Mn-DOTAGA(anhydride)-
trastuzumab

Building upon the tumour biology insights from our FDG/RGD study, our second
investigation explored HER2-targeted imaging using [*>Mn]Mn-DOTAGA (anhydride)-
trastuzumab. The study demonstrates high tumour/non-tumour ratios, the relative stability of
[??Mn]Mn-DOTAGA (anhydride)-trastuzumab, and highlights the influence of inoculation sites,
tumour characteristics, and the microenvironment on tumour tracer uptake. Despite its ease of
production, the tracer exhibits noticeable non-specific binding and requires further
improvement in immunoreactivity.

After intravenous injection, the tracer shows an initial high blood uptake due to FcRn-
mediated antibody recycling, with moderate liver and spleen uptake driven by FcR-mediated
uptake 18I facilitated by permeable sinusoidal capillaries [8 181 | ung uptake is attributed to
the high vascularity 8 and low reflection coefficient of pulmonary tissue, allowing for
enhanced tracer uptake (871, Remarkably, renal activity exceeded typical liver activity for
antibody-based tracers, due to the additional carboxylic arm of the tracer (compared to the
conventional DOTA chelator), which increases the hydrophilicity of the tracer and
consequently elevates the renal excretion 1881,

Interestingly, moderate activity was also seen in the ovaries and the lacrimal glands. The
physiological expression of HER2 in the ovaries is well-documented 8. However, since
trastuzumab does not cross-react with murine HER2 [*®1 the ovarian activity may be attributed
to non-specific uptake. The lacrimal glands produce protective tears containing
immunoglobulins *°4 especially under the effect of anaesthesia with constant airflow from the
breathing mask %2 which causes dry eyes and lens opacity [1%1 that also observed in our
scans, resulting in the noticeable tracer uptake in the eyes and lacrimal glands, particularly in
SCID mice that lack endogenous immunoglobulins. These findings underscore the advantages
of PET imaging in providing a comprehensive whole-body assessment, enabling the detection
of unexpected tracer accumulation.

Initial urinary activity in the bladder suggests the rapid excretion of a small portion of
unconjugated tracer, as observed in our previous study using unconjugated [*’Mn]Mn-
DOTAGA 1% and in our unconjugated study; nonetheless, low urinary bladder activity in
subsequent scans indicates stable conjugation in vivo. The kidney, pancreas, salivary glands,

and joints are frequently identified as the localised sites of free manganese, as demonstrated in
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our study with [®>Mn]MnCl, (Figure 23C), and in other related research 19 %l |n this
[??Mn]Mn-DOTAGA (anhydride)-trastuzumab study, in addition to the stable conjugation, the
complexation of the tracer seems to be stable in vivo, as suggested by the minimal uptake in
the pancreas, salivary glands, and joints without renal reabsorption. Using a similar compound,
[®?Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab, we reported a high stability (RCP maintained
above 90% up to day 10) of the >?Mn-labelled trastuzumab using the DOTAGA chelator
(Figure 21).

Both HER2-positive tumours demonstrated high tumour-background contrast; however,
significantly higher uptake was observed in the orthotopic tumours compared to the ectopic
tumours possibly due to microenvironment which favours tracer uptake in orthotopic tumours
[125.197] ‘This phenomenon corresponds to the better microenvironment characterised by higher
microvascular density (1% and increased perfusion [ which facilitate tracer penetration and
thereby promoting binding to more specific binding sites.

However, the differences in uptake between MDA-MB-HER2+ and MDA-MB-468 cell
lines at the same inoculation site, which diminished over time, are likely due to non-specific
binding of the tracer. The larger tumour size in the MDA-MB-468 group (Figure 15), leading
to increased non-specific uptake °° is partly responsible for this finding. However, tumour
size alone does not explain for the dynamic and clearance of uptake, as aggressive melanoma
xenografts, although large, showed lower activity compared to HER2-positive xenografts.
Furthermore, melanoma xenografts exhibited a similar uptake pattern to HER2+ xenografts, in
contrast, the MDA-MB-468 group, where uptake increased steadily. This disparity can be due
to the fact that both MDA-MB-HER2+ and the B16F10 melanoma xenografts exhibit necrotic
features 2% resulting in decreased overall xenograft uptake 2%, Conversely, the stroma-rich
features of MDA-MB-468 xenografts facilitate tracer retention, resulting in slower clearance
rate and increased activity over time %21, Furthermore, the HER2+ xenograft can show limited
tracer uptake due to the binding site barrier as specific binding accumulates in the peripheral
parts reducing uptake in the necrotic/hypoxic core located further from the feeding blood
vessels 2% as shown in our in vivo images (Figure 11). Whereas, MDA-MB-468 tumours with
known HER2 phosphorylation at tyrosine Y877 [2%4 can render the xenografts sensitive to
trastuzumab 294 20°],

Our in vitro study demonstrates higher tracer uptake in HER2-positive cells, further
blocking studies or direct binding assays are required to confirm specific tracer binding. In vivo,

while the tracer retains some specificity, that can differentiate the HER2 positivity in initial
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scans, tumour uptake includes a high proportion of non-specific binding which may be
responsible for elevated uptake in HER2-negative tumours at later time points. In a study using
the same compound labelled with radioactive indium, [*In]In-DOTAGA (anhydride)-
trastuzumab, reported a decrease in the tracer immunoreactivity compared to labelling with the
parent DOTA chelator %1, This reduced immunoreactivity may account for the high non-
specific binding observed with our tracer.

Our study has several limitations. First, there were only 2 mice in the MDA-MB-468
group, which required the assumption of a normal distribution for the two-way ANOVA
analysis. Second, discrepancies between PET/CT and PET/MRI can arise from variations in
attenuation correction maps 2 2%¢1 |n our study, we also observed systemic differences
between these two modalities (Table 3, Table 4). To address this limitation, we used the
tumour-to-background ratio for assessment, aiming to ensure more accurate and reliable results.
Using the ratios, such as SUVmean Organ/Muscle, provided reproducible results, as
demonstrated by the comparable biodistribution observed in our two breast cancer-bearing
groups scanned with different modalities (Figure 12). Lastly, we lacked in vitro binding assays
to further investigate the immunoreactivity or receptor binding characteristics of the tracer.

Based on our findings, we conclude that higher antibody tracer uptake is expected in
orthotopic tumours compared to ectopic tumours. However, due to the suboptimal specificity
of the tracer, this difference may result from either higher HER2 expression or a more
favourable microenvironment at the orthotopic inoculation site, and further investigation is
needed to confirm our findings. Several non-specific factors, such as tumour size, necrotic or
stromal-rich properties, and the tumour microenvironment, influence imaging outcomes.
Despite the need for improved specificity towards HER2, [*>Mn]Mn-DOTAGA (anhydride)-
trastuzumab demonstrates a favourable tumour-to-background ratio and relatively good tracer
stability.

3. Evaluation of [**Mn]Mn-BPPA-trastuzumab for Highly
Specific HER2 PET Imaging

Addressing the specificity limitations observed in our [*?Mn]Mn-DOTAGA (anhydride)-
trastuzumab study, our third experimental study introduced a novel Mn(Il)-chelator, BPPA,
designed for enhanced HER2-antibody imaging. The literature suggests that Mn(ll) ions are
best complexed with rigid chelators. One such chelator, 3,9-PC2A, is commonly used as a

structural motif in bifunctional ligands and Mn(l1) based responsive/smart contrast agents (1421,
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To enhance the physicochemical properties of the Mn(ll) chelates we have used an even more
rigid platform based on the bispyclen frame during the ligand design. To simplify the synthesis
of a suitable BFC chelator, we employed a picolinate pendant arm for metal binding instead of
the conventional acetate pendants, resulting in the BPPA ligand. The BPPA chelators designed
forms a Mn(I1) complex with outstanding stability (log Kmn = 16.14(1) and pMn = 10.98), that
includes a metal-bound water molecule, confirmed by relaxometric studies. The inertness of
[Mn(BPPA)] is improved compared to the parent [Mn(3,9-PC2A)] complex due to the
chelator's rigid backbone and pendant arm design. The given ligand allowed us to use the
second macrocyclic N-atom in the ligand for the attachment of a linker group suitable for
bioconjugation purposes. Thus the BFC was obtained by the alkylation of the macrocycle with
tert-butyl 4-(bromomethyl)benzoate group (BPPA-pBn°H). After acidic hydrolysis, it was
coupled to a maleimide group-containing fragment supporting the bioconjugation with a
suitable vector (trastuzumab in our case). BPPA is an ideal chelator for radiolabelling of
antibodies with [®?Mn]Mn, as [[®*Mn]Mn(BPPA)] is formed with high radiochemical purity
under mild conditions (room temperature and pH 7) suitable for sensitive proteins. Moreover,
BPPA-trastuzumab proves to be more suitable for [>*2Mn]Mn than DOTAGA-trastuzumab,
despite slightly lower stability which can be explained due to the maleimide group used for
conjugation.

According to our in vivo investigation of free [>2Mn]MnCl, elevated uptake of kidney,
pancreas and salivary glands was observed. Additionally, using 90-minutes dynamic study
showed high kidney uptake, while minimal signal was detected in the urine, indicating strong
renal reabsorption of [*Mn]MnCly, possibly via transporter located in the apical membrane of
proximal tubule cells, including ZIP14, ZIP8, DMT1 2%l A similar biodistribution can be
found in many studies applying either in vivo PET imaging or ex vivo measurements [ 19.
2101 The voltage-dependent calcium channels (VDCCs) facilitate Mn(l1) uptake in the pancreas
(211 Mn(11) accumulates intracellularly in the pancreas, binding to pro-carboxypeptidase B,
contributing to its slow clearance in this organ [22],

In contrast, using [>2Mn]Mn(11)-labelled unconjugated DOTAGA and BPPA have a high
level of renal clearance as small, hydrophilic molecules are excreted dominantly via kidney.
Once the renal clearance had been saturated (24 h), the two chelators showed different uptake
patterns. Particularly, [*>Mn]Mn-DOTAGA exhibits significant lung uptake, likely due to first-
pass effect of the radiotracer, or along with the relatively lower kidney activity compared to
radiolabelled BPPA, indicating protein binding properties of the unconjugated DOTAGA 2131,
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Thus, in vivo, [??Mn]Mn-DOTAGA having a distinct biodistribution pattern with free
[>>Mn]Mn(I1), suggesting minimal release of free [?>Mn]Mn(ll) from the complex. Conversely,
[*>Mn]Mn-BPPA, showed a similar uptake pattern with free [>2Mn]Mn(ll) at later time points,
possibly suggesting instability of the [?>Mn]Mn-BPPA chelator when not conjugated to an
antibody (the literature evidence for 3,9-PC2A, for instance, confirms that the conversion of
this basic ligand to a bi-functional chelator positively affects the properties of Mn(ll)
chelatel*42]),

Similar to [>>Mn]Mn-DOTAGA (anhydride)-trastuzumab, [>*>Mn]Mn-DOTAGA(pSCN-
Bn)-trastuzumab exhibited biodistribution with high uptake in the blood pool, followed by the
kidney and liver. This is expected from DOTAGA a DOTA derivative featuring an additional
carboxylic arm that reduces liver uptake 18 2141 | ung uptake was moderate and comparable
with other DOTAGA-trastuzumab studies 2%, High liver uptake and moderate blood and lung
uptakes were observed using [?>Mn]Mn-BPPA-trastuzumab. However, elevated activity in the
pancreas and salivary glands at later time points, along with persistent kidney uptake, suggests
a minor release of [>2Mn]Mn(11) from the radiotracer. Indeed, these organs have been utilized
in other studies involving [?>Mn]Mn(I1)-labelled radiotracers to assess compound stability 21
2152171 The accumulation of released [®>Mn]Mn(11) in these organs aligns with our findings,
and consistent with other [>?Mn]MnCl; biodistribution studies 119 1% 2191 To investigate the
phenomenon further, our serum stability studies showed that the maleimide linker used to
conjugate BPPA was unstable. [?Mn]Mn-BPPA-maleimide can bind to plasma proteins via
transconjugation, before releasing [*?Mn]Mn(1l), and evade the kidney clearance, which
explains the minimal urinary bladder uptake, in contrary to the dominant urinary bladder uptake
observed when using the [[??Mn]Mn(BPPA)] chelate alone. Therefore, our team is working on
improving the linker of the BFC.

Despite of these shortcomings, [*?Mn]Mn-BPPA-trastuzumab showed outstanding
HER2 status differentiating ability. At all the time points after 72 h, the radiotracer can
differentiate HER2+ with HER2—- with strong confidence, especially at 168 h. This
phenomenon is the result of the improved molar activity of [>2Mn]Mn-BPPA-trastuzumab due
to the enhanced [®>Mn]Mn(I1) binding capacity of BPPA chelator. In particular, the HER2+
tumour uptake of the [>Mn]Mn-BPPA-trastuzumab is higher than that of [?>Mn]Mn-DOTAGA
counterpart at all the time points and many folds higher in later time points. Regarding the
TBRs, only the [?Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab HER2+ breast ratios were

higher than HER2 negative ratios, and only at the last scan, whereas the difference in ratios of
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different HER2 levels using [??Mn]Mn-BPPA-trastuzumab was more obvious from earlier time
points. Indeed, both the HER2+ tumour/muscle and tumour/liver of [*?Mn]Mn-BPPA-
trastuzumab were higher than of [®*2Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab in all time
points despite of higher hepatic uptake in BPPA groups. Despite of lacking block study, the
BPPA tracer demonstrated higher specificity than the DOTAGA conjugate. Specifically,
similar to the MDA-MB-468 tumours (in the [*?Mn]Mn-DOTAGA (anhydride)-trastuzumab
study), the 4T1 xenograft is rich in stroma (Figure 30B) and large in size which promote the
non-specific uptake of the antibody-based tracer 28l conversely the MDA-MB-HER2+
showed necrotic feature (Figure 30A) limiting the tracer uptake [21°1. Consequently, higher
uptake was observed in 4T1 tumour using [>Mn]Mn-DOTAGA(pSCN-Bn)-trastuzumab due
to non-specific binding whereas [*>Mn]Mn-BPPA-trastuzumab demonstrated prominent
HER2+ xenograft uptake with high HER2 specificity overcoming the differences in tumour
characteristics. Even though orthotopic tumours are believed to have better microenvironment
for tumour growth 2% (as suggested in the DOTAGA(anhydride) study), in this BPPA and
DOTAGA(pSCN-Bn) study, the tumour activity and tumour-to-background ratio demonstrated
inconsistent results when comparing the orthotopic and ectopic tumours (higher uptake in
HER2+ back tumours than in the HER2+ breast tumours in the BPPA group (Figure 27)). This
discrepancy may be due to one of the MDA-MB-HER2+ cell injections in the BPPA group
being inadvertently administered into the subscapular fat pad instead of subcutaneously,
leading to markedly elevated tracer uptake in that tumour. Overall, using BPPA chelator in
labelling of trastuzumab provides strong HER2 specificity and excellent TBR and allows for

differentiating HER2 expression at an earlier time point.

4. Summary and Future Directions

4.1. Summary

Our FDG/RGD study demonstrated that in the 4T1 TNBC model, both [*F]FDG and
[*®Ga]Ga-NODAGA-c(RGDfK). imaging revealed highly heterogeneous tumour structures,
with tracer uptake showing linear correlations with tumour growth. 4T1 tumours exhibited
higher FDG/RGD ratios compared to MDA-MB-HER2+, reflecting distinct metabolic—
angiogenic profiles in aggressive tumours.

Our HER2-targeted imaging study using [**Mn]Mn-DOTAGA (anhydride)-trastuzumab
achieved consistently higher TBRs in orthotopic HER2-positive tumours than in ectopic

HER2-positive, HER2-negative, and melanoma models across all imaging time points.

116



Our chelator development study with the novel BPPA ligand significantly outperformed
DOTAGA, with [*2Mn]Mn-BPPA-trastuzumab demonstrating superior TBRs and 3-4 fold
higher HER2+ versus HER2— contrast by day 7. This extended imaging window allows earlier
and more specific differentiation of HER2-positive tumours.

In conclusion, integrating metabolic, angiogenic, and receptor-targeted imaging provides
a robust approach to assessing breast cancer heterogeneity, enabling more precise
characterization and treatment optimization. The combination of [**F]FDG, [*®Ga]Ga-
NODAGA-c(RGDfK),, and [**Mn]Mn-based trastuzumab, particularly with the BPPA chelator,
shows promise in improving imaging accuracy. ['*F]JFDG and [®*Ga]Ga-NODAGA-
c(RGDfK). tracers effectively assess tumour heterogeneity, with notable correlations observed
between the tracers and tumour growth, particularly in fast-growing TNBC models. This
highlights their potential for monitoring aggressive tumour subtypes.

[*2Mn]Mn-trastuzumab imaging demonstrates excellent tumour contrast and tracer
stability with [*Mn]Mn-DOTAGA-trastuzumab, though improvements in specificity are
required. Factors such as inoculation site, tumour characteristics, and microenvironment
significantly influence tracer uptake. Meanwhile, [**Mn]Mn-BPPA-trastuzumab shows
superior HER2 specificity and tumour contrast, enabling earlier differentiation of HER2-
positive tumours. Despite these advancements, the stability of [©>Mn]Mn-BPPA-trastuzumab
requires further optimization to enhance its clinical utility. Together, these findings
demonstrate the potential of integrating advanced radiotracers to improve breast cancer
imaging and therapeutic planning.

Despite the limitations of current studies, including the small sample sizes and the
absence of dedicated measurements for in vitro immunoreactivity and receptor-binding
properties, the research provides crucial insights into breast cancer heterogeneity. These
findings hold significant value for the continued development of breast cancer molecular

imaging, advancing more precise and effective personalized breast cancer therapies.

4.2. Future Directions

Improvements in HER2-antibody tracer stability and specificity represent an essential
area for future research, helping future studies investigate novel tracers. These include
dosimetry studies which will be crucial for ensuring imaging safety and laying the framework
for future antibody-based radioimmunotherapy. Furthermore, studies on tracers’ potential in

stratifying varying levels of HER2 expression, including HER2-low subtypes, are essential.
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Moreover, exploring their ability to monitor therapeutic responses and predict outcomes for
patients undergoing HER2-targeted therapies would further enhance clinical applications.

Antibody-based tracers are highly specific and valuable tools for evaluating antibody
biodistribution and supporting radioimmunotherapy dosimetry. However, their extended
circulation time and limited tissue penetration present challenges. Alternatively, small
molecules targeting HER2 (such as affibodies), with faster clearance rates, improved tissue
penetration, and high binding affinity, offer a promising alternative despite drawbacks like high
renal uptake.

Therefore, the isotope selection is critical for labelling bioactive molecules. While
antibodies benefit from long half-life isotopes like 8°Zr, and, especially *>Mn (offers the
advantage of manganese(Il)’s paramagnetic properties, making it ideal for MRI studies and the
hybrid imaging); small molecules require shorter half-life isotopes such as ‘8F and ®®Ga. Ideal
isotopes should feature low positron maximum energy and high emission frequency to optimize
imaging resolution while maintaining low-energy gamma emissions to ensure radiation safety.
Furthermore, the development of advanced chelators and prosthetic groups is essential to
improve labelling efficiency and tracer stability without compromising bioactivity.

The transition from preclinical rodent models to human clinical applications presents
notable challenges that must be addressed. There are fundamental differences between in vivo
antibody studies in rodents, particularly SCID mice, and humans. These differences include
faster antibody clearance rates in preclinical mice, which often necessitate increasing antibody
doses to match adequate dosing levels observed in clinical studies 222?51, This accelerated
clearance is partially due to the lack of endogenous immunoglobulin G (IgG) in SCID mice,
leading to faster non-specific clearance of antibodies 22+ 22% 2241 Another factor is the reduced
neonatal Fc receptor (FCRn)-mediated recycling of antibodies due to diminished FcRn
expression in SCID mice caused by the absence of T and B cells 2211, Furthermore, there are
differences in the binding affinity of humanized antibodies, such as trastuzumab, to mouse
versus human FcRn receptors. Trastuzumab binds more strongly to mouse FCcRn, complicating
the recycling pathway and antibody pharmacokinetics 12261, Tumour-bearing mice frequently
experience hypoalbuminemia, which can further impact antibody pharmacokinetics 2271,
Albumin competes with antibodies for FCRn binding, thereby increasing the clearance rate of
antibodies via the FcRn pathway [226 2281 Additionally, human FcRn has a stronger affinity for
both human and mouse serum albumin, particularly at the acidic pH found in lysosomes, further

influencing clearance dynamics [22°],
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Even in human-FcRn transgenic mice, which can project human pharmacokinetics of
monoclonal antibodies effectively %1 rapid antibody clearance compared to humans and
primates remains an issue ??%. Interaction with Fc gamma receptors (FcyR) on myeloid cells
in immunodeficient models, such as SCID and NSG mice, also affects antibody
pharmacokinetics, as these mice exhibit a higher frequency of these cells in the bone marrow
and spleen [222. 224,

Potential pitfalls such as off-target uptake must be addressed, as they contribute to false
positives, increased radiation dose, and reduced tumour contrast. These include the metabolic
hepatic pathways for antibody, physiological low HER2 expression of targets in human organs
such as liver 22 and ovary 8%, However, these uptake may not present in mouse models due
to trastuzumab’s lack of cross-reactivity with murine HER2 190,

These significant discrepancies present considerable challenges in translating preclinical
findings to human applications. Therefore, addressing these differences is crucial for ensuring
accurate pharmacokinetic profiling and optimizing the therapeutic efficacy of antibody-based

radiotracers in breast cancer molecular imaging.
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