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Abstract

Oncology practice is rapidly shifting toward personalize cancer diagnosis and treatment by
utilizing targeted therapies or probes against the specific molecular drivers of tumors in individual
patients. Molecular imaging has been playing a major role in personalized cancer management,
including detection, staging, and treatment response assessment. However, tumor heterogeneity
limits the utility of monospecific radiotracers in prostate cancer diagnosis and therapy. Utilizing
heterodimeric radiotracers to target different proteins overexpressed in tumor has been shown to
be a promising strategy to overcome these limitations and improve lesion detection.

Previous studies evinced that prostate-specific membrane antigen (PSMA) and fibroblast
activation protein (FAP) are overexpressed in prostate cancer, and their expressions are associated
with poor prognosis. Therefore, both PSMA and FAP are promising biomarkers of prostate cancer
and many PSMA- and FAP-targeting radioligands have been developed for imaging and therapy.
Despite many effective PSMA-targeting radiotherapeutic agents being developed, patients with
low to no PSMA expression are not eligible for these PSMA-targeted radioligand therapies and
have very limited treatment options. Since FAP and PSMA are concomitantly expressed in prostate
cancer, the use of bispecific PSMA/FAP-targeting radioligands is expected to increase lesion
detection sensitivity in this patient cohort.

We hypothesize that the bispecific PSMA/FAP-targeting radiotracers will have
comparable or even higher tumor uptake than the monospecific radiotracers. In this thesis, we
synthesized several bispecific PSMA/FAP-targeting radiotracers, evaluated their binding affinity
in vitro using cell-based competitive binding assays, imaging potential and biodistribution in
tumor-bearing mice, and compared their data with the monospecific PSMA- and FAP- targeting

radiotracers. Here, we also describe the work of developing pyridine-based FAP-targeted



pharmacophore which we hypothesized to be more hydrophilic than the quinoline-based
pharmacophore, resulting in higher tumor-to-background contrast ratio of the derived radiotracers.
Lastly, we synthesized two bispecific PSMA/FAP-targeting tracers containing the pyridine-based
FAP-targeted pharmacophore. Overall, this research demonstrates the feasibility of designing
PSMAJ/FAP-targeting radiotracers and how linker selection, length, pharmacophore selection and
modification, and hydrophilicity of the compounds affect the binding affinity, tumor uptake,
tumor-to-background contrast ratio of the bispecific PSMA/FAP-targeting radiotracers. This can

give insights on parameters to consider in designing PSMA/FAP bispecific radiotracers.



Lay Summary

Molecular probes labelled with a radioactive material (radiotracers) can bind to target
proteins that are overexpressed in tumor and help detect tumor lesions in cancer patients.
Heterogeneous expression of different biomarkers in tumor lesions (tumor heterogeneity) limits
the efficiency and reliability of monospecific radiotracers in prostate cancer diagnosis and therapy.
Previous studies have shown the potential of bispecific radiotracers to target different proteins
overexpressed in tumor to overcome these limitations and improve lesion detection. It is evident
that prostate-specific membrane antigen (PSMA) and fibroblast activation protein (FAP) are
concomitantly overexpressed in prostate tumor, and their expressions are associated with poor
prognosis. Therefore, the use of bispecific PSMA/FAP-targeting radiotracer is expected to increase
lesion detection sensitivity. In this thesis, our goal was to synthesize and evaluate novel bispecific
PSMAJ/FAP radiotracers by comparing their binding affinity, tumor uptake, and the imaging

potential with the monospecific PSMA- or FAP-targeting radiotracers.
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Chapter 1 : Introduction

1.1 Molecular Imaging in Nuclear Medicine

Nuclear medicine is a specialized field that utilizes radioactive isotopes and their emitted
radiation to diagnose, stage, and treat various diseases, including cancer’. Molecular imaging is an
emerging multidiscipline which realizes noninvasive and real time visualization of in vivo
physiological or pathological process at cellular or molecular level>2. This entails administering
small amounts of radioactive substances, known as radiopharmaceuticals, into patients through
injection, ingestion or inhalation, and acquiring images using high resolution and high sensitive
instruments. These radiopharmaceuticals can be used either for diagnostic (referred as
radiotracers) by incorporating gamma rays or positron (B*)-emitting radioisotopes, and for targeted
radionuclide therapy or theranostic purposes by incorporating alpha- (a) or beta- () emitting
radioisotopes®. In comparison to the conventional imaging modalities, like X-ray or CT scan, that
provide information on morphological differences, molecular imaging can reveal the physiological
activities or expression status of specific molecules within tissue by utilizing molecular probes.
Molecular imaging has aided physicians in evaluating therapeutic responses, prognosis prediction,
and selecting disease- and patient-specific therapeutic treatment (personalized medicine).
1.2 Molecular Imaging in Nuclear Medicine

Two main imaging modalities currently used for molecular imaging are single photon
emission computed tomography (SPECT) and positron emission tomography (PET) (Table 1.1).
Both of these imaging modalities are usually paired with computed tomography (CT) or magnetic
resonance imaging (MRI) to provide high-resolution anatomical information in image overlays®.

These molecular imaging techniques aid physicians in disease detection, diagnosis and



management, in particular PET, which has become an indispensable tool for drug development
and discovery, cancer treatment, staging, and detection of recurrent diseases due to its high
sensitivity of 101-10"2 mol/L.

Table 1.1 Comparison of PET and SPECT. Adapted from Lu FM, Yuan Z. PET/SPECT
Molecular Imaging in Clinical Neuroscience: Recent Advances in the Investigation of CNS
Diseases. Quant. Imaging Med. Surg. 2015; 5 (3): 433-4477° and Hwang BH, Kim MH, Chang
K. Molecular Imaging of High-Risk Atherosclerotic Plaques: Is It Clinically Translatable?
Korean Circ J. 2011;41(9):497".

PET SPECT
Spatial Resolution? 4-6 mm 8-12 mm
Temporal resolution® Seconds-Minutes Minutes-hours
Sensitivity® 1011-1012 1010-101t
Advantages High sensitivity; no tissue High sensitivity; no tissue
penetrating limit; whole-body | penetrating limit; no need for
imaging; higher resolution cyclotron
Disadvantages High cost of cyclotron needed; radiation risk; hard to
radiation risk quantify
Probe quantity nanogram nanogram
Priced $2.5M for PET/CT $750k for SPECT or $1-1.2M
for SPECT/CT

4Spatial resolution expresses in millimeters, refers to the minimum distance that the imaging
modality can differentiate two independently measured objects; "temporal resolution, refers to the
duration of time needed to acquire enough events to form an image of a dynamic process;
‘sensitivity, refers to the ability to distinguish a molecular probe from the background, the unit is
mole per liter; 9cost is based on purchase price of imaging systems in Canada (in Canadian dollars

($))°.
Compared to SPECT, PET imaging has the advantage of exhibiting a higher sensitivity by

approximately two orders of magnitude. This is due to the need of collimators in SPECT to restrict

the angular range of the photon being detected to provide the positional information, which in turn
2



lowering the geometric efficiency or sensitivity®. Moreover, PET also has better spatial resolution.
On the other hand, SPECT scans are more affordable than PET scans, partly due to cheaper
scanner, ease of radiolabeling, and the nuclides used in SPECT are readily available and have
longer half-life®.

1.2.1 Positron emission Tomography (PET)

Positron emission tomography (PET) is a non-invasive three-dimensional diagnostic
imaging tool to measure the physiological function in the body. It has been extensively used in
clinical oncology since it’s combined with the multislice helical CT (PET/CT) in 2001 enabling
integrated functional and high-resolution morphologic imaging**.

In PET imaging, a radiotracer is administered to the patient, which consists of a positron-
emitting radionuclide, including but not limited to 'C, *N, *°0, 18F, and %8Ga, which emit positrons
upon decay'>*3, Once injected, the radiotracer distributes throughout the body, accumulates in
tissues of interest, and emits positrons. The emitted positron travels a short distance before
colliding with an electron, known as annihilation event, resulting in the production of two photons
or gamma rays with 511 keV energy in opposite directions (Figure 1.1). These gamma rays are
detected by a ring of detectors surrounding the patient, allowing for the precise localization and

quantification of the radiotracer distribution in three-dimensional space!**°.
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Figure 1.1 Schematic representation of the detection of PET radiotracer injected into a patient.
%8Ga is an example radionuclide used to illustrate the positron-electron annihilation event.

PET is the most established modality in oncologic imaging, and used in diagnosis, staging,
and follow-up of various tumors'®. The gold standard of PET radiopharmaceutical is *F-2-fluoro-
2-deoxyglucose ([*8F]FDG). [*®F]JFDG works through the Warburg effect, in which tumor cells
have much higher metabolic and glycolytic rate, causing [*®F]FDG to be accumulated in tumor
cell'®, Despite its promising applications'’~°, the pitfall of [*®F]FDG is that it is not specific for
the tumor cell as its uptake is also observed in the infection and inflammation site®®. Hence, many
different radiopharmaceuticals have been developed for various tumors with improved

specificity?: 23,

1.2.1.1 Gallium-68 (*3Ga) in Medical Imaging

To date, fluorine-18, in particular [*®F]FDG is the most widely used radioisotope for PET
imaging. However, its production is dependent on the availability of a cyclotron facility, which is
more costly and not available in most places, especially developing countries. Therefore,

generator-based radioisotopes are attractive alternatives for PET imaging.



Gallium-68 (%8Ga) was among the first generator-based PET radioisotopes to be used in
nuclear medicine. ®3Ga can be produced from a %Ge/*®Ga generator which has been available since
the early 1960s%*. The long-lived parent isotope, germanium-68 (%Ge) (t12=271 days), allows for
convenient generator distribution, while the short-lived %8Ga (t12=68 min) has decay characteristics
that are appropriate for PET imaging?®. %®Ga decays 87.68% through positron emission with a
maximum energy of 1.9 MeV, mean 0.89 MeV (Figure 1.2). ®Ga emits positrons with a higher
kinetic energy than those of F (maximum energy of 0.63 MeV, mean 0.25 MeV), causing it to

have a lower imaging spatial resolution than 8F26,
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B* 1.2%

EC 1.8%
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1077.35 ke\| e IS
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Figure 1.2 Simplified representation of decay scheme of nuclide chain %8Ge/%®Ga. Reprinted with
permission from Marganiec-Gatazka, J et al.. Activity Determination of *8Ge/*®Ga by Means of
4np(C)-y Coincidence Counting. Appl. Radiat. Isot. 2018, 134, 24024477,

The short-lived ®®Ga is best suited for use in combination with small molecules or peptides
that have short biological half-life and are metabolized and cleared rapidly from the blood pool.
%8Ga is incorporated by complexation of the %8Ga®" ion with specific chelators that are linked to
the targeting ligands. The most extensively adopted chelators are DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid), NOTA (1,4,7-triazacyclononane-1,4,7- triacetic
5



acid), EDTA (ethylenediaminetetraacetic acid), and DTPA (diethylenetriaminepentaacetic acid)?.
Compared to NOTA, Ga-DOTA complex has relatively lower thermodynamic stability and slower
formation Kkinetics, and it requires longer and higher temperature for labeling. However, DOTA is
effective for labeling with many diagnostic radioisotopes (such as %Ga, **2Th, and ''In) and
radiotherapeutic radionuclides (such as *°Tb, *°Y, and ’Lu), enabling a wider theranostic
approach than NOTA, hence it is also referred as the “universal chelator”. Moreover, several bio-
conjugates containing %8Ga-DOTA moiety showed very promising results in vivo and in vitro?®.
Therefore DOTA and its derivatives have become an important class of chelators for clinical

diagnostic imaging.

1.2.2 Single Photon Emission Computed Tomography (SPECT)

Similar to PET, Single Photon Emission Computed Tomography (SPECT) also utilizes
radiopharmaceuticals for detection. However, SPECT only detects radiopharmaceuticals tagged
with single photon (gamma, y) emitting radioisotopes. The most common radioisotopes for SPECT
imaging are %MTc (ti2 =6 hours), *2I (t1> =13.3 hours), and *In (t1. =2.8 days). One advantage
SPECT has over PET scan is that it is able to distinguish different radioisotopes from the different

y-ray energies exhibited, hence enabling dual-isotope imaging simultaneously.®
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Figure 1.3 Schematic representation of the detection of SPECT radiotracer injected into a patient.
9MT¢ is an example radionuclide used to illustrate the detection of grammar rays.

To acquire SPECT image, tracers are usually injected intravenously, then the photons that
emitted from the gamma decay of the tracer are filtered by the collimator or multi-hole aperture,
which allows only photons that are parallel to the detector through (Figure 1.3). These photons are
then captured by the rotating multi-headed gamma camera or detector. The camera takes planar
scan (2D) images every 3 to 6 degrees which then are processed and reconstructed to get 3D image
representation. These images are usually combined with CT scan images for anatomical
information. The disadvantage of using a collimator is that most of the photons are absorbed by

the collimator, which affects the resolution and sensitivity of the final image.*

1.3  Role of Molecular Imaging in Oncology
Nowadays molecular imaging plays a central role in diagnosis and treatment of a range of
diseases, such as neurodegeneration, infection, cardiovascular disease, and cancer®. In oncology,

PET and SPECT are widely used in clinical practice for detecting lesions or lymph nodes in cancer
7



patients and for evaluating the efficacy of anticancer treatments®:%, These imaging modalities
require the injection of tumor-specific imaging probes which consist of positron emitting
radioisotopes for PET imaging or a y-ray emitting radioisotopes for SPECT imaging. These
radioisotopes are chelated or bound to a molecular probe that binds to a specific target
overexpressed in cancer cells or tumor microenvironment. The molecular probe can be in the form
of small molecules, peptides, antibodies, or peptidomimetics?>3435, A linker may be added in
between the radioisotope and molecular probe to optimize the utility of the imaging probes.
Furthermore, molecular imaging plays a critical role in personalized cancer treatment, as it
is able to help assess tumors based on molecular alteration, identify heterogeneity in primary and
distant metastatic lesions, monitor disease progression and identify treatment responses in
patients®®37. Noninvasive and repetitive measurements of biological tumor characteristics have the
potential to predict which patients will benefit from a particular treatment and enable more specific
patient selection®3°. In the clinic, PET tracers, such as [*®F]JFDG, provide high accuracy for
staging of small-cell lung cancer, thyroid cancer, head and neck cancer, melanoma and
lymphomat!. Moreover, molecular imaging also aids in evaluation of therapeutic responses, for
example, radiolabeled antibody targeting human epidermal growth factor receptor 2 (HER2) in
breast cancer, such as ®3Ga-DOTA-F(ab’).-trastuzumab® and *24I-trastuzumab were able to detect
and differentiate HER2-positive and -negative lesions, and this might help in evaluating the
effectiveness of HER2-targeted treatment in each patient. In addition, Gebhart et al.** observed
that 8°Zr-trastuzumab PET/CT combined with FDG-PET was able to predict HER2-positive breast
cancer patients response to treatment with trastuzumab emtansine (T-DM1) with 100% negative
predictive value. Molecular imaging also has a substantial role in the early drug discovery process

by enabling non-invasive study of substrate-target interaction, pharmacokinetics (PK) and



pharmacodynamics (PD) of investigational drugs*?. The examples described above demonstrate
the critical and potential roles of molecular imaging in cancer diagnosis, treatment, and drug
discovery, therefore further exploration can be pursued to expand its application in cancer care.
1.4 Tumor Heterogeneity and Bispecific-targeting Radiotracers

Many PET radiotracers for oncologic imaging have been developed, and several have been
approved by the US FDA, such as [%®Ga]Ga-PSMA-11 for prostate cancer imaging and
[‘8F]fluoroestradiol for estrogen receptor-positive breast cancer imaging**#°. Although the
monospecific radiotracers have shown promising results in the clinic, most tumor and metastatic
lesions, such as in prostate cancer, have heterogeneous expression level of cancer-associated
proteins intra- and inter-patients*®#7. In Figure 1.4, two metastatic castration-resistant prostate
cancer (MCRPC) patients were imaged with three different radiotracers: PSMA-targeted tracer,
FDG, and FAP-targeted tracer®’. The patient on Figure 1.4.a has many FAP-positive metastatic
lesions and very few PSMA-positive lesions shown by high uptake of [*®F]FDG (B) and [*®Ga]Ga-
FAPI-04 (C) and low uptake of [%Ga]Ga-PSMA (A). Whereas The patient on Figure 1.4.b has
more PSMA-positive lesions compared to FAP-positive lesions shown by high uptake of
[*®Ga]Ga-PSMA (A) and very minimal uptake of the other two tracers. Patients with PSMA-
negative lesions are not eligible to receive PSMA-targeted radioligand therapy and have very
limited treatment options. Moreover, heterogeneous expression of FAP and PSMA in each patient
can cause some lesions not being detected when injected with only one monospecific radiotracer,

which can lead to misdiagnosis in the clinic.



Figure 1.4 PET/CT imaging of metastatic castration-resistant prostate cancer (NMCRPC) patients
injected with (A) [®®Ga]Ga-PSMA, (B) [*®F]FDG and (C)[®®Ga]Ga-FAPI-04. (a) A 69-year-old
man with mCRPC and has FAPI-positive/PSMA-negative metastatic bone lesions. (b) A 74-year-
old man with mCRPC and has FAPI-negative/PSMA-positive metastatic bone lesions. Reprinted
with permission from Isik, E. G.; Has-Simsek, D.; Sanli, O.; Sanli, Y.; Kuyumcu, S. Fibroblast
Activation Protein-Targeted PET Imaging of Metastatic Castration-Resistant Prostate Cancer
Compared With %8Ga-PSMA and ‘8F-FDG PET/CT. Clin. Nucl. Med. 2022, 47 (1), e54%.

One way to overcome this problem is by utilizing heterodimeric/bispecific radioligands
that can bind to more than one target. Previous studies showed the potential of using bispecific
radioligands to improve detection sensitivity and tumor uptake. For example, a bispecific

radiotracer targeting prostate-specific membrane antigen (PSMA) and gastrin-releasing peptide
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receptor (GRPR) was developed to improve tumor targeting and increase the detection sensitivity
of prostate cancer imaging*®. Moreover, Li group designed and evaluated gastrin-releasing peptide
receptor (GRPR) and integrin a.Bs bispecific radiotracers for imaging prostate cancer®®. Their
results showed that the GRPR/integrin ovBs bispecific tracer ([*®F]FB-BBN-RGD) achieved higher
tumor uptake and tumor-to-background contrast ratios than both of its corresponding monospecific
tracers ([*®F]FB-BBN for GRPR and [*8F]FB-RGD for integrin a.ps).

Compared to the administration of a cocktail of two radiotracers with different targets, a
single heterodimeric agent would likely have a more uniform dosimetry and pharmacokinetics,
making it more feasible for clinical translation. In addition, it should be noted that the same
diagnostic information obtained from the use of a bispecific tracer could be obtained by two
separate scans using its corresponding monospecific tracers. However, the use of a bispecific tracer
would save the time and overall cost by reducing two procedures (hospital visit, tracer preparation,
tracer injection, PET scan, scan reading, and report writing) to one, and reduce patients’ absorbed
radiation dose from PET scanning. It should also be noted that compared to its corresponding
monospecific tracers, a bispecific tracer would have a larger molecular size, and combining two
different targeting vectors into a single molecule could potentially negatively impact both its
pharmacokinetic properties and receptor binding affinities. However, with thorough investigations
on the selection of targeting vectors, linkers, and potentially pharmacokinetic modifiers, it may be
possible to identify an optimized bispecific tracer with higher tumor uptake and even higher tumor-

to-background contrast ratios than both of its corresponding monospecific tracers.
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1.5  Target of Interest
1.5.1 Prostate Cancer

Prostate cancer (PCa) is the second most common cancer and the fifth leading cause of
cancer death in men worldwide, with and estimation of 1,410,000 new cancer cases and 375,304
deaths in 2020.>° Based on the recent cancer statistic by Siegel, R.L. et al®!, the 5-year relative
survival rates of localized and regional prostate cancer is >99%, however it decreases significantly
to 32% for metastatic prostate cancer patients. Therefore, early and accurate detection is important
to further improve the survival rates of PCa patients.

The current gold standard for early detection of prostate cancer is a digital rectal
examination (DRE) and prostate specific antigen (PSA) measurement. DRE is a physical palpation
of prostate to assess gland enlargement and texture. It has been shown to have high negative
predictive value, however it has moderate sensitivity and low positive predictive value®.
Therefore, it is commonly complemented with other tests, such as blood-serum test and ultrasound.
If a DRE result is suspicious and complemented with elevated PSA level (from 3 to 10 ng/mL),
transrectal ultrasound scan (TRUS)-guided biopsies are implemented for systematic sampling of
10-12 cores for histopathological diagnosis. However, TRUS biopsies tend to miss the anteriorly
located tumours®. Therefore, multiparametric magnetic resonance imaging (mpMRI)-guided
biopsies are preferred and recommended world-wide due to its better sensitivity and ability to
visualize anterior tumors, increasing the detection rate and accuracy. Nevertheless, these biopsies
are subjected to risk of infectious complications, hematospermia, haematuria lasting >1 d, and
rectal bleeding®; therefore, non-invasive prostate cancer diagnosis, such nuclear imaging, has

become an attractive alternative.
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In recent years, PET tracers are being increasingly recognized as a powerful tool for
diagnosis, staging, and disease management of PCa, and it is shown that utilizing PET tracers,
such as ®8Ga-PSMA, has significantly impacted clinical decision-making, especially for the high-
risk PCa cohort®. Zhou et al.*>® observed that the diagnostic performance of ®®Ga-PSMA PET/CT
was superior to mpMRI in the high-risk PCa cohort. In addition, %8Ga-PSMA PET also has better
sensitivity and specificity in detecting skeletal metastases compared to other methods (i.e. bone
scintigraphy and MRI)*"8. Hence, more molecular targets in PCa are being analyzed and more
radiotracers are being developed to further improve PCa diagnosis. One of the most common

targets for prostate cancer diagnosis and therapy is prostate-specific membrane antigen (PSMA).

1.5.2 Prostate-specific Membrane Antigen (PSMA)

Prostate-specific membrane antigen (PSMA) is a 750-residue type Il transmembrane
glycoprotein, also known as glutamate carboxypeptidase Il (GCPII), N-acetyl-aspartyl-glutamate
(NAAG) peptidase or folate hydrolase 1, which has enzymatic functions to cleave terminal
glutamate>®5L, It is found to be expressed at low levels in normal prostate tissue, kidney, and colon
tissues, and is highly overexpressed in prostate tumors and the neovasculature of other cancers,
such as renal, colon and breast carcinomas®?-%4. By using the PSMA-targeted antibody 7E11-C5,
Wright Jr, G. L. et al.®® found that PSMA expression in prostate cancer is positively correlated
with tumor grade. Ross et al. also reported that PSMA overexpression in the primary tumor
independently predicts prostate cancer recurrence and prognosis®. Therefore, PSMA has become
an attractive tumor marker for a targeted prostate cancer diagnosis and therapy.

Apart from being a tumor marker, PSMA also has been shown to have a functional role in

normal tissue and disease progression. One of its major roles is in processing and uptake of folate
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as it removes the y-linked glutamates from folate, providing deglutamated folate for absorption
and nutrition; hence, the official gene name of PSMA is folate hydrolase 1 (FOLH1). This function
might be responsible for the increased invasiveness and poorer prognosis of PSMA-expressing
prostate cancers, as this increases cell folate uptake, an important component in nucleic acid
synthesis®’. It was observed that the release of glutamate from glutamated folate (vitamin B9) by
PSMA enzymatic activity activates the PI3K-Akt signaling and promotes cancer proliferation®®.
Moreover, Gordon et al. demonstrated that PSMA may support angiogenesis by increasing folate
levels which induce endothelial nitric oxide synthase (eNOS) regeneration®®.

PSMA imaging was initially based on an anti-PSMA antibody, ***Indium (In) capromab
pendetide (ProstaScint™) which was approved by the US FDA in 1996°. However, as it binds to
the intracellular component of PSMA™, it has limited ability to localize living cancer cells, which
led to a poor specificity and high intra-reader variability in the clinic’?. In the last few years, there
are many PSMA-targeted radiopharmaceuticals that have been developed, four of them has been
approved by the US FDA: [*®F]DCFPyL*®, [®®Ga]Ga-PSMA-11*® and [*®F]rhPSMA-7.3737* for
prostate cancer imaging and [}"’Lu]Lu-PSMA-617 for metastatic castration-resistant prostate
cancer (MCRPC) radioligand therapy®:.

Most current PSMA-targeted radioligands are in the form of small molecule
peptidomimetics, as they offer more advantages over large-molecule monoclonal antibodies,
including increased permeability to solid tumors, more rapid tissue distribution and clearance. The
glutamate-urea-lysine (Glu-urea-Lys)-based PSMA targeted ligands, such as in PSMA-11 and
PSMA-617 have been shown to have high affinity to PSMA’™7®. Moreover, the 2-naphthyl-L-
alanine and tranexamic acid linker moieties in PSMA-617 were shown to improve the

pharmacokinetic profile, high internalization ratio and high-contrast PET image’’. Hence, many
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emerging PSMA-targeted ligands are an analogue or derived from the Glu-urea-Lys
pharmacophore, such as [*"’Lu]Lu-PSMA-1&T"® and [*®F]PSMA-1007".

Despite the potential benefit and positive clinical results of these PSMA-targeted
theranostic approach®8%8! there are patients with low to no expression of PSMA who are unable
to benefit from these treatments*’82 Moreover, it was observed that PSMA-negative lesions, such
as neuroendocrine prostate cancer (NEPC), are prone to being more aggressive and metabolically
active, shown by high [*®F]FDG uptake, which led to worse prognosis®. Therefore, new strategies
should be considered to improve lesion detection for this patient cohort, such as utilizing bispecific

tracers that can target PSMA and other proteins overexpressed in prostate cancer.

1.5.3 Fibroblast Activation Protein (FAP)

Fibroblast activation protein (FAP) is a 97-kD type Il transmembrane serine protease and
a member of the prolyl peptidase family. Among this family, FAP is mostly similar to dipeptidyl
peptidase 4 (DPPIV), as it shares 68% sequence identity in the putative catalytic region® and
contains a catalytic triad of serine, aspartic acid, and histidine.®® Both proteins have a
dipeptidylpeptidase activity, in which the serine acts as a nucleophile to hydrolyze the post-proline
bonds from the N-terminus of substrates®®887, Moreover, differing from the DPPIV, FAP has an
endopeptidase activity, favoring cleavage after Gly-Pro-X, and is most effective where X is Phe
or Met and least effective when X is His or GIu®®°, This endopeptidase activity has been used as
the basis for FAP-specific detection methods and FAP-specific inhibitory molecules.

Not only sharing some common substrate to DPPIV, such as neuropeptide Y (NPY) in the
brain, peptide YY (PYY) produced by the gastrointestinal tract, substance P (neurotransmitter)

and B-type natriuretic peptide 32%, FAP also has distinct natural substrate, including denatured
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type 1 collagen®®, ap-antiplasmin®®3, and fibroblast growth factor 21%. FAP was observed to
digest the denatured human collagen | and plays a role in collagen turnover by accelerating the
intermediate-sized collagen fragment degradation and clearance from mice lungs®®, hence its
endopeptidase activity also known as collagenase o gelatinase activity.

In contrast to DPPIV, FAP is almost absent in the normal cells®® and are mostly expressed
in sites of tissue remodeling and activated stroma, such as during wound healing®’. Moreover,
studies found that FAP is overexpressed in cancer-associated fibroblast (CAFs) in more than 90%
of epithelial cancers, such as breast, colorectal, pancreatic, and prostate cancer®®1°1, CAFs occupy
the tumor microenvironment®>1% and its overexpression has been associated with tumor
growth'%, angiogenesis'®®, and metastasis'%, leading to poor prognosis. Moreover, Henry et al.*%’
observed colon cancer patients with a high level of stromal FAP expression in their tumor are more
likely to have an aggressive disease progression and higher potential to develop metastasis.
Futhermore a study by Kesch et al.* showed that there is a significant rise in FAP expression
throughout the progression of prostate cancer, in which men with advanced CRPC have the highest
number of FAP-positive lesions. Therefore, FAP has become a promising target for targeted cancer
diagnosis and therapy.

Many FAP inhibitors have been developed as potential anticancer agents, in the form of
small molecule, antibody%-11°  For small molecule-based FAP inhibitors (FAPI), there are two
major groups based on the binding motif, which are 2-cyanopyrrolidine derivatives and 2-
pyrrolidinylboronic acid derivatives (boroPro). For the first group, Jansen et al synthesized and
compared several (4-quinolinoyl)glycyl-2-cyanopyrrolidine derivatives as FAP inhibitorstt112,
They observed that difluoro substitution at the 4-position of 2-cyanopyrrolidine ring improved

FAP binding affinity, and substituting glycine with other amino acids decreased binding affinity.
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Hence, they identified (4-quinolinoyl)glycyl-(4,4-difluoro-2-cyanopyrrolidine) as the optimized
pharmacophore for FAP-targeting. Several boroPro derivatives were discovered and compared by
Poplawski et al.1*3, They found that (pyridine-4-carbonyl)-Gly-boroPro had the highest binding
affinity (1Cso(FAP) = 0.47 nM), and replacing the pyridine-4-carbonyl moiety with a pyridine-3-
carbonyl moiety led to derivatives with reduced FAP binding affinity. Therefore, most of the
current FAP-targeted radiopharmaceuticals are the derivatives of these two pharmacophores.

For imaging purposes, [®®Ga]Ga-FAPI-04, with a (4-quinolinoyl)glycyl-(4,4-difluoro-2-
cyanopyrrolidine) binding motif attached to a DOTA chelator is the most widely used FAP-
targeted tracer and has been shown to have good uptake in several malignancies'*. Compared to
the widely used [*®F]FDG, [*®Ga]Ga-FAPI-04 has been shown to have a comparable or even better
biodistribution, tumor-to-background contrast, and faster kinetics!*>. Despite the promising
utilities of [®3Ga]Ga-FAPI-04, it has a relatively short tumor retention, making it unsuitable for
theranostic purposes. Therefore, many other FAP-targeted radioligands are being developed to
improve the tumor retention and uptake, such as [*"’Lu]Lu-FAP-2286¢, [%8Ga]Ga-FAPI-46",

and [*""Lu]Lu-DOTA.SA.FAP{!,

1.6 Thesis Theme

Radiopharmaceuticals are radioactive compounds that have been widely used in the clinic
for cancer diagnosis and therapy. Many clinical trials have shown the benefit and utility of these
compounds to improve cancer patients’ outcomes. Most of the clinically available tracers are
monospecific, meaning they only bind to one target molecule, which are usually overexpressed in
patients’ tumors. However, studies have found that different tumors lesions in a patient can have

different expression levels of cancer-related proteins. This phenomenon is known as tumor
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heterogeneity and can limit the efficiency and reliability of the current monospecific tracers,
because it might lead to some tumor lesions diagnosed as false-negative, and lead to potential
relapse post radioligand therapy (RLT).

Studies have shown that prostate-specific membrane antigen (PSMA) and fibroblast
activation protein (FAP) are concomitantly overexpressed in prostate cancer. Hence, this thesis
aims to describe the development and evaluation of novel bispecific PSMA/FAP-targeting
radiotracers. This is a proof-of-concept study to demonstrate the potential of the bispecific
radiotracers in overcoming the limitation of monospecific tracers due to the heterogeneous

biomarker expression in patient’s tumor.

1.7 Hypothesis and Aims

Hypothesis: The bispecific PSMA/FAP-targeting radiotracers can bind to both PSMA and
FAP, and have comparable or even higher binding affinity and tumor uptake than the respective
monospecific radiotracers.

Aim 1: Design, synthesis, and evaluation of novel bispecific PSMA/FAP-targeting
radiotracers for prostate cancer imaging including their binding affinity to PSMA and FAP, and
imaging and biodistribution studies in tumor-bearing mice.

Aim 2: Comparison of the bispecific PSMA/FAP-targeting radiotracers with the respective
monospecific radiotracers including their binding affinity to PSMA and FAP, and imaging and

biodistribution studies in tumor-bearing mice.
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Chapter 2 : Synthesis and Preclinical Evaluation of Three Novel ®Ga-Labeled

Bispecific PSMA/FAP-Targeting Tracers for Prostate Cancer Imaging

The following chapter is an adaption of the following published paper: Verena, A.; Zhang,
Z.; Kuo, H.-T.; Merkens, H.; Zeisler, J.; Wilson, R.; Bendre, S.; Wong, A A.\W.L.; Bénard, F.; Lin,
K.-S. Synthesis and Preclinical Evaluation of Three Novel %Ga-Labeled Bispecific PSMA/FAP-
Targeting Tracers for Prostate Cancer Imaging. Molecules 2023, 28, 1088.
https://doi.org/10.3390/molecules28031088
2.1  Introduction

Previous studies have shown the potential of using bispecific radioligands targeting PSMA
and other overexpressed proteins, such as gastrin-releasing peptide receptor (GRPR), to improve
tumor targeting and increase the detection sensitivity of prostate cancer imaging*®*'°. Here, our
goal is to develop PSMA/FAP bispecific radioligands with comparable or even higher tumor
uptake compared to the PSMA- and FAP-targeting monospecific tracers. Previously, Boinapally
et al.*? reported two ®*Cu-labeled PSMA/FAP bispecific tracers, [%*Cu]Cu-FP-L1 and [**Cu]Cu-
FP-L2 (Figure 2.1A), which showed high and specific uptake in both FAP- and PSMA-expressing
tumor models. However, no head-to-head comparison of their bispecific tracers with the FAP- or
PSMA-targeting monospecific tracer was reported. Hu et al. *?!reported the development of two
18F-labeled PSMA/FAP bispecific tracers, [*®F]JAIF-PSMA-FAPI-01 and [*®F]AIF-PSMA-FAPI-
02 (Figure 2.1B), and both showed higher uptake in PSMA- and FAP-expressing tumor models
when compared with the PSMA- and FAP-targeting monospecific tracers, respectively. Although
promising results were obtained from these two reports, their use of NOTA as the radioisotope
chelator excludes the labeling of these reported PSMA/FAP bispecific ligands with the commonly
used radiotherapeutic metals such as *’’Lu and *°Y.
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Figure 2.1 Chemical structures of (A) Cu-FP-L1 and Cu-FP-L2, and (B) AIF-PSMA-FAPI-01 and
AIF-PSMA-FAPI-02. The PSMA- and FAP-targeting pharmacophores are shown in brown and
blue, respectively.

To expand the potential usage of bispecific PSMA/FAP-targeting ligands for
radiotherapeutic applications, we chose DOTA as our chelator, which has theranostic capabilities
to label both diagnostic isotopes, such as %8Ga, and therapeutic isotopes, such as *’’Lu. This will

enable us to use the same ligands for diagnostic applications and ensure the pharmacokinetics of
20



diagnostic and radiotherapeutic agents are comparable as they are derived from the same
PSMAJ/FAP-targeting ligands.

Here we report the design, synthesis, and evaluation of three 8Ga-labeled DOTA
conjugated bispecific PSMA/FAP tracers (Figure 2.2). The PSMA binding motif of AV01017,
AV01030, and AV01038 was based on our previously reported [*3Ga]Ga-HTK03041'%2, and their
FAP-targeting motif was derived from [*8Ga]Ga-FAPI-04. The difference between these three
tracers is the length of their linker between the quinoline and the triazole with ring null, -O-CH-,
and -O-(CHy)s- for %8Ga-labeled AV01030, AV01038, and AV01017, respectively. The potential
of the tracers for prostate cancer imaging was evaluated by an in vitro competition binding assay,
PET imaging, and ex vivo biodistribution studies in preclinical PSMA-expressing LNCaP and

FAP-expressing HEK293T:hFAP tumor models
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Figure 2.2 Chemical structures of (A) PSMA-targeting [*®Ga]Ga-HTKO03041 and FAP-targeting
[®Ga]Ga-FAPI-04; and (B) bispecific PSMA/FAP-targeting ®Ga-labeled AV01017, AV01030,
and AV01038. The PSMA- and FAP-targeting pharmacophores are shown in brown and blue,
respectively
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2.2 Materials and Methods
2.2.1 General Method

Methyl-6-bromoquinoline-4-carboxylate, (S)-1-(2-aminoacetyl)-4,4-difluoropyrrolidine-
2-carbonitrile-4-methylbenzenesulfonate, FAPI-04, HTK03041, Ga-HTK03041 and [%®Ga]Ga-
HTKO03041 were synthesized following literature procedures??111123.124  A| other chemicals and
solvents were obtained from commercial sources and used without further purification. DOTA-
conjugated PSMAJ/FAP bispecific ligands were synthesized via SPPH with an AAPPTec
(Louisville, KY) Endeavor 90 peptide synthesizer. Purification and quality control of DOTA-
conjugated ligands and their "*Ga/®3Ga-complexed analogs were performed on Agilent (Santa
Clara, CA) HPLC systems equipped with a model 1200 quaternary pump, a model 1200 UV
absorbance detector (220 nm), and a Bioscan (Washington, DC) Nal scintillation detector. The
HPLC columns used were a semi-preparative column (Luna C18, 5 pm, 250 x 10 mm) and an
analytical column (Luna C18, 5 um, 250 x 4.6 mm) purchased from Phenomenex (Torrance, CA).
The collected HPLC eluates containing the desired peptides were lyophilized using a Labconco
(Kansas City, MO) FreeZone 4.5 Plus freeze-drier. MS analyses were conducted using the Waters
(Milford, MA) Acquity QDa mass spectrometer with the equipped 2489 UV/Vis detector and
e2695 Separations module. C18 Sep-Pak cartridges (1 cm®, 50 mg) were purchased from Waters
(Milford, MA). %Ga was eluted from an ITM Medical Isotopes GmbH (Munich, Germany)
generator, and purified according to the previously published procedures using a DGA resin
column from Eichrom Technologies LLC (Lisle, IL)%. The radioactivity of ®®Ga-labeled tracers
was measured using a Capintec (Ramsey, NJ) CRC®-25R/W dose calibrator and the radioactivity
of mouse tissues collected from biodistribution studies were counted using a Perkin Elmer

(Waltham, MA) Wizard2 2480 automatic gamma counter.
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2.2.2 FAP-targeted Ligands Syntheses
2.2.2.1 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-(pent-4-yn-
1-yloxy)quinoline-4-carboxamide (5)

Compound 5 was synthesized following the steps depicted in Scheme 2.1.

1. HBr, H,0 DIAD N
_2.80Cl, MeOH PPh3 \ P NaOH
—_—
z o o meoH & ©
e

2 0~ O 3

N N
‘ A HZN/W N
P o CN | X £
F
DCC,TFP TEA _
I oo WO
DMF CH,Cl,, CH5CN N
F F o Nﬁ(
5 H o) CN
F

4

.
o

F

Scheme 2.1 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-(pent-4-
yn-1-yloxy)quinoline-4-carboxamide (5)

2.2.2.1.1 Synthesis of methyl 6-hydroxyquinoline-4-carboxylate (1)

A solution of quininic acid (5.0 g, 24.6 mmol) in mixture of hydrogen bromide (48%, 100
mL) and ethanol (25 mL) was stirred for 72 h at 115 °C. The solution was evaporated under
reduced pressure and dissolved in methanol (80 mL). The solution was added thionyl chloride (5
mL) and stirred at 60 °C. After stirred for 22 h, the solution was evaporated, dissolved in saturated
sodium bicarbonate (80 mL), and extracted with water (100 mL x 3). The organic phases were
combined, dried over anhydrous MgSOsa, filtered, and evaporated under reduced pressure to yield
compound 1 as a yellow solid (2.32 g, 47% yield). MS (ESI) calculated for C16H15sNO3 203.10,

found [M+H]* 204.04. *H NMR (300 MHz, DMSO) 5 10.40 (s, 1H), 8.79 (d, J = 4.4 Hz, 1H), 7.98
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(d, J = 6.4 Hz, 1H), 7.96 (s, 1H), 7.86 (d, J = 4.4 Hz, 1H), 7.39 (dd, J = 9.1, 2.7 Hz, 1H), 3.95 (s,

3H).

2.2.2.1.2 Synthesis of methyl 6-(pent-4-yn-1-yloxy)quinoline-4-carboxylate (2)

To a solution of methyl 6-hydroxyquinoline-4-carboxylate 1 (1.73 g, 8.5 mmol), 4-pentyn-
1-ol (7.57 g, 9 mmol) and triphenylphosphine (2.36 g, 9 mmol) in THF (50 mL) cooled in an
ice/water bath was added diisopropyl azodicarboxylate (DIAD) (1.82 g, 9 mmol) dropwise. After
stirring for 20 h, the resulting solution was evaporated, dissolved in DCM and purified using silica
gel flash column chromatography eluted with 3:7 (v/v) ethyl acetate/hexanes. The collected
product eluate fractions were combined, evaporated and dried under reduced pressure to yield 2 as
a white powder (2.28 g, 100% yield). MS (ESI) calculated for C16H15sNO3 269.11, found [M+H]*
270.09. *H NMR (300 MHz, DMSO) & 8.89 (d, J = 4.5 Hz, 2H), 8.12 —8.00 (m, 2H), 7.95 (d, J =
4.5 Hz, 1H), 7.53 (dd, J = 9.2, 2.8 Hz, 1H), 4.20 (t, J = 6.2 Hz, 2H), 3.98 (s, 3H), 2.40 (td, J= 7.1,

2.7 Hz, 2H), 1.99 (p, J = 6.6 Hz, 2H).

2.2.2.1.3 Synthesis of 6-(pent-4-yn-1-yloxy)quinoline-4-carboxylic acid (3)

A solution of compound 2 (2.28 g, 8.5 mmol) and sodium hydroxide (2.4 g, 61 mmol) ina
mixture of methanol (25 mL) and water (20 mL) was stirred for 16 h. The solution was evaporated
under reduced pressure and the residue was dissolved in water (80 mL). The aqueous solution was
acidified with concentrated HCI to pH 3. The resulting white precipitates were collected by
filtration and dried under reduced pressure to yield compound 3 as a white powder (1.61 g, 74%
yield). MS (ESI) calculated for C15sH13NO3 255.09, found [M+H]* 256.10. *H NMR (300 MHz,

DMSO) & 8.87 (d, J = 4.4 Hz, 1H), 8.17 (d, J = 2.8 Hz, 1H), 8.03 (d, J = 9.2 Hz, 1H), 7.93 (d, J =
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4.4 Hz, 1H), 7.50 (dd, J = 9.2, 2.8 Hz, 1H), 4.18 (t, = 6.2 Hz, 2H), 2.82 (t, J = 2.6 Hz, 1H), 2.40

(td, J = 7.1, 2.7 Hz, 2H), 1.99 (p, J = 6.6 Hz, 2H).

22214 Synthesis of 2,3,5,6-tetrafluorophenyl  6-(pent-4-yn-1-yloxy)quinoline-4-
carboxylate (4)

To asolution of compound 3 (1.56 g, 6.1 mmol) and 2,3,5,6-tetrafluorophenol (1.22 g, 7.3
mmol) in DMF (25 mL) cooled in an ice/water bath was added N,N'-dicyclohexylcarbodiimide
(DCC, 1.26 g, 6.1 mmol) in DMF (25 mL) dropwise. After stirring for 72 h at room temperature,
the resulting solution was filtered through celite and the organic solvent was evaporated under
reduced pressure. The residue was purified by silica gel flash column chromatography eluted with
1:3 (v/v) ethyl acetate/hexanes. The collected product eluate fractions were combined, evaporated
and dried under reduced pressure to yield 4 as a light yellow solid (1.77 g, 72% vyield). MS (ESI)
calculated for Cz1H13F4NOs 403.08, found [M+H]" 404.16. *H NMR (300 MHz, DMSO) § 8.86
(d, J = 4.4 Hz, 1H), 8.17 (d, J = 2.8 Hz, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.92 (d, J = 4.4 Hz, 1H),
7.50 (dd, J = 9.2, 2.8 Hz, 1H), 7.19 (tt, J = 10.9, 7.2 Hz, 1H), 4.18 (t, J = 6.2 Hz, 2H), 2.82 (t, J =

2.6 Hz, 1H), 2.40 (td, J = 7.1, 2.7 Hz, 2H), 1.99 (p, J = 6.6 Hz, 2H).

2.2.2.1.5 Synthesis of  (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-
(pent-4-yn-1-yloxy)quinoline-4-carboxamide (5)

A solution of compound 4 (403 mg, 1 mmol), (S)-1-(2-aminoacetyl)-4,4-
difluoropyrrolidine-2-carbonitrile 4-methylbenzenesulfonate (1 mmol) and triethylamine (202 g,
2 mmol) in mixture of CH2Cl. (8 mL) and CH3CN (8 mL) was stirred at 50 °C for 23 h. The

resulting solution was evaporated under reduced procedure and the residue was purified through
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silica gel flash column chromatography eluted with 1:5 (v/v) methanol/ethyl acetate. The collected
product eluate fractions were combined, evaporated and dried under reduced pressure to yield 5 as
a light yellow solid (415 mg, 97% yield). MS (ESI) calculated for C22H20F2N4O3 426.15, found
[M+H]* 427.22. "H NMR (300 MHz, DMSO) & 9.10 (t, J = 6.0 Hz, 1H), 8.81 (d, J = 4.3 Hz, 1H),
7.99 (d, J = 9.2 Hz, 1H), 7.51 (d, J = 4.3 Hz, 1H), 7.47 (dd, J = 9.2, 2.7 Hz, 1H), 5.14 (dd, J = 9.1,
3.0 Hz, 1H), 4.50 — 4.02 (m, 6H), 2.80 (t, J = 2.6 Hz, 1H), 2.38 (td, J = 7.1, 2.7 Hz, 2H), 1.98 (m,

J=6.7 Hz, 2H).

2.2.2.2 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-
ethynylquinoline-4-carboxamide (9)
Compound 9 was synthesized following the steps depicted in Scheme 2.2.
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Scheme Error! No text of specified style in document.2 Synthesis of (S)-N-(2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)-6-ethynylquinoline-4-carboxamide (9)
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2.2.2.2.1 Synthesis of methyl 6-(2-(trimethylsilyl)ethynyl)quinoline-4-carboxylate (6)
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A solution of methyl 6-bromoquinoline-4-carboxylate (1.33 g, 5 mmol),
tetrakis(triphenylphosphine)palladium(0) (175 mg, 0.25 mmol), copper (1) iodide (95 mg, 0.5
mmol) and ethynyltrimethylsilane (982 mg, 10 mmol) in TEA (12 mL) was stirred at 90 °C for 18
h. The solution was diluted with water (100 mL) and then filtered through celite. The filtered
aqueous solution was extracted with ethyl acetate (100 mL x 3). The organic phases were
combined, dried over anhydrous MgSOs, filtered, and evaporated under reduced pressure. The
residue was purified with silica gel flash column chromatography eluted with 1:1 (v/v) diethyl
ether/hexanes. The product eluate fractions were combined and evaporated under reduced pressure
to yield 6 as a yellow oil (880 mg, 62% yield). MS (ESI) calculated for C16H17NO-Si 283.10, found
[M+H]* 284.08. H NMR (300 MHz, DMSO)  9.09 (d, J = 4.4 Hz, 1H), 8.74 (d, J = 1.8 Hz, 1H),

8.11 (d, J = 8.7 Hz, 1H), 8.00 (d, J = 4.4 Hz, 1H), 7.84 (dd, J = 8.7, 1.9 Hz, 1H), 3.99 (s, 3H).

2.2.2.2.2 Synthesis of 6-ethynylquinoline-4-carboxylic acid (7)

A solution of compound 6 (880 mg, 3.1 mmol) and lithium hydroxide (30 mmol) in a
mixture of water (25 mL) and methanol (25 mL) was stirred at 60 °C for 3 h. After evaporation,
the residue was dissolved in water (40 mL), and washed with diethyl ether (80 ml). The aqueous
phase was then acidified using concentrated HCI to pH 3. The resulting precipitates were collected
and dried under reduced pressure to yield 7 as a yellow powder (509 mg, 83% yield). MS (ESI)
calculated for C1,H7NO3 197.05, found [M+H]* 198.11. *H NMR (300 MHz, DMSO) § 9.15 (d, J
= 4.3 Hz, 1H), 8.98 (d, J = 1.8 Hz, 1H), 8.20 (d, J = 8.7 Hz, 1H), 8.07 (d, J = 4.4 Hz, 1H), 7.93

(dd, J = 8.7, 1.6 Hz, 1H), 4.51 (s, 1H).

2.2.2.2.3 Synthesis of 2,3,5,6-tetrafluorophenyl 6-ethynylquinoline-4-carboxylate (8)
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To a solution of compound 7 (495 mg, 2.51 mmol) and 2,3,5,6-tetrafluorophenol (540 mg,
3.2 mmol) in DMF (20 mL) cooled in an ice/water bath was added dropwise a solution of DCC
(660 mg, 3.2 mmol) in DMF (10 mL). The resulting solution was stirred for 21 h at room
temperature, filtered, and the filtrate was evaporated under reduced pressure. The residue was
purified using silica gel flash column chromatography eluted with 2:3 (v/v) diethyl ether/hexanes.
The product eluate fractions were combined, evaporated and dried under reduced pressure to yield
8 as a light yellow solid (615 mg, 70.9% yield). MS (ESI) calculated for C1gH7FsNO3 345.04,
found [M+H]* 346.06. "H NMR (300 MHz, DMSO) & 9.07 (d, J = 4.4 Hz, 1H), 8.89 (d, J = 1.8
Hz, 1H), 8.11 (d, J = 8.7 Hz, 1H), 8.00 (d, J = 4.4 Hz, 1H), 7.85 (dd, J = 8.7, 1.9 Hz, 1H), 7.30 —

7.11 (m, 1H), 4.42 (s, 1H).

2.2.2.2.4 Synthesis of  (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-
ethynylquinoline-4-carboxamide (9)

A solution of compound 8 (605 mg, 1.75 mmol), (S)-1-(2-aminoacetyl)-4,4-
difluoropyrrolidine-2-carbonitrile 4-methylbenzenesulfonate (2.1 g, 2.1 mmol) and TEA (606 g, 6
mmol) in a mixture of CH>Cl> (15 mL) and CH3CN (15 mL) was stirred at 50 °C for 19 h. The
solution was then evaporated and purified through silica gel flash column chromatography eluted
with 1:9 (v/v) methanol/ethyl acetate. The product eluate fractions were combined, evaporated and
dried under reduced pressure to yield 9 as a white solid (644 mg, 100% yield). MS (ESI) calculated
for C1oH14F2N4O2 368.11, found [M+H]* 369.16. 'H NMR (300 MHz, DMSO) 6 9.20 (t, J = 5.9
Hz, 1H), 9.03 (d, J = 4.3 Hz, 1H), 8.46 (d, J = 1.8 Hz, 1H), 8.09 (d, J = 8.7 Hz, 1H), 7.84 (dd, J =
8.7, 1.9 Hz, 1H), 7.63 (d, J = 4.3 Hz, 1H), 5.19 (dd, J = 9.1, 2.8 Hz, 1H), 4.35 — 4.05 (m, 2H), 3.05

~2.78 (m, 2H).
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2.2.2.3 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-(prop-2-yn-
1-yloxy)quinoline-4-carboxamide (13)

Compound 13 was synthesized following the steps depicted in Scheme 2.3.

OH
N /// N
s DIAD B AN
PPh
Pz 3 _— NaOH ‘
0”0 e ~ o“ >0 H,0, MeOH /\O
1 [ 10 \ 11 07 TOH

‘N\ HZNWN y
— o] CN A
F
pce,trp & © TEA e _ F
— 0o =z ©
DMF c . CH,Cl,, CH5CN o N/ﬁ(N
12

X AR

F F

Scheme 2.3 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-(prop-2-
yn-1-yloxy)quinoline-4-carboxamide (13)

2.2.2.3.1 Synthesis of methyl 6-(prop-2-yn-1-yloxy)quinoline-4-carboxylate (10)

To a solution of methyl 6-hydroxyquinoline-4-carboxylate 1 (1.13 g, 5.6 mmol), 2-propyn-
1-ol (348 mg, 6.2 mmol) and triphenylphosphine (1.63 g, 6.2 mmol) in THF (30 mL) cooled in an
ice/water bath was added dropwise a solution of DIAD (1.25 g, 6.2 mmol) in THF (10 mL). The
resulting solution was stirred for 20 h at room temperature. The solution was then evaporated and
purified through silica gel flash column chromatography eluted with 6:4 (v/v) ethyl
acetate:hexanes. The product eluate fractions were combined, evaporated and dried under reduced
pressure to yield 10 as a white powder (1.35 g, 100% vyield). MS (ESI) calculated for C14H11NO3

241.07, found [M+H]* 242.05. *H NMR (300 MHz, DMSO) 5 8.92 (d, J = 4.5 Hz, 1H), 8.19 (d, J
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= 2.8 Hz, 1H), 8.08 (d, J = 9.2 Hz, 1H), 7.95 (d, J = 4.5 Hz, 1H), 7.56 (dd, J = 9.2, 2.8 Hz, 1H),

4.97 (d, J = 2.4 Hz, 2H), 3.99 (s, 3H), 3.64 (t, J = 2.4 Hz, 1H).

2.2.2.3.2 Synthesis of 6-(prop-2-yn-1-yloxy)quinoline-4-carboxylic acid (11)

A solution of compound 10 (1.35 g, 5.6 mmol) and sodium hydroxide (2.52 g, 63 mmol)
in a mixture of water (20 mL) and methanol (25 mmol) was stirred for 17 h. After evaporation, the
residue was dissolved in water and the resulting solution was acidified with concentrated HCI to
pH 3. The resulting white precipitates were collected by filtration and dried under reduced pressure
to yield 11 as a yellow solid (927 mg, 73% yield). MS (ESI) calculated for C13HsNO3 227.06,
found [M+H]* 228.08. 'H NMR (300 MHz, DMSO) & 8.89 (d, J = 4.4 Hz, 1H), 8.27 (d, J = 2.9
Hz, 1H), 8.06 (d, J = 9.2 Hz, 1H), 7.93 (d, J = 4.4 Hz, 1H), 7.54 (dd, J = 9.2, 2.9 Hz, 1H), 4.95 (d,

J=2.4Hz, 2H), 3.62 (t, J = 2.4 Hz, 1H).

2.2.2.3.3 Synthesis of 2,3,5,6-tetrafluorophenyl 6-(prop-2-yn-1-yloxy)quinoline-4-
carboxylate (12)

To a solution of compound 11 (900 mg, 4 mmol) and 2,3,5,6-tetrafluorophenol (830 mg, 5
mmol) in DMF (20 mL) cooled in an ice/water bath was added dropwise a solution of DCC (825
mg, 4 mmoL) in DMF (20 mL). The resulting solution was stirred for 22 h and then filtered. The
filtrate was evaluated under reduced pressure and the residue was purified through silica gel flash
column chromatography eluted with 4:6 (v/v) diethyl ether/hexanes. The product eluate fractions
were combined, evaporated and dried under reduced pressure to yield 12 as a yellow solid (1.02
g, 68% yield). MS (ESI) calculated for C19HgF4sNO3 375.05, found [M+H]* 376.08. *H NMR (300

MHz, DMSO) 5 8.89 (d, J = 4.4 Hz, 1H), 8.28 (d, J = 2.8 Hz, 1H), 8.06 (d, J = 9.2 Hz, 1H), 7.94
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(d, J = 4.4 Hz, 1H), 7.54 (dd, J = 9.2, 2.9 Hz, 1H), 7.22 (q, J = 8.4 Hz, 1H), 4.95 (s, 2H), 3.62 (d,

J=4.5Hz, 1H).

22234 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-
(prop-2-yn-1-yloxy)quinoline-4-carboxamide (13)

A solution of compound 12 (500 mg, 1.33 mmol), (S)-1-(2-aminoacetyl)-4,4-
difluoropyrrolidine-2-carbonitrile 4-methylbenzenesulfonate (481 mg, 1.33 mmol) and TEA (3
mmol, 304 mg) in a mixture of CH.>Cl, (8 mL) and CH3CN (8 mL) was stirred at 50 °C for 22 h.
The solution was then evaporated under reduced pressure and the residue was purified using silica
gel flash column chromatography eluted with 1:5 (v/v) methanol/ethyl acetate. The product eluate
fractions were collected, combined, evaporated and dried under reduced pressure to yield 13 as a
white solid (528 mg, 100% yield). MS (ESI) calculated for C2oH16F2N4O3 398.12, found [M+H]*
399.24. 'H NMR (300 MHz, DMSO) & 9.09 (t, J = 6.0 Hz, 1H), 8.83 (dd, J = 10.2, 4.4 Hz, 1H),
8.02 (t, J = 9.8 Hz, 1H), 7.88 (d, J = 2.9 Hz, 1H), 7.59 — 7.45 (m, 1H), 5.16 (dd, J = 9.2, 2.9 Hz,

1H), 4.41 — 4.02 (m, 4H), 3.06 — 2.74 (m, 3H).

2.2.3 Synthesis of DOTA-conjugated Peptides

AV01017, AV01030, and AV01038 were synthesized on solid phase using Fmoc peptide
chemistry. Fmoc-Lys(ivDde)-Wang resin (0.05 mmol, 0.081 mg) was treated with 20% piperidine
in DMF to remove the Fmoc protecting group. The isocyanate derivative (3 eq.) of Glu(tBu)-OtBu
was synthesized following previously published procedures'?® and was added to the lysine-
immobilized resin, with N,N-diisopropylethylamine (DIEA, 2 eq.) as the base and reacted for 16

h to form the Lys-urea-Glu moiety. The ivDde-protecting group was then removed with 2%
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hydrazine in DMF (5 x 5 min). Fmoc-Ala(9-Anth)-OH (3 eq.), Fmoc-tranexamic acid (3 eq.),
Fmoc-Gly-OH, and Fmoc-Lys(ivDde)-OH were pre-activated with HATU (3 eq.) and DIEA (3
eq.) before being sequentially coupled to the resin. Following the removal of Fmoc protecting
group, azidoacetic acid (2 eq.) was pre-activated with DIC (3 eq.) and DIEA (3 eq.) and coupled
to the a-amino group of lysine. A click reaction was then performed between the alkyne-containing
FAPI-targeting moiety (compound 5, 9 or 13, 2 eq.) and the azido group on resin in the presence
of CuSOs4 (1 M, 10 pL), tris(benzyltriazolylmethyl)amine (TBTA, 3eq.) and ascorbic acid (1 M,
100 uL) for 48 h. Finally, the ivDde-protecting group on lysine was removed and coupled with
DOTA-tris(t-butyl)ester activated with HATU (3 eq.) and DIEA (7 eq.)

The peptides were deprotected and simultaneously cleaved from the resin with a mixture
of trifluoroacetic acid (TFA, 95%), triisopropylsilane (TIS 2.5%) and water (2.5%) for 4 h at room
temperature. The cleaved peptides were filtrated and then precipitated by adding cold diethyl ether.
The crude peptides were collected by centrifugation and purified with HPLC (semi-preparative
column; flow rate: 4.5 mL/min). The eluates containing the desired peptides were collected and
lyophilized. The HPLC conditions, retention times, isolated yields and MS confirmations of

DOTA-conjugated peptides are provided in Table 2.1.

2.2.4 Synthesis of Nonradioactive Ga-complexed Standards

The nonradioactive Ga-complexed standards were prepared by reacting the DOTA-
conjugated precursor with GaCls (5 eq.) in NaOAc buffer (0.1 M, 500 pL, pH 4.2 — 4.5) at 80 °C
for 15 min. The reaction mixture was then purified via HPLC (semi-preparative column, flow rate:

4.5 mL/min). The HPLC eluates containing the desired peptide were collected and lyophilized.
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The HPLC conditions, retention times, isolated yields and MS confirmations of these

nonradioactive Ga-complexed standards are provided in Table 2.2.

2.2.5 Synthesis of ®®Ga-labeled Compounds

The radiolabeling experiments were performed according to previously published
procedures 126127 pyrified ®3GaCls in 0.5 mL water was added to a 4-mL glass vial preloaded with
0.7 mL of HEPES buffer (2 M, pH 5.0) and 10 uL precursor solution (1 mM). The radiolabeling
reaction was carried out under microwave heating for 1 min, followed by purification using HPLC
semi-preparative column. The eluate fraction containing the radiolabeled product was collected,
diluted with water (50 mL), and passed through a C18 Sep-Pak cartridge that was pre-washed with
ethanol (10 mL) and water (10 mL). The C18 Sep-Pak cartridge was washed with water (10 mL),
and the ®8Ga-labeled product was eluted off the cartridge with ethanol (0.4 mL). The eluted product
was diluted with PBS for imaging and biodistribution studies. Quality control was performed using
the analytical column. The HPLC conditions and retention times are provided in Table 2.3. The
tracers were obtained in 43-60% decay-corrected radiochemical yields with >74 GBg/umol molar

activity and >99% radiochemical purity.

Table 2.1 HPLC npurification conditions and MS characterizations of DOTA-conjugated
precursors.

34



Compound HPLC conditions Retentign Yield Calculated Found
name time (min) (%) mass (m/z) (m/z)
AV01017 29% gl;'z\cllr\]l Ifj1|r21d00.1% 8.3 . %Bé?ﬁ [Négéll_gm
o | ERESCURIO | | g0 | G
wogzs | BOCENNOIS | g | gy | D e

Table 2.2 HPLC purification conditions and MS characterizations of nonradioactive Ga-

complexed standards.

Compound HPLC conditions Retentic_)n Yield Calculated Found
name time (min) (%) mass (m/z) (m/z)
eavoiorr | SUSHNDS | gs | g | M 120
vt | SO | s | s | M2 02T
cenvoion | OSSO | o | o | M2 MZE
orraos | AT | s | a7 | bERY |2

Table 2.3 HPLC conditions for the purification and quality control of ®Ga-labeled AV01017,

AV01030 and AV01038. FA: formic acid. TFA: Trifluoroacetic acid

Compound name

HPLC conditions

Retention
time (min)
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Semi-Prep 29% CH3CN and 0.1% FA in H20; 170
[%Ga]Ga-AV01017 flow rate 4.5 mL/mlr!
Qc 31% CH3CN and 0.1% FA in H20; 51
flow rate 2 mL/min '
Semi-Prep | 29% CH3CN and 0.1% FA in H20O; 16.2
68 flow rate 4.5 mL/min '
[*Ga]Ga-AV01030 QC 31% CH3CN and 0.1% FA in Hz0: 6.0
flow rate 2 mL/min '
. 31% CH3CN and 0.1% FA in H20;
[°Ga]Ga-AV01038 Semi-Prep flow rate 4.5 mL/min 10.3
Qc 30% CH3CN and 0.1% FA in H20; 58
flow rate 2 mL/min '
. 11% CH3CN and 0.1% TFA in
[°Ga]Ga-FAPI-04 Semi-Prep H,0; flow rate 4.5 mL/min 24.5
QcC 16% CH3CN and 0.1% TFA in 59
H-0O; flow rate 2 mL/min '

2.2.6 Molar Activity Calculation

To determine the molar activity, 4 different amounts (0.01, 0.05, 0.1, and 0.2 nmole) of the
Ga-complexed standards were injected to the analytical column to generate the standard curve.
The amount of ®8Ga-labeled injected was calculated from the standard curve equation y = mx + b,
where v is the absorbance detected by the HPLC and x is the amount of radiotracer injected. The
molar activity (GBg/pumole) was calculated by dividing the radioactivity injected by the amount

of radiotracer injected.

2.2.7 Cell Culture

The LNCaP cells obtained from ATCC (via Cedarlane, Burlington, Canada) were cultured
in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin
(100 pg/mL) at 37 °C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC humidified
incubator containing 5% CO.. The cells were confirmed to be pathogen-free by the IMPACT

Rodent Pathogen Test (IDEXX BioAnalytics). Cells were grown until 80-90% confluence and
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washed with sterile phosphate-buffered saline (PBS, pH 7.4) and collected after 1 min
trypsinization. The cell concentration was counted in triplicate using a hemocytometer and a

manual laboratory counter.

2.2.8 Cell Transfection

The HEK293T cells were obtained from ATCC. The FAP-expressing vector was
constructed using Genome-CRISPRTM Human AAVS1 Safe Harbor Gene Knock-in Kits
(GeneCopoeaiaTM) by inserting FAP-expressing gene into the AAVSL1 vector. The cells were then
transfected by the FAP-expressing vector following the EndofectinTM Transfection Reagent
protocol. The cells undergone 3 serial dilutions and were sorted using fluorescence activated cell
sorting (FACS) to obtain FAP-expressing monoclonal colonies. HEK293T:hFAP cells were
cultured in DMEM GlutaMAX™ medium supplemented with 10% FBS, penicillin (100 U/mL)
and streptomycin (100 pg/mL) at 37 °C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC
humidified incubator containing 5% CO.. Cells were grown until 80-90% confluence and washed

with sterile PBS (pH 7.4) and collected.

2.2.9 In Vitro PSMA Competition Binding Assay

The PSMA binding assays were conducted following previously published procedures
using LNCaP cells and [*®F]DCFPyL as the radioligand!?>12128  Data analyses of ICso were
performed using the nonlinear regression algorithm of GraphPad Prism 7 (San Diego, CA)
software. Briefly, LNCaP cells (400,000/well) were plated onto a 24-well poly-D-lysine coated
plate for 48 h. Growth media was removed and replaced with HEPES buffered saline (50 mM

HEPES, pH 7.5, 0.9% sodium chloride), and the cells were incubated for 1 h at 37 °C.
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[*®F]DCFPyL (0.1 nM) was added to each well (in triplicate) containing various concentrations
(10 mM—-0.5 pM) of tested compounds (Ga-AV01017, Ga-AV01030, and Ga-AV01038).
Nonspecific binding was determined in the presence of 10 uM nonradiolabeled DCFPyL. The
assay mixtures were further incubated for 1 h at 37 °C with gentle agitation. Then, the buffer and
hot ligand were removed, and cells were washed twice with cold HEPES buffered saline. To
harvest the cells, 400 puL of 0.25% trypsin solution was added to each well. Radioactivity was
measured on a PerkinElmer (Waltham, MA) Wizard2 2480 automatic gamma counter. Nonlinear

regression analyses and ICso calculations were performed using the GraphPad Prism 7 software.

2.2.10 In Vitro FAP Fluorescence Assay

The half maximal inhibitory concentration (ICso) values of the tested compounds for FAP
were measured by in vitro enzymatic assay. The recombinant human FAP (Biolegend; 0.2 pug/mL,
50 pL) was added into costar 96-well plate. PBS and varied concentrations (0.2 pM to 2 uM) of
tested nonradioactive Ga-complexed standards were added to each wells (in duplicate) containing
the recombinant human FAP. After being incubated for 30 min at 37 °C, 50 pL of Suc-Gly-Pro-
AMC (2 uM, Bachem) was added to each well. The fluorescent signals were acquired at 15, 30,
45, and 60 min using FlexStation 3 Multi-Mode Microplate Reader with excitation at 380 nm and
emission at 460 nm. The ICso(FAP) was calculated using “nonlinear fit model” built-in model in

GraphPad Prism 7.02 software.

2.2.11 Ex Vivo Biodistribution and PET/CT Imaging Studies
Imaging and biodistribution studies were performed using male NOD.Cg-RagltmlMom

112rgtm1Wijl/SzJ (NRG) mice following previously published procedures'?®*°, The experiments
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were conducted according to the guidelines established by the Canadian Council on Animal Care
and approved by Animal Ethics Committee of the University of British Columbia. The mice were
briefly sedated by inhalation of 2.5% isoflurane in oxygen, and 100 uL LNCaP (8x10° cells) or
HEK293T:hFAP (8.5x10° cells) cells were inoculated subcutaneously behind the left shoulder.
When the tumor grew to 5-8 mm in diameter over 3-4 weeks and 4-5 weeks for HEK293T:hFAP
and LNCaP tumors, respectively, the mice were used for PET/CT imaging and biodistribution
studies.

PET/CT imaging experiments were carried out using a Siemens (Knoxville, TN) Inveon
micro PET/CT scanner. Each tumor-bearing mouse was injected with ~4-6 MBq of %Ga-labeled
tracer through a lateral caudal tail vein under 2.5% isoflurane in oxygen anesthesia, followed by
recovery and roaming freely in its cage during the uptake period. At 50 min post-injection, a 10-
min CT scan was conducted first for localization and attenuation correction after segmentation for
reconstructing the PET images, followed by a 10-min static PET imaging acquisition.

For biodistribution studies, the mice were injected with the radiotracer (~2-4 MBQq) as
described above. At 1 h post-injection, the mice were euthanized by CO; inhalation. Blood was
withdrawn by cardiac puncture, and organs/tissues of interest were collected, weighed and counted

using a Perkin Elmer (Waltham, MA) Wizard2 2480 automatic gamma counter.

2.2.12 Statistical Analysis

Data were analyzed with the GraphPad Prism, version 7.02 and Microsoft (Redmond, WA)
Excel software. One way ANOVA and multiple t tests were performed for all organs in the
biodistribution studies of [*®Ga]Ga-AV01017, [%®Ga]Ga-AV01030, [%®Ga]Ga-AV01038,

[3Ga]Ga-HTK03041, [*®Ga]Ga-FAPI-04 in LNCaP and HEK293T:hFAP tumor models. A
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statistically significant difference was considered present when the adjusted P value was less than

0.05 using the Holm-Sidak method.

2.3 Results
2.3.1 Synthesis of PSMA/FAP bispecific ligands

The syntheses of compounds 5, 9 and 13 are depicted in Schemes 2.1-2.3, respectively. For
the preparation of compound 5 (Scheme 2.1), quininic acid was demethylated in 48% HBr solution,
followed by esterification in methanol in the presence of thionyl chloride to obtain 1 in 47% vyield.
Mitsunobu coupling between compound 1 and 4-pentyn-1-ol resulted in 2 in 100% yield.
Compound 3 was obtained in 74% vyield by the hydrolysis of 2 with NaOH in a mixture of water
and methanol. Esterification of compound 3 with tetrafluorphenol (TFP) led to compound 4 in
72% yield. Compound 5 was obtained in 97% yield by coupling the activated ester 4 with (S)-1-

(2-aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile.

The synthesis of compound 9 is depicted in Scheme 2.2. Sonogashira reaction was
performed for coupling methyl 6-bromoquinoline-4-carboxylate and ethynyltrimethylsilane to
obtain compound 6 in 62% yield. Silane deprotection and ester hydrolysis were performed
simultaneously with LiOH in a mixture of water and methanol to afford compound 7 in 83% vyield.
Compound 7 was subsequently activated with tetrafluorophenol to afford the activated ester 8 in
71% yield. The desired compound 9 was obtained in 100% yield by coupling the activated ester 8

with (S)-1-(2-aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile.

The synthetic procedures for the preparation of compound 13 are provided in Scheme 2.3.

Mitsunobu coupling of compound 1 and 2-propyn-1-ol resulted in 10 in 100% yield. Compound
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10 was hydrolyzed with NaOH in a mixture of water and methanol to obtain compound 11 in 73%
yield. Activation of compound 11 with tetrafluorophenol resulted in compound 12 in 68% vyield.
Compound 13 was obtained in 100% yield by coupling the activated ester 12 with (S)-1-(2-
aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile.

AV01017, AV01030 and AV01038 were synthesized on solid phase. Detailed synthetic
procedures and characterizations are provided in the method section (Table 2.1). Briefly,
Lys(azidoacetic acid-Lys(ivDde)-Gly-tranexamic acid-Ala(9-Anth))-urea-Glu(OtBu)-OtBu was
first constructed on solid phase, followed by the click addition of the alkyne-containing FAP-
targeting motif: compound 5 for AV01017, Compound 9 for AV01030 and compound 13 for
AV01038. The amino group at Lys side chain was then deprotected and coupled with the DOTA
chelator. The DOTA-conjugated ligands were then cleaved off from resin and purified by HPLC.

Detailed syntheses and characterizations of nonradioactive Ga- and ®8Ga-complexed
AV01017, AV01030 and AV01038 are provided in the method section (Table 2.2-2.3).
Nonradioactive Ga-complexed AV01017, AV01030 and AV01038 were obtained in 25-89%
yields, and their ®3Ga-labeled analogs were obtained in 43 — 60% decay-corrected radiochemical
yields with >74 GBqg/pmol molar activity and >99% radiochemical purity.

2.3.2 Binding Affinity

The binding affinities of Ga-AV01017, Ga-AV01030, Ga-AV01038, Ga-HTK03041 and
Ga-FAPI-04 to PSMA were measured by a cell-based binding assay using PSMA-expressing
LNCaP prostate cancer cells. The nonradioactive Ga-complexed standards inhibited the binding
of [*®F]DCFPyL to LNCaP cells in a dose-dependent manner except Ga-FAPI-04 (Figure 2.3A).

The calculated ICs0(PSMA) values for Ga-AVv01017, Ga-AV01030, Ga-AVv01038, Ga-
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HTKO03041, and Ga-FAPI-04 were 25.2+10.7, 71.6+23.0, 29.4+25.2, 0.76+0.12 and >1,000 nM,
respectively (n = 3).

The binding affinities of Ga-AV01017, Ga-AV01030, Ga-AV01038, Ga-HTK03041 and
Ga-FAPI-04 to human FAP were measure by an enzyme inhibition assay using Suc-Gly-Pro-AMC
as the FAP substrate. The human FAP enzymatic activity on the substrate was inhibited by Ga-
complexed standards in a dose dependent-manner (Figure 2.3B). The calculated 1Cso(FAP) values
for Ga-AVv01017, Ga-AV01030, Ga-AV01038, Ga-HTK03041, and Ga-FAPI-04 were 1.25+0.39,
2.74%0.33, 2.31£0.13, 2,010+585 and 1.03+0.4 nM, respectively (n = 3).

2.3.3 PET Imaging and Biodistribution Studies

Representative PET images acquired at 1 h post-injection using [*®Ga]Ga-AV01017,
[®Ga]Ga-AV01030, [*®Ga]Ga-AV01038, [*®Ga]Ga-HTK03041, and [%®Ga]Ga-FAPI-04 are
provided in Figure 2.4. All of the radiotracers were excreted primarily through the renal pathway.
All the bispecific tracers ([®Ga]Ga-AV01017, [8Ga]Ga-AV01030 and [%8Ga]Ga-AV01038) had
significantly higher background and heart uptake compared to the monospecific tracers ([*®Ga]Ga-
HTKO03041 and [%®Ga]Ga-FAPI-04). LNCaP tumor xenografts were clearly visualized by
[*®Ga]Ga-HTKO03041 with an excellent contrast, barely visualized by the bispecific tracers
([°8Ga]Ga-AV01017, [®Ga]Ga-AV01030, [*®Ga]Ga-AV01038), and not visualized by [®3Ga]Ga-
FAPI-04 (Figure 2.4A). For HEK293T:hFAP tumor xenografts, they were clearly visualized by
[*®Ga]Ga-FAPI-4 with an excellent contrast and by [*®Ga]Ga-AV01030 with a good contrast,
barely visualized by [*®Ga]Ga-AV01017 and [*3Ga]Ga-AV01038, and not visualized by [*®Ga]Ga-
HTKO03041 (Figure 2.4B). All tracers, except [*®Ga]Ga-HTK03041 have bone and joint uptake,
which is commonly observed for FAP-targeting tracers. High thyroid uptake was also observed in

[8Ga]Ga-AV01017, [*8Ga]Ga-AV01030, [#Ga]Ga-AV01038 PET images. There was a high
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kidney uptake in mice injected with the bispecific tracers and [*8Ga]Ga-HTK03041, but not in

mice injected with [*3Ga]Ga-FAPI-04.
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Figure 2.3 (A) Displacement curves of [**F]JDCFPyL by Ga-AV01017, Ga-AV01030, Ga-
AV01038, Ga-FAPI-04, and Ga-HTK03041 generated using PSMA-expressing LNCaP cells; (B)
Fluorescence curve of FAP enzymatic activity on Suc-Gly-Pro-AMC substrate with inhibition by
Ga-AV01017, Ga-AVv01030, Ga-AV01038, Ga-FAPI-04, and Ga-HTK03041.
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Figure 2.4 Representative maximum intensity projection PET images of [8Ga]Ga-AV01017,
[8Ga]Ga-AV01030, [®Ga]Ga-AV01038, [®Ga]Ga-HTK03041, and [*8Ga]Ga-FAPI-04 acquired
at 1 h post-injection in mice bearing (A) LNCaP tumor xenografts and (B) HEK293T:hFAP
tumor xenografts. t:tumor.

Biodistribution studies were conducted at 1 h post-injection with ®3Ga-labeled AV01017,
AV01030, AV01038, HTK03041, and FAPI-04 in LNCaP tumor-bearing mice (Figure 2.5 and
Table 2.4). The results were consistent with the observation from their PET images. Tumor uptake
values for [*8Ga]Ga-AV01017, [%8Ga]Ga-AV01030, [#Ga]Ga-AV01038, [*®Ga]Ga-HTK03041,
[®Ga]Ga-FAPI-04 were 4.38+0.55, 5.17+0.51, 4.25+0.86, 23.1+6.11, and 3.15+1.43 %ID/qg,
respectively. All the bispecific tracers have statistically significant higher heart and blood uptake
than the monospecific [#Ga]Ga-HTK03041 and [®8Ga]Ga-FAPI-04 (blood uptake: 5.75 — 9.24 vs
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1.43 —2.16 %ID/g, P <0.05; heart uptake: 2.41 —4.04 vs 0.70 — 1.82 %ID/g, P <0.05). Although
not statistically significant, the bispecific tracers with a longer linker tend to have a higher blood
uptake value (9.24+1.55 %ID/g for [%8Ga]Ga-AV01017; 7.07+0.31 %ID/g for [*®Ga]Ga-
AV01038; 5.75+0.59 %ID/g for [Ga]Ga-AV01030) and a lower tumor-to-blood ratio (0.48+0.11
for [®Ga]Ga-AV01017; 0.60+0.13 for [*®Ga]Ga-AV01038; 0.89+0.03 for [®Ga]Ga-AV01030).
The bispecific tracers also had significantly higher uptake values in muscle and thyroid when

compared to those of monospecific radiotracers (P <0.05).

200 O ®Ga]Ga-AV01017
45 B [%®Ga]Ga-AV01030
il [°®GalGa-AV01038
507 M [%3Ga]Ga-HTK03041
O [%®Ga]Ga-FAPI-04

%ID/g

Figure 2.5 Biodistribution of [®8Ga]Ga-AV01017, [®Ga]Ga-AV01030, [*®Ga]Ga-AV01038,
[8Ga]Ga-HTK03041 and [*8Ga]Ga-FAPI-04 in LNCaP tumor-bearing mice.

Biodistribution studies were also conducted at 1 h post-injection with [*8Ga]Ga-AV01017,
[®Ga]Ga-AV01030, [®8Ga]Ga-AV01038, [%®Ga]Ga-HTKO03041, [%®Ga]Ga-FAPI-04 in

HEK293T:hFAP tumor-bearing mice (Figure 2.6 and Table 2.5). Tumor uptake values for
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[®Ga]Ga-AV01017, [*®Ga]Ga-AV01030, [%®Ga]Ga-AV01038, [*®Ga]Ga-HTK03041, and
[®Ga]Ga-FAPI-04 were 2.99+0.37, 3.69+0.81, 3.64+0.83, 0.62+0.19, and 12.5+2.00 %ID/qg,
respectively. There was a very low tumor uptake in mice injected with [*®Ga]Ga-HTKO03041,
showing very minimal PSMA expression in this tumor model. The uptake levels of these tracers
on the major organs and tissues are consistent with the trends observed in the LNCaP tumor-

bearing mice (Figure 2.6 and Table 2.5).

100, O [%®Ga]Ga-AVv01017
0l B [%®Ga]Ga-AV01030
[%®Ga]Ga-AV01038

60- M [%%Ga]Ga-HTK03041
O [%®Ga]Ga-FAPI-04

Figure 2.6 Biodistribution of [*®Ga]Ga-AV01017, [*®Ga]Ga-AV01030, [®®Ga]Ga-AV01038,
[8Ga]Ga-HTK03041 and [*®Ga]Ga-FAPI-04 in HEK293T:hFAP tumor-bearing mice.
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Table 2.4 Biodistribution (mean + SD, n = 4) and uptake ratios of ®3Ga-labeled PSMA/FAP-dual targeting tracers, HTK03041, and
FAPI-04 in LNCaP tumor-bearing mice.

Tissue [®Ga]Ga- [®Ga]Ga- [®Ga]Ga- [®Ga]Ga- [®Ga]Ga-
(%1D/g) AV01017 AV01030 AV01038 HTK03041* FAPI-04
1h 1h 1h 1h 1h

Blood 9.24 £1.55 5.75 £0.59 7.07£0.31 1.43+0.30 2.16 £0.33
Fat 1.01+0.48 0.68 £0.12 1.01+0.28 2.06 £0.59 0.55+£0.47
Seminal vesicle 1.12+0.21 1.04 £0.13 1.51 £0.08 - 3.72+£5.09
Testes 0.69 £ 0.06 0.70 £0.08 1.04 +0.10 1.34 £0.22 0.42+0.04
Small Intestine 2.47 £0.48 1.58 £0.13 2.12+£0.24 1.14 £0.18 0.74+0.12
Large Intestine 1.76 £0.21 1.32 £0.29 1.65+0.31 - 0.73+£0.09
Stomach 0.64 £0.11 0.44 £0.07 0.64 £0.11 0.41+0.11 0.26 +£0.04
Spleen 3.73+1.19 6.50 +1.37 6.77 £ 4.86 8.95+3.22 0.67+0.11
Liver 2.24+0.34 1.43£0.26 2.06 £0.13 1.38+0.25 0.76 £0.08
Pancreas 5.38+1.29 3.63+£0.29 3.91+£0.20 1.47 £ 0.16 0.99+0.25
Adrenal glands 6.24 £2.31 3.13+£1.25 3.69+254 - 2.16 £1.08
Kidneys 30.9£6.89 44.0 £2.42 40.5 +8.26 170 £ 26.4 2.36 £0.38
Lungs 3.76 £ 0.66 2.93+0.28 3.74£0.78 4.32+£4.32 1.23+0.07
Heart 4.04 £0.28 2.41+0.13 3.26+0.24 1.82 +0.62 0.70 £0.04
LNCaP tumor 4.38 £ 0.55 5.17+0.51 4.25 +0.86 23.1+6.11 3.15+1.43
Muscle 1.91+0.43 1.59+0.14 1.68 +0.21 0.75 £ 0.09 1.04+0.20
Bone 4.05+0.86 4.48 +£0.59 464 +£1.70 1.29 +0.45 427 £0.74
Brain 0.18 £0.01 0.12£0.01 0.15 £ 0.02 0.10£0.05 0.06 £0.00
Thyroid 12.7+£2.72 8.33+0.41 11.1+1.62 2.48 £0.44 3.62+1.01
Salivary glands 5.98 £4.00 476 £1.79 6.41+1.19 - 1.36 £ 0.92
Lacrimal glands 0.13+0.27 0.44 £ 0.68 0.06 £0.13 - 0.06 £ 0.07
Tumor/bone 1.10+0.15 1.17 £ 0.26 0.97£0.30 20.1+£9.48 0.51+0.28
Tumor/muscle 2.35+0.35 3.25+0.39 2.52+0.33 31.6+12.1 2.30+£0.79
Tumor/blood 0.48 £0.11 0.89 £0.03 0.60 £0.13 17.3+7.24 1.04+0.42
Tumor/kidney 0.14 £0.03 0.11+£0.00 0.10 £0.02 0.14 £0.04 0.90£0.28

*The biodistribution of [**Ga]Ga-HTK03041 has been reported previously!??



Table 2.5 Biodistribution (mean = SD, n = 4) and uptake ratios of %Ga-labeled PSMA/FAP-dual targeting tracers, HTK03041, and

FAPI-04 in HEK293T:hFAP tumor-bearing mice.

Tissue [*®Ga]Ga- [®*Ga]Ga- [®*Ga]Ga- [**Ga]Ga- [*®Ga]Ga-
(%1D/g) AV01017 AV01030 AV01038 HTK03041 FAPI-04
1h 1h 1lh 1lh 1lh
Blood 11.9 +3.37 5.68 +£0.72 7.45 +1.70 0.71 +0.07 1.07 +0.08
Fat 0.61 +0.13 0.63+0.20 0.53+0.10 0.55+0.12 0.10+0.01
Seminal vesicle 1.15+0.33 0.64+0.15 1.15+0.69 0.32 +0.03 0.15 +0.04
Testes 1.15+0.86 0.66 +£0.08 0.74 +£0.09 0.60 +£0.41 0.28 +£0.04
Small Intestine 2.14 +£0.65 1.23+0.16 1.70+0.19 0.71+0.01 0.36 +0.08
Large Intestine 1.44 £0.20 1.15+0.10 0.99 £0.17 0.43 +0.04 -
Stomach 0.63 +0.08 0.42 +£0.04 0.60 +£0.18 0.22 +0.04 0.07 £0.01
Spleen 3.63£3.60 741175 5.47+£1.03 8.09 +2.37 0.56 +0.11
Liver 3.40 +0.64 1.51+0.33 2.16 £0.33 0.72 +0.06 0.36 +0.02
Pancreas 3.80£0.25 3.26 £0.82 3.82+£1.29 0.71 +0.07 0.37+0.05
Adrenal glands 4.06 £0.27 3.15+£0.39 6.14 £3.79 4.18 +0.48 1.07 £0.32
Kidneys 19.3+2.25 30.0+8.71 25.0+1.76 68.4 +19.2 1.83+0.16
Lungs 550 +1.26 3.02+0.25 3.83+£0.55 2.43 +£0.08 0.74+£0.11
Heart 4,63 +0.42 2.20 +£0.46 2.69+0.22 0.98 +0.07 0.34 +0.04
HEK?293T:hFAP tumor 2.99+0.37 3.69+0.81 3.64 +0.83 0.62 +0.19 12.5 +2.00
Muscle 1.63 +0.06 1.78 £0.58 1.23+0.11 0.47 +0.03 0.67 +£0.05
Bone 5.26 £0.32 3.59+£0.44 3.03+£1.12 0.42 +0.11 3.36+1.09
Brain 0.21 +£0.07 0.12 +£0.02 0.13+0.02 0.03+0.00 0.04 +0.00
Thyroid 10.7 +2.15 7.70 £ 1.08 6.51 + 1.07 1.38 +0.10 -
Salivary glands 6.43 +1.03 7.01+2.25 4.02 +0.69 2.29+0.16 -
Lacrimal gland 1.34 £ 0.50 0.20+0.24 0.22 +£0.16 0.25 +0.33 -
Tumor/bone 0.44+0.12 1.04 £0.31 1.17 £0.40 1.39 +£0.58 3.93+1.16
Tumor/muscle 1.25+0.17 2.12+0.30 221+0.17 1.22 £0.73 18.8 +4.09
Tumor/blood 0.18 £0.08 0.65+0.15 0.49 £0.37 0.83+0.54 11.7 £2.04
Tumor/kidney 0.11 £0.03 0.64 £0.65 0.11+0.02 0.01+£0.01 6.85+1.33
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2.4 Discussions

Both PSMA and FAP are promising biomarkers of prostate cancer and many radioligands
have been developed to target these two membrane proteins for imaging and therapy. However,
the detection sensitivities of these radiotracers are strongly dependent on the expression levels and
heterogeneities of these two biomarkers in different disease stages and between individuals*’#2,
Despite many effective PSMA-targeting radiotherapeutic agents being developed, patients with
low to no PSMA expression are not eligible for these emerging PSMA-targeted radioligand
therapies and still have very limited treatment options. Since FAP and PSMA are both expressed
in prostate cancer and other cancers such as pancreatic cancer?*131-134 the use of PSMA/FAP
bispecific radioligands is expected to increase lesion detection sensitivity and treatment efficacy.
Our ultimate goal of this reported research is to develop %8Ga-labeled PSMA/FAP bispecific tracers
with comparable or higher tumor uptake when compared to the monospecific tracers, [*Ga]Ga-
FAPI-04 and [%®Ga]Ga-HTKO03041, a PSMA-targeting tracer previously reported by our group'?.

To date there have been only two reports on the development of PSMA/FAP bispecific
tracers for imaging (Figure 2.1)'2%12!  Both of them used the NOTA chelator for radioisotope
complexation: one for 54Cu and the other for AI*®F. To the best of our knowledge, there has been
no report on the development of ®8Ga-labeled PSMA/FAP bispecific tracers despite the growing
popularity and increased accessibility of clinical ®3Ga generators. Although NOTA can be used for
labeling ®8Ga as well, it cannot be used for labeling the common and effective radiotherapeutic
nuclides such as *°Y, and *"’Lu. Therefore, for this reported research, we chose DOTA as the
chelator for ®8Ga labeling as DOTA is a universal chelator and is effective for labeling with many
diagnostic (such as %®Ga, **Tb and **In) and radiotherapeutic radionuclides (such as *°Tb, %Y,

and Y7Lu).
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We selected the pharmacophores of [®3Ga]Ga-FAPI-04 (in blue, Figure 2.2) and [%®Ga]Ga-
HTKO03041 (in brown, Figure 2.2) for the design of our PSMA/FAP bispecific tracers as they have
high affinity for FAP and PSMA, respectively'?213® These two pharmacophores are separated by
an azidoacetic-Lys-Gly linker (Figure 2.2) to minimize the interaction of both pharmacophores as
such interaction might interfere the bindings of both pharmacophores to their respective targets.
The PSMA-targeting pharmacophore (Lys(tranexamic acid-Ala(9-Anth))-urea-Glu and the linker
(azidoacetic acid-Lys-Gly) was constructed directly on solid phase using the commercially
available amino acids. While the DOTA chelator was coupled to the amino group on the Lys side
chain, the alkyne-containing FAP-targeting motif was coupled to the azido group via the formation
of a triazole ring by click chemistry. For AV01030, the triazole ring is directly linked to the
quinoline ring of the FAP-targeting pharmacophore. For AV01038 and AV01017, there are
additional -O-CHa- and -O-(CH>)s-, respectively, to separate the triazole ring and the quinoline
ring of the FAP-targeting pharmacophore. This allowed us to investigate the effect of the additional
linker and its length on the binding affinity and pharmacokinetics of the resulting bispecific tracers.

The enzymatic assay (Figure 2.3B) confirmed that FAP binding affinities of our bispecific
ligands (ICso = 1.25 — 2.74 nM) were comparable to that of Ga-FAPI-04 (ICso = 1.03 nM). To
investigate if the PSMA-targeting pharmacophore has any effect on the overall FAP binding of
our bispecific ligands, we also measured the FAP binding affinity of Ga-HTK03041. The very
weak binding affinity of Ga-HTKO03041 (ICso = 2,010£585 nM) suggests that the potent FAP
binding affinity of our bispecific ligands is contributed mainly from the FAPI-04 pharmacophore.

Unlike the comparable FAP binding affinity of bispecific ligands and the monospecific Ga-
FAPI-4, the PSMA binding affinities of bispecific ligands (ICsp = 25.2 — 71.6 nM) were much

inferior to that of Ga-HTKO03041 (ICso = 0.76 nM). Although Ga-FAPI-04 has minimal binding
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affinity to PSMA (ICso > 1,000 nM), the addition of its pharmacophore and a linker clearly
interferes the overall binding of the bispecific ligands to PSMA. Such interference seems to reduce
with the increased linker length between the triazole ring and the FAP-targeting pharmacophore
as the 1Cso(PSMA) values for Ga-AV01030, Ga-AV01038 and Ga-AV01017 are 71.6, 29.4 and
25.2 nM, respectively.

PET imaging and biodistribution studies (Figures 2.4-2.6 and Tables 2.4-2.5) revealed that
the bispecific tracers retained the characteristics of the monospecific tracers as high uptake was
observed in common off-targets of PSMA-targeting (kidneys and salivary glands) and FAP-
targeting tracers (joints and salivary glands). However, the bispecific tracers showed much lower
uptake values in LNCaP and HEK293T:hFAP tumor xenografts when compared to those of the
monospecific tracers, [*®Ga]Ga-HTKO03041 and [3Ga]Ga-FAPI-04, respectively. Unlike the fast
blood clearance of the monospecific tracers, the bispecific tracers had a much longer retention in
blood. Besides, it seems that the blood retention was positively correlated to the length of linker
between the triazole ring and the FAP-targeting pharmacophore as the blood uptake values for Ga-
AV01030, Ga-AV01038 and Ga-AV01017 are 5.68-5.75, 7.07-7.45 and 9.24-11.9 %ID/q,
respectively. A longer blood retention would prevent fast binding of the bispecific tracers to its
targets: PSMA in the LNCaP tumor xenografts and FAP in the HEK293T:hFAP tumor xenografts.
This is evident by the observations that with no additional linker between the triazole ring and the
FAP-targeting pharmacophore, [8Ga]Ga-AV01030 showed relatively higher tumor uptake and
tumor-to-background (bone, muscle and blood) contrast ratios in both tested tumor models than
those of [*3Ga]Ga-AV01017 and [*®Ga]Ga-AV01038.

It should be noted that evaluation by imaging and/or biodistribution studies in tumor-

bearing mice as in this report is a common practice in the development of radiopharmaceuticals.
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However, the obtained high tumor-to-background contrast either from imaging or biodistribution
data might not be observed in the clinic especially for %Ga-labeled tracers. This is because
compared with other positron emitters, ®3Ga has a higher average positron energy (°Ga, 0.829
MeV; 8F, 0.250 MeV; ®Cu, 0.288 MeV; 8°Zr, 0.396 MeV), leading to poorer spatial resolution
and difficulty in the visualization of small lesions (a few millimeters in size). In addition, the tumor
xenografts used in the imaging and biodistribution studies are often derived from (genetically-
modified) cancer cell lines overexpressing the targeted cancer markers, which might not be
representative of cancer lesions encountered in the clinic.

Directly comparing the performance of our bispecific tracers with those reported
previously is difficult as different tumor models were used for evaluation: PSMA-expressing
LNCaP tumors and FAP-expressing HEK293T:hFAP tumors used in this report; PSMA-
expressing PC3-PIP tumors and FAP-expressing U87 tumors used by Boinapally et al.?%; PSMA-
expressing 22Rv1 tumors and FAP-expressing A549-FAP tumors used by Hu et al.*?!, However,
comparing the pharmacokinetics of our tracers and those reported previously shows that our tracers
had significantly high blood retention at 1 h post-injection. The longer blood retention of our
tracers could be due to the increased lipophilicity'®¢, which could be resulted from (1) the
replacement of 2-Nal with a more lipophilic Ala(9-Anth) in the PSMA-targeting pharmacophore;
(2) the deletion of the hydrophilic piperazine linker in the FAP-targeting pharmacophore of FAPI-
04; and/or (3) the use of click reaction for coupling the FAP-targeting pharmacophore as this forms
a relatively lipophilic triazole ring instead of a hydrophilic amide bond.

Further modifications are needed to improve the binding affinities, pharmacokinetics and
tumor uptake of *8Ga-labeled PSMA/FAP bispecific tracers by considering the linker’s length,

lipophilicity and the use of less lipophilic PSMA- and/or FAP-targeting pharmacophores. This can
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be accomplished by the use of less lipophilic linkers such as PEG linkers and well as piperazine-
based linkers which have been shown to be important for maintaining good tumor uptake of FAP-
targeting tracers'®’. Similarly, the use of potent and less lipophilic pharmacophores should also be
investigated such as (1) replacing Ala(9-Anth) in the PSMA-targeting pharmacophore with 2-Nal,
(2) replacing the quinoline motif in the FAP-targeting pharmacophore with a more hydrophilic
pyridine motif, and/or (3) replacing the 2-pyrrolidinecarbonitrile motif in the FAP-targeting

pharmacophore with a more hydrophilic pyrrolidin-2-ylboronic acid.

2.5  Conclusions

Three novel ®Ga-labeled PSMA/FAP bispecific tracers were designed, synthesized, and
confirmed to have the ability to bind both PSMA and FAP in vitro and in vivo. Compared with the
monospecific tracers, the bispecific tracers have decreased binding affinities towards PSMA, but
retain comparable binding affinities towards FAP. The bispecific tracers have lower tumor uptake
values compared to the monospecific tracers, in which the tracer with a longer linker tends to have
a lower tumor uptake. This might be caused by the longer blood retention of the bispecific tracers.
Further modifications will be explored to improve the binding affinity, pharmacokinetics and
tumor uptake to generate promising PSMA/FAP bispecific radioligands for imaging and

radioligand therapy of mCRPC.
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Chapter 3 : Novel ®Ga-labeled Pyridine-based Fibroblast Activation Protein-
targeted Tracers with High Tumor-to-background Contrast: Comparison with
[*®Ga]Ga-FAPI-04

The following chapter is an adaption of the following published paper: Verena, A.; Kuo,
H.-T.; Merkens, H.; Zeisler, J.; Bendre, S.; Wong, A A.W.L.; Bénard, F.; Lin, K.-S. Novel %8Ga-
Labeled Pyridine-Based Fibroblast Activation Protein-Targeted Tracers with High Tumor-to-
Background Contrast. Pharmaceuticals 2023, 16, 449. https://doi.org/10.3390/ph16030449
3.1  Introduction

Despite promising utilities, there are some pitfalls in FAP-targeted tracers, as non-tumor
related uptake of [®3Ga]Ga-FAPI-04 and [*®Ga]Ga-FAPI-46 by degenerative lesions associated
with joints and vertebral bones, muscles, scars, head-and-neck, and mammary glands has been
reported™®®. Therefore, there might be unspecific and off-target uptake of quinoline-based tracers,
which can increase background uptake level and lower the image contrast, thus interfering the
identification of FAP-positive tumor lesions and even leading to false diagnosis**°. To improve
the tumor-to-background image contrast, we need to develop tracers that can be rapidly excreted
from the body, but specifically bind to and be retained in FAP-expressing tumors. Currently, the
development of FAP-targeted radioligands focuses on the use of quinoline-based pharmacophores
such as the one in %®Ga-FAPI-04 and %®Ga-FAPI-46 (Figure 3.1). Compared with quinoline,
pyridine is smaller, more hydrophilic, and could have a faster pharmacokinetics in vivo. Hence,
we hypothesized that the pyridine-based FAP-targeted tracers might have faster background
clearance and better imaging contrast than the current clinically used quinoline-based FAP-

targeted tracers.
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Figure 3.1 Chemical Structures of 68Ga-labeled AV02053 and AV02070, and previously
reported [1251]MIP-1232, [99mTc]Tc-iFAP and 68Ga-labeled FAPI-04 and FAPI-46

Previously, Trujillo-Benitez and co-workers developed a *°™Tc-labeled boroPro-based
tracer, [*°"Tc]Tc-HYNIC-D-alanine-boroPro ([*®™Tc]Tc-iFAP) (Figure 3.1) which has minimal
background (blood, muscle and bone) uptake and good uptake (5.18+0.82 %ID/g) in Hep-G2
tumor xenografts at 2 h post-injection’®. This demonstrates that a pyridine-based FAP-targeted
tracer has the potential to achieve good tumor uptake, low background, and improved tumor-to-
background contrast.

In Chapter 2, we described the work on developing three novel bispecific PSMA/FAP-
targeting radiotracers, and we observed high blood uptake that results in lower tumor uptake than
the respective monospecific radiotracers. To solve this issue, one of the solutions we proposed was
to select a more hydrophilic pharmacophores, such as changing the quinoline-based FAP-targeted
ligand to a pyridine-based FAP-targeted ligand. However, there are very few pyridine-based FAP-
targeted radioligands that have been developed. Therefore, in this chapter, we report the design,

synthesis and evaluation of two pyridine-based FAP-targeted tracers, [°8Ga]Ga-AV02053 and
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[8Ga]Ga-AV02070 (Figure 3.1), based on the 4,4-difluoro-2-cyanopyrrolidine pharmacophore.
Instead of boroPro in [*"Tc]Tc-iFAP, we chose the 4,4-difluoro-2-cyanopyrrolidine
pharmacophore as it is easier to synthesize. Instead of D-Ala in [**"Tc]Tc-iFAP, we chose Gly as
it led to derivatives with a higher binding affinity'. The tertiary amine linkage between the linker
and pyridine in [®3Ga]Ga-AV02053 and [®Ga]Ga-AV02070 was to mimic the hydrazine group in
[*®"Tc]Tc-iFAP, in which the nitrogens in hydrazine were reported to interact with FAP and
improve binding affinity. The difference between the chemical structures of [®3Ga]Ga-AV02053
and [*8Ga]Ga-AV02070 is the position of the carbonyl group to the pyridine nitrogen, which is at
the meta position for [#Ga]Ga-AV02053 and the para position for [®Ga]Ga-AV02070 (Figure
3.1). The potential of [®®Ga]Ga-AV02053 and [*®Ga]Ga-AV02070 for cancer imaging was
evaluated by in vitro enzymatic assay, PET imaging, and ex vivo biodistribution studies using a
preclinical tumor model, HEK293T:hFAP*!, The results were then compared with those
previously obtained using [®3Ga]Ga-FAPI-0414,
3.2  Materials and Methods
3.2.1 General Methods

(S)-1-(2-aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile  4-methylbenzenesulfonate
was synthesized following literature procedure!l. All other chemicals and solvents were obtained
from commercial sources and used without further purification. Purification and quality control of
DOTA-conjugated ligands and their "*Ga/*®Ga-complexed analogs were performed on Agilent
(Santa Clara, CA) HPLC systems equipped with a model 1200 quaternary pump, a model 1200
UV absorbance detector (220 nm), and a Bioscan (Washington, DC) Nal scintillation detector. The
HPLC columns used were a semi-preparative column (Luna C18, 5 pm, 250 x 10 mm) and an

analytical column (Luna C18, 5 um, 250 x 4.6 mm) purchased from Phenomenex (Torrance, CA).
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The collected HPLC eluates containing the desired small molecules were lyophilized using a
Labconco (Kansas City, MO) FreeZone 4.5 Plus freeze-drier. MS analyses were conducted using
the Waters (Milford, MA) Acquity QDa mass spectrometer with the equipped 2489 UV/Vis
detector and €2695 Separations module. C18 Sep-Pak cartridges (1 cm®, 50 mg) were purchased
from Waters (Milford, MA). %Ga was eluted from an ITM Medical Isotopes GmbH (Munich,
Germany) generator, and purified according to the previously published procedures using a DGA
resin column from Eichrom Technologies LLC (Lisle, IL)'%°. The radioactivity of ®3Ga-labeled
tracers was measured using a Capintec (Ramsey, NJ) CRC®-25R/W dose calibrator and the
radioactivity of mouse tissues collected from biodistribution studies were counted using a Perkin
Elmer (Waltham, MA) Wizard2 2480 automatic gamma counter.
3.2.2 DOTA-conjugated Ligands Syntheses

AV02053 and AV02070 was synthesized following the steps depicted in scheme 3.1 and

scheme 3.2, respectively
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3.2.2.1 Synthesis of methyl 6-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]

pyridine-3- carboxylate (1)

A solution of methyl 6-chloronicotinate (855 mg, 5.0 mmol), N-Boc-N, N -dimethyl-1,2-
diaminoethane (1.88 g, 10 mmol), and N,N-diisopropylethylamine (DIEA, 1.29 g, 10 mmol) in
N,N-dimethylformamide (DMF, 50 mL) was stirred at 100 °C for 48 h. After evaporation, the
residue was dissolved in diethyl ether (100 mL) and washed with water (100 mL). The organic
phase was collected, dried over anhydrous MgSOs, filtered, and evaporated under reduced
pressure. The residue was purified with silica gel flash column chromatography eluted with 3:7
(v/v) ethyl acetate/hexanes. The product eluate fractions were combined, evaporated and dried
under reduced pressure to yield 1 as a brown solid (803 mg, 50% yield). MS (ESI) calculated for
C16H25N304 323.2, found [M+H]* 324.2. 'H NMR (300 MHz, CDCls) & 8.78 (d, J = 2.3 Hz, 1H),
7.99 (d, J = 8.9 Hz, 1H), 6.46 (d, J = 9.0 Hz, 1H), 3.86 (s, 3H), 3.84 — 3.69 (m, 2H), 3.43 (t, J =

6.3 Hz, 2H), 3.11 (s, 3H), 2.86 (d, J = 17.7 Hz, 3H), 1.38 (s, 9H).
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3.2.2.2 Synthesis of 6-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]pyridine

-3-carboxylic acid (2)

0~ ~OH

A solution of compound 1 (700 mg, 2.2 mmol) and sodium hydroxide (1.30 g, 32.3 mmol)
in a mixture of water (15 mL) and methanol (20 mL) was stirred for 17 h. After evaporation, the
residue was dissolved in water and the resulting solution was acidified with concentrated HCI to
pH 3. The resulting white precipitate was filtered and dried under reduced pressure to yield 2 as a
white powder (465 mg, 69% yield). MS (ESI) calculated for CisH23N304 309.2, found [M+H]*
310.1. 'H NMR (300 MHz, DMSO) & 8.59 (d, J = 1.9 Hz, 1H), 7.89 (d, J = 8.8 Hz, 1H), 6.63 (t, J
=10.2 Hz, 1H), 3.72 (s, 2H), 3.04 (s, 2H), 2.75 (d, J = 13.2 Hz, 3H), 2.53 — 2.47 (m, 3H), 1.31 —

1.15 (m, 9H).

3.2.2.3 Synthesis of 2,3,5,6-tetrafluorophenyl 6-[[2-[[(tert-butoxy)carbonyl]methylamino]

ethyl]lmethylamino]pyridine-3-carboxylate (3)
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A solution of EDC-HCI (299 mg, 1.6 mmol) in DCM (12 mL) was added dropwise to a
solution of compound 2 (440 mg, 1.4 mmol) and 2,3,5,6-tetrafluorophenol (307 mg, 1.9 mmol) in
dichloromethane (DCM, 80 mL) cooled in an ice/water bath. The resulting mixture was stirred for
22 h. The solution was evaporated under reduced pressure and the residue was purified through
silica gel flash column chromatography eluted with ethyl acetate. The product eluate fractions were
combined, evaporated and dried under reduced pressure to yield 3 as a yellow oil (649 mg, 100%
yield). MS (ESI) calculated for C21H23FsN304 457.2, found [M+H]* 458.2. *H NMR (300 MHz,
CDCl3) & 8.92 (d, J = 5.2 Hz, 1H), 8.11 (t, J = 9.5 Hz, 1H), 7.01 (tt, J = 9.9, 7.0 Hz, 1H), 6.60 (s,
1H), 3.83 (dt, J = 15.4, 6.5 Hz, 2H), 3.50 (d, J = 6.6 Hz, 2H), 3.17 (s, 3H), 2.90 (d, J = 9.0 Hz,

3H), 1.40 (s, 9H).

3.2.2.4 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-[[2-[[(tert-

butoxy)-carbonyl]methylamino]ethyl]methylamino]pyridine-3-carboxamide (4)

N
Boc” >~ "N~
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A solution of compound 3 (600 mg, 1.3 mmol), (S)-1-(2-aminoacetyl)-4,4-
difluoropyrrolidine-2-carbonitrile  4-methylbenzenesulfonate (473 mg, 1.3 mmol) and
triethylamine (TEA, 2.6 mmol, 265 mg) in acetonitrile (CH3CN, 12 mL) was stirred at 50 °C for
22 h. The solution was then evaporated under reduced pressure and the residue was purified using
silica gel flash column chromatography eluted with 1:9 (v/v) methanol/ethyl acetate. The product

eluate fractions were collected, combined, evaporated and dried under reduced pressure to yield 4
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as a light brown solid (365 mg, 55% yield). MS (ESI) calculated for C22HsoF2NsO4 480.2, found
[M+H]* 481.2. *H NMR (300 MHz, CDCl3) § 8.62 (d, J = 2.5 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1H),
7,28(s, 1H), 6.43 (d, J = 9.0 Hz, 1H), 4.97 (t, J = 6.6 Hz, 1H), 4.38 (dd, J = 17.6, 5.5 Hz, 1H), 4.10
—3.87 (M, 4H), 3.74 (m, 2H), 3.42 (t, J = 6.4 Hz, 2H), 3.11 (d, J = 8.6 Hz, 3H), 2.82 — 2.70 (m,

3H), 1.38 (s, 9H).

3.2.2.5 Synthesis of AV02053
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Trifluoroacetic acid (TFA, 1 mL) was added to a solution of compound 4 (21 mg, 44 pmol) in
DCM (1 mL), and the resulting solution was stirred at room temperature for 2 h. The solution was
then evaporated and the residue was dissolved in water (2 mL). DOTA-NHS-ester (40 mg, 53
pmol) was added, the pH of the resulting solution was adjusted to 8-9 with DIEA, and then the
solution was stirred for 40 h. The crude solution was purified using HPLC and the eluted product
fraction was collected and lyophilized to obtain AV02053 as a white powder (3.4 mg, 10% yield).
MS (ESI) calculated for CasHagF2N10Og 766.4, found [M+H]* 767.2. The HPLC conditions and

retention time for the purification of AV02053 are provided in Table 3.1.
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3.2.2.6 Synthesis of methyl 2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]

pyridine-4-carboxylate (5)

A solution of methyl 2-chloroisonicotinate (1.71 g, 10 mmol), N-Boc-N, N -dimethyl-1,2-
diaminoethane (3.25 g, 17 mmol), and DIEA (3.5 mL, 20 mmol) in DMF (60 mL) was stirred at
110 °C for 24 h. After evaporation, the residue was dissolved in diethyl ether (100 mL) and washed
with water (100 mL). The organic phase was collected, dried over anhydrous MgSO4, filtered, and
evaporated under reduced pressure. The crude product was purified with silica gel flash column
chromatography eluted with 1:3 (v/v) ethyl acetate/hexanes (1.6 L) followed by ethyl acetate (0.8
L). The product eluate fractions were combined, evaporated and dried under reduced pressure to
yield 5 as a white solid (270 mg, 8.4% yield). MS (ESI) calculated for C1sH25N304 323.2, found
[M+H]* 324.2. 'H NMR (300 MHz, CDCl3) & 8.23 (d, J = 5.4 Hz, 1H), 7.04 (d, J = 5.4 Hz, 2H),
3.91 (s, 3H), 3.74 (dd, J = 15.0, 8.3 Hz, 2H), 3.42 (t, J = 6.3 Hz, 2H), 3.09 (s, 3H), 2.91 — 2.80 (m,

3H), 1.37 (d, J = 4.6 Hz, 9H).

3.2.2.7 Synthesis of 2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]pyridine-

4-carboxylic acid (6)

|
Boc\N/\/N /N
| N

0~ "OH
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A solution of compound 5 (255 mg, 0.79 mmol) and sodium hydroxide (475 mg, 12 mmol)
in a mixture of water (25 mL) and methanol (30 mL) was stirred for 20 h. After evaporation, the
residue was dissolved in water and the resulting solution was acidified with concentrated HCI to
pH 3. The resulting precipitates were collected by filtration and dried under reduced pressure to
yield 6 as a light brown powder (220 mg, 90% yield). MS (ESI) calculated for C15H23N304 309.2,
found [M+H]* 310.1.'H NMR (300 MHz, CDCl3) 6 8.20 (d, J = 5.01 Hz, 1H), 7.9 (d, J = 6.79 Hz,

2H), 3.39 (m, 2H), 3.04(s, 3H), 2.80 (d, J = 14.23 Hz, 2H), 2.11 (s, 3H), 1.31 (m, 9H).

3.2.2.8 Synthesis of 2,3,5,6-tetrafluorophenyl 2-[[2-[[(tert-butoxy)carbonyl]methylamino]
ethyllmethylamino]pyridine-4-carboxylate (7)

|
Boc\N/\/N _N
|

A solution of EDC-HCI (136 mg, 0.71 mmol) in DCM (10 mL) was added dropwise to a
solution of compound 6 (200 mg, 0.65 mmol) and 2,3,5,6-tetrafluorophenol (139 mg, 0.84 mmol)
in a mixture of DCM (30 mL) and DMF (10 mL) cooled in an ice/water bath. The resulting solution
was stirred for 24 h and then evaporated. The residue was purified through silica gel flash column
chromatography eluted with 1:2 (v/v) ethyl acetate/hexanes. The product eluate fractions were
combined, evaporated and dried under reduced pressure to yield 7 as a yellow solid (170 mg, 58%
yield). MS (ESI) calculated for Co1H23F4N3O4 457.2, found [M+H]" 458.1.1H NMR (300 MHz,
CDCl3) 6 8.32 (d, J = 5.2 Hz, 1H), 7.21 (d, J = 5.9 Hz, 2H), 7.06 (it, J = 9.8, 7.0 Hz, 1H), 3.87 —

3.75 (m, 2H), 3.47 (t, J = 6.2 Hz, 2H), 3.14 (s, 3H), 2.91 — 2.89 (m, 3H), 1.37 (s, 9H).
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3.2.29 Synthesis of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-2-[[2-

[[(tert-butoxy)-carbonyl]methylamino]ethylJmethylamino]pyridine-4-carboxamide (8)
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A solution of compound 7 (200 mg, 0.44 mmol), (S)-1-(2-aminoacetyl)-4,4-

CN

difluoropyrrolidine-2-carbonitrile 4-methylbenzenesulfonate (158 mg, 0.44 umol) and TEA (88
mg, 0.88 mmol) in CH3CN (5 mL) was stirred at 50 °C for 22 h. The solution was then evaporated
under reduced pressure and the residue was purified using silica gel flash column chromatography
eluted with 1:9 (v/v) methanol/ethyl acetate. The product eluate fractions were collected,
combined, evaporated and dried under reduced pressure to yield 8 as a yellow solid (124 mg, 59%
yield). MS (ESI) calculated for C22H30F2NgO4 480.2, found [M+H]" 481.2. *H NMR (300 MHz,
CDCls) 6 8.12 (d, J = 5.0 Hz, 1H), ), 7.23 (d, J = 20.8 Hz, 2H), 6.75 (d, J = 20.3 Hz, 1H), 4.91 (t,
J = 6.6 Hz, 1H), 4.32 (d, J = 17.9 Hz, 1H), 3.97 (dd, J = 25.6, 13.1 Hz, 3H), 3.64 (t, J = 5.9 Hz,
2H), 3.42 —3.28 (m, 2H), 2.99 (t, J = 19.4 Hz, 3H), 2.83 — 2.57 (m, 3H), 1.44 — 1.27 (m, 9H).
3.2.2.10 Synthesis of AV02070
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A solution of compound 8 (25 mg, 52 pumol) in DCM (1 mL) was added TFA and stirred
at room temperature for 2 h. DOTA-NHS-ester (48 mg, 62 umol) was added into the solution, the
pH of the resulting solution was adjusted to 8-9 with DIEA, and then the solution was stirred for
40 h. The crude solution was purified using HPLC and the eluted product fraction was collected
and lyophilized to obtain AV02070 as a white powder (4.6 mg, 12% yield). MS (ESI) calculated
for CssHagF2N100g 766.4, found [M+H]" 767.2. The HPLC conditions and retention time for the

purification of AV02070 are provided in Table 3.1.

3.2.3 Synthesis of Nonradioactive Ga-complexed Standards

The nonradioactive Ga-complexed standards were prepared by reacting the DOTA-
conjugated precursors with GaCls (5 eq.) in NaOAc buffer (0.1 M, 500 uL, pH 4.2 —4.5) at 80 °C
for 15 min. The reaction mixture was then purified via HPLC (semi-preparative column, flow rate:
4.5 mL/min). The HPLC eluates containing the desired products were collected and lyophilized.
The HPLC conditions, retention times, isolated yields and MS confirmations of these
nonradioactive Ga-complexed standards are provided in Table 3.2.
3.2.4 Synthesis of ®®Ga-labeled Compounds

The radiolabeling experiments were performed according to previously published
procedures!?127_ puyrified ®3GaCls in 0.5 mL water was added to a 4-mL glass vial preloaded with
0.7 mL of HEPES buffer (2 M, pH 5.0) and 10 pL precursor solution (1 mM). The radiolabeling
reaction was carried out under microwave heating for 1 min, followed by purification using the
semi-preparative HPLC column. The eluate fraction containing the radiolabeled product was
collected, diluted with water (50 mL), and passed through a C18 Sep-Pak cartridge that was pre-

washed with ethanol (10 mL) and water (10 mL). The C18 Sep-Pak cartridge was washed with
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water (10 mL), and the %8Ga-labeled product was eluted off the cartridge with ethanol (0.4 mL).
The eluted product was diluted with PBS for imaging and biodistribution studies. Quality control
was performed using the analytical column. The HPLC conditions and retention times are provided
in Table 3.3. The tracers were obtained in 33-64% decay-corrected radiochemical yields with >44

GBg/pumol molar activity and >95% radiochemical purity.

Table 3.1 HPLC purification conditions and MS characterizations of DOTA-conjugated
precursors.

: : Calculated
Compound HPLC conditions Retentlc_)n Yield Mass Found
name time (min) (%) (m/z)
(m/z)
15% CH3CN and [M+H]" | [M+H]*
AV02053 0.1% TFA in H0 8.7 10 767.4 | 7672
14% CH3CN and [M+H]* | [M+H]"
AV02070 0.1% TFA in H20 84 12 767.4 767.2
Table 3.2 HPLC purification conditions and MS characterizations of nonradioactive Ga-
complexed standards.
Compound . Retention Yield Calculated Found
name HPLC conditions time (min) (%) mass (m/z) (m/z)
i 15% CH3CN and [M+2H]* | [M+2H]**
Ga-AV02053 0.1% TFA in H20 72 42 417.1 417.3
i 14% CH3CN and [M+2H]* | [M+2H]**
Ga-AVO2070 1 5 106 TFA in HO 68 22 417.1 417.4
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Table 3.3 HPLC conditions for the purification and quality control of 8Ga-labeled tracers.

Compound name HPLC conditions Retentlc_)n
time (min)
] 14% CH3CN and 0.1% TFA in
[°Ga] Ga-AV02053 Semi-Prep H.0; flow rate 4.5 mL/min 134
Qc 15% CH3CN and 0.1% TFA in 79
H,0; flow rate 2.0 mL/min '
Semi-Prep 13% CH3CN and 0.1% TFA in 15.5
H,O; flow rate 4.5 mL/min '
68 _ ’
[FGa]Ga-AV02070 QC 16% CH3CN and 0.1% TFA in 52
H,0; flow rate 2.0 mL/min '

3.2.5 Cell Culture

The HEK293T:hFAP cells generated in our lab**! were cultured in DMEM GlutaMAX™
medium supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL) at 37
°C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC humidified incubator containing 5%
CO:s. Cells were grown until 80-90% confluence and washed with sterile phosphate-buffered saline
(PBS, pH 7.4) and collected after 1 min trypsinization. The cell concentration was counted in

triplicate using a hemocytometer and a manual laboratory counter.

3.2.6 In Vitro FAP Fluorescence Assay

The half maximal inhibitory concentration (1Cso) values of the tested compounds for FAP
were measured by in vitro enzymatic assay. The recombinant human FAP (Bio-legend; 0.2 pg/mL,
50 pL) was added into costar 96-well plate. PBS and varied concentrations (0.2 pM to 2 uM) of
tested nonradioactive Ga-complexed standards were added to each wells (in duplicate) containing
the recombinant human FAP. After being incubated for 30 min at 37 °C, 50 uL of Suc-Gly-Pro-
AMC (2 uM, Bachem) was added to each well. The fluorescent signals were acquired at 15, 30,

45, and 60 min using FlexStation 3 Multi-Mode Microplate Reader with excitation at 380 nm and
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emission at 460 nm. The ICso (FAP) values were calculated using “nonlinear fit model” built-in

model in GraphPad Prism 7.02 software.

3.2.7 LogD7.4 Measurement

The lipophilicity characteristics of the ®Ga-labeled pyridine-based FAPIs were determined
by calculating the logarithm of the distribution coefficient (logD) in n-octanol/phosphate-buffered
saline (PBS) of pH 7.4. Purified %®Ga-labeled tracer (50 pL) was added into a test tube containing
3 mL n-octanol and 3 mL PBS. The mixture was vortexed and followed by centrifugation for 5
min at 3000 rpm. 1 mL fractions of each layers were then collected separately and the radioactivity
was counted using a Perkin Elmer (Waltham, MA) Wizard2 2480 automatic gamma counter. After
adjusting the counts to background and calculating the ratio (D) of the activity of the organic to

that of the aqueous phase, the logD values were then calculated.

3.2.8 ExVivo Biodistribution and PET/CT Imaging Studies

Imaging and biodistribution studies were performed using male NOD.Cg-RagltmlMom
112rgtm1Wijl/SzJ (NRG) mice following previously published procedures'?***°, The experiments
were conducted according to the guidelines established by the Canadian Council on Animal Care
and approved by Animal Ethics Committee of the University of British Columbia. The mice were
briefly sedated by inhalation of 2.5% isoflurane in oxygen, and HEK293T:hFAP cells (8.5 x 10°
cells) were inoculated subcutaneously behind the left shoulder. When the tumor grew to 5-8 mm
in diameter over 3-4 weeks, the mice were used for PET/CT imaging and biodistribution studies.

PET/CT imaging experiments were carried out using a Siemens (Knoxville, TN) Inveon

micro PET/CT scanner. Each tumor-bearing mouse was injected with ~4-6 MBq of ®®Ga-labeled
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tracer through a lateral caudal tail vein under 2.5% isoflurane in oxygen anesthesia, followed by
recovery and roaming freely in its cage during the uptake period. At 50 min post-injection, a 10-
min CT scan was conducted first for localization and attenuation correction after segmentation for
reconstructing the PET images, followed by a 10-min static PET imaging acquisition.

For biodistribution studies, the mice were injected with the radiotracer (~2-4 MBq) as
described above. For blocking study the mice were co-injected with 250 ug of FAPI-04. At 1 h
post-injection, the mice were euthanized by CO> inhalation. Blood was withdrawn by cardiac
puncture, and organs/tissues of interest were collected, weighed and counted using a Perkin Elmer

(Waltham, MA) Wizard2 2480 automatic gamma counter.

3.2.9 Statistical Analysis

Data were analyzed with the GraphPad Prism, version 7.02 and Microsoft (Redmond, WA)
Excel software. One way ANOVA and multiple t tests were performed for all organs in the
biodistribution studies of [®®Ga]Ga-AV02053, [%Ga]Ga-AV02070, and [*8Ga]Ga-FAPI-04 in
HEK293T:hFAP tumor models. A statistically significant difference was considered present when

the adjusted P value was less than 0.05 using the Holm-Sidak method.

3.3  Results
3.3.1 Synthesis of ®Ga/"'Ga-Labeled FOTA-Conjugated FAP-Targeted Agents Based on
Pyridine-Based Pharmacophores

The syntheses of DOTA-conjugated AV02053 and AV02070 are depicted in Schemes 3.1
and Scheme 3.2, respectively. For the preparation of AV02053 (Scheme 3.1), methyl 6-

chloronicotinate was coupled with N-Boc-N,N’-dimethyl-1,2-diaminoethane via nucleophilic
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substitution to obtain 1 in 50% yield. Compound 2 was obtained in 69% vyield by the hydrolysis of
the methyl ester in compound 1 with NaOH in a mixture of water and methanol. Esterification of
compound 2 with 2,3,5,6-tetrafluorophenol (TFP) led to compound 3 in 100% yield. Compound 4
was obtained in 55% yield by coupling the activated ester 3 with (S)-1-(2-aminoacetyl)-4,4-
difluoropyrrolidine-2-carbonitrile!!. Tert-butyloxycarbonyl (Boc) protecting group was removed
using trifluoroacetic acid (TFA) and the deprotected compound 4 was coupled with the DOTA
chelator. The crude product was purified using HPLC and the product eluate fraction was collected
and lyophilized to obtain AV02053 in 10% yield (Table 3.1).

For the preparation of AV02070 (scheme 3.2), commercially available methyl 2-
chloroisoncotinate was coupled with N-Boc-N, N ’-dimethyl-1,2-diaminoethane via nucleophilic
substitution to obtain 5 in 8.4% yield. The methyl ester group in 5 was hydrolyzed with NaOH in
a mixture of water and methanol, leading to compound 6 in 90% yield. Compound 7 was obtained
in 58% yield via esterification of compound 6 with TFP. The activated compound 7 was coupled
with (S)-1-(2-aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile to obtain compound 8 in 59%
yield. Boc in compound 8 was removed using TFA, followed by coupling of the deprotected
compound 8 with the DOTA chelator. The crude product was purified using HPLC and the product
eluate fraction was collected and lyophilized to obtain AV02070 in 12% vyield (Table 3.1).

Ga complexation of AV02053 and AV02070 was conducted in NaOAc buffer (0.1 M, pH
4.2-4.5) for nonradioactive standards and in HEPES buffer (2 M, pH 5.0) for %Ga labeling as
previously reported (Table 3.2-3.3)12%127, Ga-AV02053 and Ga-AV02070 were obtained in 42 and
22% vyields, respectively. 8Ga-labeled AV02053 and AV02070 were obtained in 33-64% decay-

corrected radiochemical yield with > 50 GBg/pmol molar activity and > 95% radiochemical purity.
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3.3.2 Binding Affinity and Lipophilicity

The binding affinities of Ga-AV02053 and Ga-AV02070 to human FAP were measured by
an enzyme inhibition assay using Suc-Gly-Pro-AMC as the FAP substrate. The human FAP
enzymatic activity on the substrate was inhibited by Ga-AV02053 and Ga-AV02070 in a dose
dependent-manner (Figure 3.2). The calculated 1Cso values for Ga-AV02053 and Ga-AV02070
were 187+52.0 and 17.1+4.60 nM, respectively. For comparison, the previously reported 1Cso

value for Ga-FAPI-04 under the same assay conditions was 1.03+0.44 nM (Figure 3.2)*,
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Figure 3.2 Inhibition of FAP enzymatic activity on Suc-Gly-Pro-AMC substrate by Ga-AV02053
and Ga-AV02070, and comparison with the data obtained previously using Ga-FAPI-04'4, The
enzymatic activity represents the fluorescence of AMC which was cleaved by human FAP enzyme.
The half-maximal inhibitory concentration (1Cso) of the Ga-complex ligands was calculated, with
Ga-FAPI-04 showing the lowest value, followed by Ga-AV02070 and Ga-AV02053, respectively.
Error bars indicate standard deviation

The lipophilicity of %8Ga-labeled AV02053, AV02070, and FAPI-04 were estimated by
measuring their LogD-.4 values using the shake flask method with n-octanol and phosphate-
buffered saline (pH 7.4). The LogD7.4 values of [*®Ga]Ga-AV02053, [®3Ga]Ga-AV02070, and

[8Ga]Ga-FAPI-04 were -3.75+0.16, -3.45+0.10, and -1.02+0.35, respectively. The values indicate
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that these %®Ga-labeled tracers are hydrophilic, and the pyridine-based FAP-targeted tracers,

[*8Ga]Ga-AV02053 and [*3Ga]Ga-AV02070, are more hydrophilic than [8Ga]Ga-FAPI-04.

3.3.2 PET Imaging, Ex Vivo Biodistribution, and Blocking Study

Imaging studies showed that the HEK293T:hFAP tumor xenografts were clearly visualized
in PET images acquired at 1 h post-injection using both [®®Ga]Ga-AV02053 and [*®Ga]Ga-
AV02070 (Figure 3.3). Both tracers were excreted primarily through the renal pathway and had
very low background uptake in normal organs/tissues. Although [%Ga]Ga-AV02053 and
[8Ga]Ga-AV02070 had lower tumor uptake than that of previously reported [*3Ga]Ga-FAPI-04,
both of them had much lower background uptake, resulting in better tumor-to-background contrast
than that of [%8Ga]Ga-FAPI-04 (Figure 3.3). Co-injection of [8Ga]Ga-AV02053 and [*®Ga]Ga-
AV02070 with FAPI-04 (250 pg) reduced the uptake of [®®Ga]Ga-AV02053 and [*®Ga]Ga-
AV02070 in HEK293T:hFAP tumor xenografts to almost background level, confirming the uptake

of both tracers is FAP mediated.

[f®Ga]Ga- [(8Ga]Ga- [8Ga]Ga- [¢*Ga]Ga- [(8Ga]Ga- 10
AV02053 AV02053 AV02070 AV02070 FAPI-04
blocking blocking
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t t t :
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Figure 3.3 Representative maximum intensity projection PET images of [#8Ga]Ga-AV02053 and
[8Ga]Ga-AV02070 acquired at 1 h post-injection in mice bearing HEK293T:hFAP tumor
xenografts. The image of [*®Ga]Ga-FAPI-04 has been reported previously!*! and is displayed here
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for comparison. Despite having lower tumor uptake, [*®Ga]Ga-AV02053 and [*®Ga]Ga-AV02070
shown to have better contrast compared to [*8Ga]Ga-FAPI-04. The blocking with FAPI-04
decreased the tumor uptake to background level. t: tumor; bl: urinary bladder.

Biodistribution studies were conducted at 1 h post-injection with [*®Ga]Ga-AV02053 and
[*8Ga]Ga-AV02070 in HEK293T:hFAP tumor-bearing mice, and the data are compared with those
obtained previously using [®®Ga]Ga-FAPI-04 (Figures 3.4-3.5 and Table 3.4). The results are
consistent with the observations from their PET images. Except tumor and kidneys (1.35 — 1.85
%ID/g), the average uptake values of [®3Ga]Ga-AV02053 and [*8Ga]Ga-AV02070 in all other
collected organs/tissues were < 0.6 %ID/g. The tumor uptake values of [3Ga]Ga-AV02053,
[8Ga]Ga-AV02070, and [*®Ga]Ga-FAPI-04 were 5.60+1.12, 7.93+1.88, and 12.5+2.00 %ID/g,
respectively. Despite having a higher tumor uptake, [%Ga]Ga-FAPI-04 also had significantly
higher blood, muscle, and bone uptake (1.07£0.08, 0.67+0.05 and 3.36+1.09 %ID/g, respectively)
compared to those of [%Ga]Ga-AV02053 (0.22+0.04, 0.12+0.05 and 0.14+0.02 %ID/g,
respectively) and [®®Ga]Ga-AV02070 (0.36+0.05, 0.19+0.10 and 0.23+0.06 %ID/g, respectively).
This also led to higher tumor-to-blood, tumor-to-muscle and tumor-to-bone uptake ratios for
[8Ga]Ga-AV02053 (25.2+1.97, 51.2+19.8 and 38.1+5.03, respectively) and [*®Ga]Ga-AV02070
(22.9+10.1, 45.7+9.88 and 34.3+7.35, respectively) than [8Ga]Ga-FAPI-04 (11.7+2.04, 18.8+4.09
and 3.93+1.16, respectively) (P < 0.05).

Co-injection of FAPI-04 reduced the average uptake of [*8Ga]Ga-AV02053 and [*3Ga]Ga-
AV02070 in HEK293T:hFAP tumor xenografts by 95% (5.60 %ID/g down to 0.30 %ID/g at 1 h
post-injection) and 97% (7.93 %ID/g down to 0.21 %ID/g at 1 h post-injection), respectively,
confirming the specific uptake of both tracers in tumors. On the contrary, there was no significant

difference on the average uptake values of [®3Ga]Ga-AV02053 and [*8Ga]Ga-AV02070 in other
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major organs at 1 h post-injection with the co-injection of FAPI-04 (Figures 3.3-3.4 and Table

3.4).
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Table 3.4 Biodistribution (mean + SD, n = 4) and uptake ratios of ®Ga-labeled FAP-targeted tracers in HEK293T:hFAP tumor-bearing
mice. The mice in the blocked group were co-injected with FAP1-04 (250 pg).

) %8Ga]Ga-AV02053 8Ga]Ga-AV02070 %8Ga]Ga-FAPI-04*
Tissue (%ID/g) [ ] [ ] [ ]
1h 1 h blocked 1lh 1 h blocked 1lh

Blood 0.22 +0.04 0.15+0.08 0.36 £ 0.05 0.16 £0.14 1.07 +£0.08
Testes 0.10 +0.03 0.14 +0.11 0.17 £ 0.07 0.06 +£0.05 0.28 +0.04
Small intestine 0.28 +0.07 0.27+0.16 0.42 +0.13 0.35+0.21 0.36 + 0.08
Large intestine 0.08 +0.02 0.08 + 0.06 0.30 +0.38 0.04 +0.03 -

Stomach 0.05 +0.02 0.03 +0.02 0.08 + 0.04 0.06 + 0.06 0.07+£0.01
Spleen 0.17 +£0.06 0.14 +0.13 0.25+0.12 0.07 £ 0.06 0.56 +0.11
Liver 0.52+0.12 0.43+0.24 0.39+0.05 0.25+0.14 0.36 +0.02
Pancreas 0.13+0.04 0.10 +0.09 0.34 + 0.45 0.05 +0.04 0.37 +0.05
Kidney 1.35+0.29 1.35+0.75 1.85+0.21 2.01+2.20 1.83+0.16
Lungs 0.23+0.04 0.20+0.10 0.34 +£0.06 0.17+£0.11 0.74+0.11
Heart 0.07 £0.01 0.06 +£0.03 0.12 £0.03 0.06 +£0.05 0.34 +£0.04
Tumor 560+1.12 0.30+0.20 7.93+1.88 0.21+0.15 12.5+2.00
Muscle 0.12 £ 0.05 0.11 +£0.08 0.19+0.10 0.08 £ 0.07 0.67 £0.05
Bone 0.14 £ 0.02 0.08 £0.06 0.23+0.06 0.10 +£0.09 3.36 £1.09
Brain 0.01 +£0.00 0.01+£0.00 0.02 +£0.02 0.01 +£0.00 0.04 £0.00
Thyroid 0.12 £ 0.02 0.11+0.12 0.22 +£0.02 0.06 £0.04 -

Salivary glands 0.15 + 0.07 0.12+0.12 0.19+0.06 0.11 +£0.05 -

Tumor/bone 38.1 +£5.03 418 +4.17 343+7.35 2.15+0.89 3.93+1.16
Tumor/muscle 51.2+19.8 2.97 +£2.40 45.7 +9.88 259+1.17 18.8 +4.09
Tumor/blood 25.2+1.97 1.78 +0.73 229+10.1 1.32 +0.41 11.7 £ 2.04
Tumor/Kidney 419 +0.65 0.21 +£0.09 434 +1.36 0.13+0.04 6.85 +1.33

*The biodistribution data of [*3Ga]Ga-FAPI-04 have been reported previously'#*
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Figure 3.4 Biodistribution of [3Ga]Ga-AV02053 and [®3Ga]Ga-AV02070 in HEK293T:hFAP
tumor-bearing mice (n = 4) at 1 h post-injection with/without co-injection of FAPI-04 (250 pg).
The biodistribution data for [8Ga]Ga-FAPI-04 have been reported previously**!. Error bars
indicate standard deviation. Statistical significance was calculated using unpaired two-tailed t-test
with Holm-Sidak method. * p < 0.05 **p < 0.01 ***p < 0.001****p < 0.0001.

3.4  Discussions

Both AV02053 and AV02070 were prepared by multi-step organic synthesis approach,
with overall unoptimized yields of 1.90% and 0.31%, respectively. We observed that the difference
in the overall yield between AV02053 and AV02070 was mainly contributed by the efficiency of
nucleophilic  substitution of N-Boc-N,N’-dimethyl-1,2-diaminoethane with methyl 6-
chloronicotinate (for the preparation of AV02053) and methyl 2-chloroisoncotinate (for the
preparation of AV02070). The substitution of chloride in methyl 6-chloronicotinate (50% yield for
compound 1) is more efficient compared to methyl 2-chloroisoncotinate (8.4% yield for compound
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5). This is because the carbonyl group on the pyridine ring has better electron-withdrawing effect

at the para position to chloride (in methyl 6-chloronicotinate) than at the meta position (in methyl

2-chloroisoncotinate).
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Figure 3.5 Tumor-to-background (bone, muscle, blood and kidney) uptake ratios of [*®Ga]Ga-
AV02053 and [%8Ga]Ga-AV02070 in HEK293T:hFAP tumor-bearing mice (n = 4) at 1 h post-
injection with/without co-injection of FAPI-04 (250 pg). The previously published data of
[®Ga]Ga-FAPI-04 are presented for comparison'!. Error bars indicate standard deviation.
Statistical significance was calculated using unpaired two-tailed t-test with Holm-Sidak method.
*p <0.05**p < 0.01 ***p < 0.001****p < 0.0001.

The enzymatic assay (Figure 3.2) revealed that the FAP binding affinity of both Ga-
AV02053 (ICso = 1874£52.0 nM) and Ga-AV02070 (ICso = 17.1+4.60 nM) is lower than that of

Ga-FAPI-04 (ICso = 1.03+0.44 nM). This is consistent with the observations by Jansen and co-
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workers that the quinoline-based pharmacophore (4-quinolinoyl)glycyl-(2S)-cyanopyrrolidine
(1Cs0 = 10.3 nM) is more potent than its pyridine-based analog, (pyridine-4-carbonyl)glycyl-(2S)-
cyanopyrrolidine (ICso = 63 nM)!. We observed that the pyridine-4-carbonyl derived Ga-
AV02070 (ICso = 17.1£4.60 nM) is more potent than its pyridine-3-carbonyl-derived analog, Ga-
AV02053 (ICs0 187£52.0 nM). This is also consistent with the report by Poplawski and co-workers
that (pyridine-4-carbonyl)-D-Ala-boroPro derivatives have better FAP binding affinity than their
(pyridine-3-carbonyl)-D-Ala-boroPro analogs'*®.

The LogDr.4 values confirmed that pyridine-based [%8Ga]Ga-AV02053 and [%®Ga]Ga-
AV02070 are more hydrophilic compared to the quinoline-based [*®Ga]Ga-FAPI-04 (LogD7.4
values = -3.75+0.16, -3.45+0.10 and -1.02+0.35, respectively). The higher hydrophilicity and
smaller size of the pyridine-based pharmacophores compared to the quinoline-based
pharmacophores could potentially lead to FAP-targeted tracers with faster pharmacokinetics,
resulting in lower background uptake and higher tumor-to-background image contrast.

Consistent with the predictions from their binding affinity and smaller molecular size of
pharmacophores, PET imaging and biodistribution data (Figures 3.3-3.5 and Table 3.4) revealed
that the pyridine-based tracers, [®3Ga]Ga-AV02070 (7.93+1.88 %ID/g) and [%8Ga]Ga-AV02053
(5.60+1.12 %ID/g), have a lower tumor uptake than the previously reported value of the quinoline-
based [*®Ga]Ga-FAPI-04 (12.5+2.00 %ID/g) using the same HEK293T:hFAP tumor model**.
However, the pyridine-based tracers have a lower uptake in muscle and bone, which are the two
common off-target organs of FAP-targeted tracers, as observed in the quinoline-based [*®Ga]Ga-
FAPI-04 (Table 3.4). This leads to significantly higher tumor-to-muscle and tumor-to-bone uptake
ratios for [*8Ga]Ga-AV02070 and [*8Ga]Ga-AV02053 than [8Ga]Ga-FAPI-04. The significantly

lower blood uptake of [*8Ga]Ga-AV02053 (0.22+0.04 %ID/g) and [*8Ga]Ga-AV02070 (0.36+0.05
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%ID/g) indicates that both tracers are rapidly cleared from the blood pool. Furthermore, the tumor
uptake of both tracers was reduced by > 95% with the co-injection of FAPI-04 (250 pg),
demonstrating that tumor uptake of both tracers is FAP-mediated. The highly specific uptake of
[8Ga]Ga-AV02070 and [%8Ga]Ga-AV02053 in tumors and their superior tumor-to-background
contrast suggest that both tracers are promising for clinical translation for cancer imaging.

There are some limitations in our research design: Firstly, the faster pharmacokinetics of
pyridine-based FAP-targeted radioligands might limit their applications for radioligand therapy.
This is because faster clearance from the blood pool reduces their chances to bind to FAP in tumors
and might result in a relatively lower overall tumor uptake. This could be solved by the addition
of an albumin binder to the pyridine-based FAP-targeted ligands to extend their blood residence
time as similar approaches have been exploited to increase the tumor uptake of radiolabeled
quinoline-based FAPI-04 derivatives'?®13°. However, the blood residence time needs to be
carefully adjusted as staying to long in blood will result in hematological toxicity. Previously,
based on the reported albumin binder 4-(p-iodophenyl)butyramide!*?, we have discovered a series
of albumin binders with a broad range of albumin binding capability by replacing the iodo
substituent with Br, CI, F, H, CHs, NO2, OCH3 and NH,'?2. These albumin binders could be used
to fine-tune the blood residence time of pyridine-based FAP-targeted radioligands to maximize
tumor uptake without inducing significant hematological toxicity. Moreover, further biokinetics
or pharmacokinetic (PK) studies are needed to confirm the correlation of the tracer structure to the
biodistribution observed and to compare the PK with the quinoline-based FAP-targeted tracers. In
this paper, we did not include this data, as our main aim is to first evaluate the imaging potential
of the novel pyridine-based tracers. In addition, doing PK studies will require the use of more

mice, and we think that it would be better to do the study on better compound candidates with
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higher binding affinity. In future studies, we could calculate the biokinetics/clearance rate of the
tracers by performing the biodistribution and imaging studies in earlier and later time points (30
min, 1 h, 1.5 h, and 2 h).

Secondly, the phenomena observed in the preclinical mouse model might not be
representative to what will be observed in the clinic. For example, the high bone uptake of
[8Ga]Ga-FAPI-04 in mice is not observed in patients'**. It will be of interest to compare [**Ga]Ga-
FAPI-04 with [*8Ga]Ga-AV02070 or [%Ga]Ga-AV02053 in the clinic to investigate if pyridine-
based FAP-targeted tracers can still lead to better tumor-to-background contrast, and hence, a
better detection sensitivity.

Lastly, the use of N,N'-dimethylethylenediamine as the linker between the DOTA chelator
and the pyridine moiety of [%Ga]Ga-AV02070 and [*®Ga]Ga-AV02053 (Figure 3.2), and the
selected position for the linker to attach to the pyridine ring were only due to ease of synthesis and
may not be optimal for FAP targeting. Further optimizations on the selection of linker as well as
the position for the linker to attach to the pyridine ring might be needed to improve FAP binding
affinity, tumor uptake, and maybe even tumor-to-background contrast. A study reported by
Lindner and co-workers!®® demonstrated that for the quinoline-based pharmacophores, a
piperazine linker and the attachment of linker to the 6- rather than 7-position of the quinoline ring
were preferable for FAP targeting. Both traits are preserved for the successful clinical tracers,
[8Ga]Ga-FAPI-04 and [%®Ga]Ga-FAPI-46. Hence, for future modifications, we will investigate
the effects of attaching the linker to the 2- vs 3-position of the pyridine ring, as well as the use of

a piperazine linker to potentially further increase binding affinity and tumor uptake.
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3.5  Conclusions

Two novel ®8Ga-labeled pyridine-based FAP-targeted tracers were successfully
synthesized and evaluated using a preclinical tumor model. Despite lower binding affinity and
tumor uptake, both [®®Ga]Ga-AV02070 and [%8Ga]Ga-AV02053 show much higher tumor-to-
background (blood, muscle and bone) uptake ratios than [8Ga]Ga-FAPI-04. [*®Ga]Ga-AV02070
containing a pyridine-4-carbonyl moiety has better binding affinity and tumor uptake than
[*8Ga]Ga-AV02053 containing a pyridine-3-carbonyl moiety, making it a promising candidate for
the design of FAP-targeted tracers. Future optimization on the selection of linker between the
DOTA chelator and the pyridine-based pharmacophores will be explored to increase the tumor
uptake while maintaining or even further improving the high tumor-to-background contrast.
Furthermore, [%8Ga]Ga-AV02070 pharmacophore can be incorporated for the design of
PSMAVJ/FAP bispecific tracers to potentially improve the tumor-to-background contrast and tumor

uptake.
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Chapter 4 : Synthesis and Preclinical Evaluation of Two Novel ®Ga-Labeled
Bispecific PSMA/FAP-targeting tracers with 2-Nal-containing PSMA-targeted

Pharmacophore and Pyridine-based FAP-targeted Pharmacophore

4.1  Introduction

Previously, our group also has developed three %8Ga-labeled bispecific PSMA/FAP
radiotracers which incorporate quinoline-based FAP pharmacophore and anthracene ring-
consisting PSMA pharmacophore'#!. We observed a high blood uptake (5-12 %ID/g at 1 h post-
injection) in the mouse model with decreased tumor uptake in comparison to the ®Ga-labeled
monospecific counterparts, the PSMA-targeting [*®Ga]Ga-HTKO03041 and the FAP-targeting
[8Ga]Ga-FAPI-04. We suspected that the longer blood retention could be caused by the increased
lipophilicity of the ligands and potential interaction, such as n—r stacking between the quinoline
ring and anthracene ring, which hindered the binding of the tracers to FAP and PSMA, leading to
decreased tumor uptake. Our goal in this study is to solve these issues and improve the binding
affinity and tumor uptake by replacing the pharmacophores with less lipophilic motifs, such as
replacing Ala(9-Anth) in the PSMA-targeting pharmacophore with 2-Nal and replacing the
quinoline motif in the FAP-targeting pharmacophore with a more hydrophilic pyridine motif.

Many pyridine-based FAP inhibitors (FAPI) have been reported'*!*3 however there are
still few reports on the development of pyridine-based FAP-targeted tracers. Previously we
synthesized and evaluated two novel ®3Ga-labeled pyridine-based FAP-targeted tracers, [*®Ga]Ga-
AV02053 and [%8Ga]Ga-AV02070, and compared their binding affinity and tumor uptake to that
of [%8Ga]Ga-FAPI-0413, We discovered that although [*8Ga]Ga-FAPI-04 has higher binding
affinity towards FAP and higher tumor uptake, both of our pyridine-based tracers have lower

uptake in blood, muscle and bone, leading to a much higher tumor-to-background contrast ratio.
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Our results suggest that pyridine-based FAPI is more hydrophilic than quinoline-based FAPI, and
has potential to help reduce blood uptake. Furthermore, we found that Ga-AV02070 (Figure 4.1A),
which has a carbonyl group at the para position to the pyridine nitrogen, has a better binding
affinity to FAP and a higher tumor uptake compared to Ga-AV02053, which has the carbonyl
group at the meta- position to the pyridine group. Hence, the pharmacophore of AV02070 is a
promising candidate for the design of FAP-targeted tracers.

In this chapter, we report the design, synthesis, and evaluation of two bispecific
PSMAV/FAP-targeted radiotracers, [®3Ga]Ga-AV01084 and [*®Ga]Ga-AV01088 (Figure 4.1B). The
PSMA binding motif of AV01084 and AV01088 was based on the 2-Nal-containing PSMA-
targeted tracer, [®Ga]Ga-PSMA-617%°, and their FAP-targeting motif was derived from our
pyridine-based FAP-targeted radiotracer, [*8Ga]Ga-AV02070 (Figure 4.1A). The difference
between the two tracers is the position of DOTA chelator linked to the lysine, which is the -amino
group in AV01084 and the a-amino group in AV01088. Their potential for prostate cancer imaging
was evaluated by in vitro competition binding assay, PET imaging, and ex vivo biodistribution
studies in preclinical PSMA-expressing LNCaP and FAP-expressing HEK293T:hFAP tumor
models. The results were then compared with those of corresponding monospecific tracers,

[®8Ga]Ga-PSMA-617 and [3Ga]Ga-AV02070.
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Materials and Methods

Figure 4.1 Chemical structures of (A) PSMA-targeting [*8Ga]Ga-PSMA-617 and FAP-targeting
[®Ga]Ga-AV02070; and (B) bispecific PSMA/FAP-targeting %®Ga-labeled AV01084 and
AV01088. The PSMA- and FAP- targeting pharmacophores are shown in brown and blue,
respectively.

4.2.1 General Methods

1-(1,1-Dimethylethyl) butanedioate (1), (S)-N-(2-(2-Cyano-4,4-difluoropyrrolidin-1-yl)-

2-oxoethyl)-2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]pyridine-4-

carboxamide (3), AV02070, Ga-AV02070, [®®Ga]Ga-AV02070, PSMA-617, Ga-PSMA-617, and
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[®Ga]Ga-PSMA-617 were synthesized following literature procedure!!l123143144 = AJl other
chemicals and solvents were obtained from commercial sources and used without further
purification. Purification and quality control of DOTA-conjugated ligands and their "'Ga/®3Ga-
complexed analogs were performed on Agilent (Santa Clara, CA, USA) HPLC systems equipped
with a model 1200 quaternary pump, a model 1200 UV absorbance detector (220 nm), and a
Bioscan (Washington, DC, USA) Nal scintillation detector. The HPLC columns used were a semi-
preparative column (Luna C18, 5 um, 250 x 10 mm) and an analytical column (Luna C18, 5 pm,
250 x 4.6 mm) purchased from Phenomenex (Torrance, CA, USA). The collected HPLC eluates
containing the desired products were lyophilized using a Labconco (Kansas City, MO, USA)
FreeZone 4.5 Plus freeze-drier. MS analyses were conducted using the Waters (Milford, MA,
USA) Acquity QDa mass spectrometer with the equipped 2489 UV/Vis detector and e2695
Separations module. C18 Sep-Pak cartridges (1 cm® 50 mg) were purchased from Waters
(Milford, MA, USA). 8Ga was eluted from an ITM Medical Isotopes GmbH (Munich, Germany)
generator, and purified according to the previously published procedures using a DGA resin
column from Eichrom Technologies LLC (Lisle, IL, USA) %, The radioactivity of ®Ga-labeled
tracers was measured using a Capintec (Ramsey, NJ, USA) CRC®-25R/W dose calibrator and the
radioactivity of mouse tissues collected from biodistribution studies were counted using a Perkin
Elmer (Waltham, MA, USA) Wizard2 2480 automatic gamma counter.
4.2.2 Synthesis of the FAP-targeting ligand

The FAP-targeting ligand, (S)-4-((2-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-
2-oxoethyl)carbamoyl)pyridin-2-yl)(methyl)amino)ethyl)(methyl)amino)-4-oxobutanoic acid (3),

was synthesized following the steps depicted on Scheme 4.1.
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Scheme 4.1  Synthesis  of  (S)-4-((2-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)pyridin-2-yl)(methyl)amino)ethyl)(methyl)amino)-4-oxobutanoic acid (5)

4.2.2.1 Synthesis of of tert-butyl (2,3,5,6-tetrafluorophenyl) succinate (2)

A solution of 1-(1,1-Dimethylethyl) butanedioate (1.87 g, 10.72 mmol) in DCM were
added tetrafluorophenol (TFP, 2.32 g, 13.94 mmol) and ethylene dichloride (EDC, 2.26 G, 11.8
mmol) and sittred at room temperature for 20 h. The resulting solution was evaporated under
reduced pressure and the residue was dissolved in ethyl acetate (100 mL), washed with H2O (100
mL X 2). The organic phase was collected, dried over anhydrous MgSOyg, filtered, and evaporated
under reduced pressure to yield 2 (7.5 mmol, 71% yield) as a light yellow oil. MS (ESI) calculated
for Cr4H14F404 322.1, found [M+Na]* 345.1. 'H NMR (300 MHz, DMSO-ds) & 7.94 (it, J = 11.0,

7.4 Hz, 1H), 3.02 — 2.92 (m, 2H), 2.67 — 2.57 (m, 2H), 1.39 (s, 9H).
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4.2.2.2 Synthesis of 2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino]

pyridine-4-carboxylic acid (4)

O |
| | ROF
O N
H o CN

A solution of (S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-2-[[2-[[(tert-
butoxy)-carbonyl]methylamino]ethyl]methylamino]pyridine-4-carboxamide (3) (1.49 g, 3.1
mmol) in DCM (20 mL) was added TEA (20 mL) and stirred at room temperature for 2 h. After
evaporation, the residue was dissolved in CH3CN (50 mL), and compound 2 (2.44 g, 7.5 mmol)
and triethylamine (TEA, 2.8 mL, 20 mmol) were added. After stirring at 50 °C for 19 h, the volatile
solvent was evaporated under reduced procedure, and the residue was purified with flash column
chromatography eluted with ethyl acetate (0.6 L), followed by 19:1 (v/v) ethyl acetate/methanol
(1.8 L) and 9:1 (v/v) ethyl acetate/methanol (1 L), consecutively. The product eluate fractions were
combined and evaporated under reduced pressure to yield 2 as a yellow powder (750 mg, 45%
yield). MS (ESI) calculated for C2sH3aF2NsOs 536.3, found [M+H]*537.3.'H NMR (300 MHz,
DMSO0) 6 7.39 (d, J = 8.1 Hz, 1H), 7.15 (s, 1H), 7.06 (t, J = 6.0 Hz, 2H), 6.88 (t, J = 6.4 Hz, 1H),
5.07 (dd, J = 9.1, 3.0 Hz, 2H), 4.45 (dd, J = 9.6, 4.2 Hz, 1H), 4.26 — 3.88 (m, 5H), 3.77 (d, J = 6.1
Hz, 4H), 3.70 (dd, J = 17.3, 5.6 Hz, 1H), 2.90 (dt, J = 14.3, 9.1 Hz, 1H), 2.83 — 2.67 (m, 3H), 1.38

(s, 9H).
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4.2.2.3 Synthesis of (S)-4-((2-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)pyridin-2-yl)(methyl)amino)ethyl)(methyl)amino)-4-oxobutanoic acid
(%)
|
HON ~_N_N
N =
| | d
O X ’/\>F
N
O” N
H/\[(])/ CN
Compound 4 (737 mg, 1.38 mmol) was dissolved in dichloromethane (DCM, 10 mL), and
triethylsilane (481 mg, 4.14 mmol) and TFA (10 mL) were added. After stirring for 2 h, the
resulting solution was evaporated and the residue was dissolved in ether (250 mL). The ether
solution was stirred for 2 hour and the resulting yellow powder was filtered and dried under
reduced pressure to yield 670 mg of 5 (100% yield). MS (ESI) calculated for C21H26F2NeOs 480.2,
found [M+H]* 481. 2. *H NMR (300 MHz, DMSO-ds) & 9.03 (dt, J = 27.2, 5.8 Hz, 1H), 8.27 —
8.12 (m, 3H), 7.25 (s, 1H), 7.11 — 6.97 (m, 2H), 5.10 (dd, J = 9.1, 2.9 Hz, 1H), 4.38 — 4.19 (m,

1H), 4.18 — 4.05 (m, 1H), 3.76 (s, 1H), 3.09 (s, 2H), 2.98 (s, 3H), 2.85 (s, 2H), 2.80 (s, 1H), 2.36

(dd, J = 8.7, 4.8 Hz, 3H).

4.2.3 Synthesis of DOTA-conjugated Peptides

AV01084 and AV01088 were synthesized on solid phase using Fmoc peptide chemistry.
Fmoc-Lys(ivDde)-Wang resin (0.05 mmol, 0.081 g) was treated with 20% piperidine in DMF to
remove the Fmoc protecting group. The isocyanate derivative (3 eq.) of Glu(tBu)-OtBu was
synthesized following previously published procedures’’ and was added to the lysine-immobilized

resin, with N,N-diisopropylethylamine (DIEA, 2 eq.) as the base and reacted for 16 h to form the
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Lys-urea-Glu moiety. The ivDde-protecting group was then removed with 2% hydrazine in DMF
(5 x 5 min). Fmoc-2-Nal-OH (4 eq.), Fmoc-tranexamic acid (3 eq.), Fmoc-Gly-OH, and Fmoc-
Lys(ivDde)-OH were pre-activated with HATU (4 eq.) and DIEA (7 eq.) before being sequentially
coupled to the resin. Following the removal of Fmoc protecting group, FAP-targeting moiety
(compound 3) or DOTA-tris(t-butyl)ester (3 eq.) was pre-activated with HATU (4 eq.) and DIEA
(7 eq.) and coupled to the a-amino group of lysine for AV01084 or AV01088, respectively. Finally,
the ivDde-protecting group on lysine was removed and coupled with DOTA-tris(t-butyl)ester or
compound 3 activated with HATU (3 eqg.) and DIEA (7 eq.) for AV01084 and AV01088,
respectively.

The peptides were deprotected and simultaneously cleaved from the resin with a mixture
of trifluoroacetic acid (TFA, 95%), triisopropylsilane (TIS 2.5%) and water (2.5%) for 4 h at room
temperature. The cleaved peptides were filtrated and then precipitated by adding cold diethyl ether.
The crude peptides were collected by centrifugation and purified with HPLC (semi-preparative
column; flow rate: 4.5 mL/min). The eluates containing the desired peptides were collected and
lyophilized. The HPLC conditions, retention times, isolated yields and MS confirmations of
DOTA-conjugated peptides are provided in the Table 4.1.

4.2.4 Synthesis of Nonradioactive Ga-complexed Standards

The nonradioactive Ga-complexed standards were prepared by reacting the DOTA-
conjugated precursors with GaCls (5 eq.) in NaOAc buffer (0.1 M, 500 pL, pH 4.2 —4.5) at 80 °C
for 15 min. The reaction mixture was then purified via HPLC (semi-preparative column, flow rate:
4.5 mL/min). The HPLC eluates containing the desired products were collected and lyophilized.
The HPLC conditions, retention times, isolated yields and MS confirmations of these

nonradioactive Ga-complexed standards are provided in Table 4.2.
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4.2.5 Synthesis of ®®Ga-labeled Compounds

The radiolabeling experiments were performed according to previously published
procedures??127, purified ®GaCls in 0.5 mL water was added to a 4-mL glass vial preloaded with
0.7 mL of HEPES buffer (2 M, pH 5.0) and 10 pL precursor solution (1 mM). The radiolabeling
reaction was carried out under microwave heating for 1 min, followed by purification using the
semi-preparative HPLC column. The eluate fraction containing the radiolabeled product was
collected, diluted with water (50 mL), and passed through a C18 Sep-Pak cartridge that was pre-
washed with ethanol (10 mL) and water (10 mL). The C18 Sep-Pak cartridge was washed with
water (10 mL), and the %8Ga-labeled product was eluted off the cartridge with ethanol (0.4 mL).
The eluted product was diluted with PBS for imaging and biodistribution studies. Quality control
was performed using the analytical column. The HPLC conditions and retention times are provided
in Table 4.3. The tracers were obtained in 27-82% decay-corrected radiochemical yields with >56
GBg/umol molar activity and >95% radiochemical purity.

Table 4.1 HPLC purification conditions and MS characterizations of DOTA-conjugated
precursors.

Compound . Retention Yield Calculated
name HPLC conditions time (min) (%) mass (M/z) Found (m/z)
26% CHsCN and [M+2H]?* | [M+2H]*
AV01084 0.1% TFA in H,0 14.1 12 845.92 845.80
26% CHsCN and [M+2H]?* | [M+2H]*
AV01088 0.1% TFA in H,0 13.7 1.2 845.92 845.80
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Table 4.2 HPLC purification conditions and MS characterizations of nonradioactive Ga-
complexed standards.

Compound : Yield
HPLC conditions tI_?etentlc_)n Calculat/ed Fon;nd
name ime (min) (%) mass (m/z) (m/z)
2+ 2+
27% CH3CN and [M+2H] [M+2H]
Ga-AVv01084 . 10.8 60
[M+2H]?* | [M+2H]*
Ga-AV01088 26% CHaCN and 14.1 21

Table 4.3 HPLC conditions for the purification and quality control of Ga-labeled tracers.

Compound name HPLC conditions Retentl(_)n
time (min)
. 28% CH3CN and 0.1% TFA in
N Semi-Prep H,O; flow rate 4.5 mL/min 16.8
[*°Ga]Ga-AV01084
Qc 31.5% CH3CN and 0.1% TFA in 6.3
H,0O; flow rate 2.0 mL/min '
. 28% CH3CN and 0.1% TFA in
. Semi-Prep H,O; flow rate 4.5 mL/min 16.7
[*°Ga]Ga-AVv01088
ac 31.5% CH3CN and 0.1% TFA in 6.3
H»0O; flow rate 2.0 mL/min '

4.2.6 Cell Culture

The LNCaP cells obtained from ATCC (via Cedarlane, Burlington, Canada) were cultured
in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin
(100 pg/mL) at 37 °C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC humidified
incubator containing 5% CO.. The cells were confirmed to be pathogen-free by the IMPACT

Rodent Pathogen Test (IDEXX BioAnalytics). Cells were grown until 80-90% confluence and

92




washed with sterile phosphate-buffered saline (PBS, pH 7.4) and collected after 1 min
trypsinization. The cell concentration was counted in triplicate using a hemocytometer and a
manual laboratory counter.

The HEK293T:hFAP cells generated in our lab'*! were cultured in DMEM GlutaMAX™
medium supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL) at 37
°C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC humidified incubator containing 5%
CO:s. Cells were grown until 80-90% confluence and washed with sterile phosphate-buffered saline
(PBS, pH 7.4) and collected after 1 min trypsinization. The cell concentration was counted in

triplicate using a hemocytometer and a manual laboratory counter.

4.2.7 In Vitro PSMA Competition Binding Assay

The PSMA binding assays were conducted following previously published procedures
using LNCaP cells and [*®F]DCFPyL as the radioligand'?2123128  Data analyses of Ki were
performed using the nonlinear regression algorithm of GraphPad Prism 7 (San Diego, CA)
software. Briefly, LNCaP cells (400,000/well) were plated onto a 24-well poly-D-lysine coated
plate for 48 h. Growth media was removed and replaced with HEPES buffered saline (50 mM
HEPES, pH 7.5, 0.9% sodium chloride), and the cells were incubated for 1 h at 37 °C.
[*8F]DCFPyL (0.1 nM) was added to each well (in triplicate) containing various concentrations
(10 mM—0.5 pM) of tested compounds (Ga-AV01084 and Ga-AV01088). Nonspecific binding
was determined in the presence of 10 pM nonradiolabeled DCFPyL. The assay mixtures were
further incubated for 1 h at 37 °C with gentle agitation. Then, the buffer and hot ligand were
removed, and cells were washed twice with cold HEPES buffered saline. To harvest the cells, 400

uL of 0.25% trypsin solution was added to each well. Radioactivity was measured on a
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PerkinElmer (Waltham, MA) Wizard2 2480 automatic gamma counter. Nonlinear regression

analyses and ICso calculations were performed using the GraphPad Prism 7 software.

4.2.8 In Vitro FAP Fluorescence Assay

The half maximal inhibitory concentration (ICso) values of the tested compounds for FAP
were measured by in vitro enzymatic assay. The recombinant human FAP (Biolegend; 0.2 pg/mL,
50 pL) was added into costar 96-well plate. PBS and varied concentrations (0.2 pM to 2 uM) of
tested nonradioactive Ga-complexed standards were added to each wells (in duplicate) containing
the recombinant human FAP. After being incubated for 30 min at 37 °C, 50 pL of Suc-Gly-Pro-
AMC (2 puM, Bachem) was added to each well. The fluorescent signals were acquired at 15, 30,
45, and 60 min using FlexStation 3 Multi-Mode Microplate Reader with excitation at 380 nm and
emission at 460 nm. The ICso(FAP) was calculated using “nonlinear fit model” built-in model in

GraphPad Prism 7.02 software

4.2.9 Ex Vivo Biodistribution and PET/CT Imaging Studies

Imaging and biodistribution studies were performed using male NOD.Cg-RagltmlMom
112rgtm1Wijl/SzJ (NRG) mice following previously published procedures'?**°, The experiments
were conducted according to the guidelines established by the Canadian Council on Animal Care
and approved by Animal Ethics Committee of the University of British Columbia. The mice were
briefly sedated by inhalation of 2.5% isoflurane in oxygen, and 100 pL LNCaP (8x10° cells) or
HEK293T:hFAP (8.5x10° cells) cells were inoculated subcutaneously behind the left shoulder.

When the tumor grew to 5-8 mm in diameter over 3-4 weeks and 4-5 weeks for HEK293T:hFAP
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and LNCaP tumors, respectively, the mice were used for PET/CT imaging and biodistribution
studies.

PET/CT imaging experiments were carried out using a Siemens (Knoxville, TN) Inveon
micro PET/CT scanner. Each tumor-bearing mouse was injected with ~4-6 MBq of %Ga-labeled
tracer through a lateral caudal tail vein under 2.5% isoflurane in oxygen anesthesia, followed by
recovery and roaming freely in its cage during the uptake period. At 50 min post-injection, a 10-
min CT scan was conducted first for localization and attenuation correction after segmentation for
reconstructing the PET images, followed by a 10-min static PET imaging acquisition.

For biodistribution studies, the mice were injected with the radiotracer (~2-4 MBQ) as
described above. For blocking study the LNCaP tumor-bearing mice and HEK293T:hFAP tumor-
bearing mice were co-injected with 500 ug and 250 pg of FAPI-04, respectively. At 1 h post-
injection, the mice were euthanized by CO> inhalation. Blood was withdrawn by cardiac puncture,
and organs/tissues of interest were collected, weighed and counted using a Perkin Elmer (Waltham,

MA) Wizard2 2480 automatic gamma counter.

4.2.10 Statistical Analysis

Data were analyzed with the GraphPad Prism, version 7.02 and Microsoft (Redmond, WA)
Excel software. One way ANOVA and multiple t tests were performed for all organs in the
biodistribution studies of [%8Ga]Ga-AV01084, [#Ga]Ga-AV01088, [*®Ga]Ga-PSMA-617, and
[8Ga]Ga-AV02070 in LNCaP and HEK293T:hFAP tumor models. A statistically significant
difference was considered present when the adjusted P value was less than 0.05 using the Holm-—

Sidak method.
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4.3  Results
4.3.1 Synthesis

AV01084 and AV01088 (Figure 4.1B) were synthesized on solid phase. Briefly,
Lys(Lys(ivDde)-Gly-tranexamic acid-2-Nal)-urea-Glu(OtBu)-OtBu was first constructed on solid
phase, followed by amide coupling of the FAP-targeted motif, compound 5, and DOTA chelator.
To synthesize compound 5 (Scheme 4.1), compound 1 was first coupled with 2,3,5,6-
tetrafluorophenol (TFP) to obtain compound 2 in 71% yield. Compound 3 which was synthesized
following literature procedures!*® was first Boc-deprotected using trifluoroacetic acid (TFA),
followed by coupling with compound 2 to obtain compound 4 in 45% yield. Tert-butyl protecting
group of compound 4 was removed using TFA and compound 5 was obtained quantitatively.

To synthesize AV01084, compound 5 was coupled to Lys(Lys(ivDde)-Gly-tranexamic
acid-2-Nal)-urea-Glu(OtBu)-OtBu, followed by removal of the ivDde group at the Lys side chain
and subsequent coupling with the DOTA chelator. To synthesize AV01088, DOTA chelator was
first coupled to Lys(Lys(ivDde)-Gly-tranexamic acid-2-Nal)-urea-Glu(OtBu)-OtBu, followed by
deprotection of amino group at the Lys side chain and coupling with compound 5. The DOTA-
conjugated ligands were then cleaved off from resin and purified by HPLC (Table S1). AV01084
and AV01088 were obtained in 12% and 7.2% vyields, respectively.

Detailed syntheses and characterizations of nonradioactive Ga- and ®8Ga-complexed
AV01084 and AV01088 are provided in the Supplementary Materials (Tables S2-S3).
Nonradioactive Ga-complexed AV01084 and AV01088 were obtained in 60% and 21% yields,
respectively, and their %®Ga-labeled analogs were obtained in 33 — 64% decay-corrected

radiochemical yields with > 44 GBg/umol molar activity and > 95% radiochemical purity.
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4.3.2 Binding Affinity and Lipophilicity

The binding affinities of Ga-AV01084, Ga-AV01088, and Ga-AV02070 to PSMA were
measured by a cell-based binding assay using PSMA-expressing LNCaP prostate cancer cells and
were compared to the previously published Ga-PSMA-617 (Ki = 1.23 £ 0.08 nM) [33]. The
nonradioactive Ga-complexed standards inhibited the binding of [18F]DCFPyL to LNCaP cells in
a dose-dependent manner (Figure 2A). The calculated Ki(PSMA) values for Ga-AV01084, Ga-
AV01088, and Ga-AV02070 were 11.6 £ 3.25, 28.7 + 6.05, and > 1,000 nM, respectively (n = 3).

The binding affinities of Ga-AV01084, Ga-AV01088, and Ga-PSMA-617 to human FAP
were measured by an enzyme inhibition assay using Suc-Gly-Pro-AMC as the FAP substrate and
were compared to the previously published Ga-AV02070 (IC50 = 17.1 £ 4.6 nM) [31]. The human
FAP enzymatic activity on the substrate was inhibited by Ga-complexed standards in a dose
dependent-manner (Figure 2B). The calculated IC50 values for Ga-AV01084, Ga-AV01088, and
Ga-PSMA-617 were 10.9 + 0.67, 16.7 + 1.53 and > 1,000 nM respectively.

The lipophilicity of the ®8Ga-labeled AV01084 and AV01088 were calculated using
LogDy7.4 measurement. The LogDy7.4 values of [*®Ga]Ga-AV01084 and [*®Ga]Ga-AV01088 were
-3.61 = 0.07 and -3.66 = 0.25, respectively. The values indicate that the compounds were

hydrophilic.

97



—-— Ga-AVv01084

[72]
A. 5 120 -=- Ga-AV01088
o
"g" o 100 — Ga-PSMA-617
£38 = Ga-AV02070
T Z 801
£
@S s60-
5 =
g & 40
28 201
o
g—:_‘ 0 | I 1
12 11 -10 -9 -8 -7 -6 -5
Log[Conc.] (M)
- Ga-AVv01084
B. > 120 = Ga-AV01088
% 100§ i — Ga-PSMA-617
; 50 - Ga-AV02070
B
£ 601
>
N
S 404
o
< 20
L
o~
0 1 I I

12 11 -10 -9 -8 -7 -6 -5
Log[Conc.] (M)

Figure 4.2 (A) Displacement curves of [*®F]DCFPyL by Ga-AV01084, Ga-AV01088, Ga-
AV02070, and Ga-PSMA-617 generated using PSMA-expressing LNCaP cells; (B)
Fluorescence curve of FAP enzymatic activity on Suc-Gly-Pro-AMC substrate with inhibition
by Ga-AV01084, Ga-AV01088, Ga-AV02070, and Ga-PSMA-617.

4.3.3 PET Imaging and Ex Vivo Biodistribution
Representative PET images acquired at 1 h post-injection using [®3Ga]Ga-AV01084,
[®Ga]Ga-AV01088, [**Ga]Ga-PSMA-617 and [®3Ga]Ga-AV02070 are provided in Figure 4.3.

All the radiotracers were excreted primarily through the renal pathway. LNCaP tumor xenografts
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were clearly visualized by [®3Ga]Ga-AV01084, [%®Ga]Ga-AV01088, and [*®Ga]Ga-PSMA-617,
but not visualized by [*8Ga]Ga-AV02070 (Figure 4.3). HEK293T:hFAP tumor xenografts were
clearly visualized by [*8Ga]Ga-AV02070, barely visualized by the bispecific tracers ([*®Ga]Ga-
AV01084 and [%8Ga]Ga-AV01088), but not visualized by [*®Ga]Ga-PSMA-617 (Figure 4.3). The
bispecific tracers have bone and joint uptake, which is commonly observed for FAP-targeting
tracers. There was a high kidney uptake in mice injected with the bispecific tracers and [*Ga]Ga-
PSMA-617, but not in mice injected with [®Ga]Ga-AV02070. Co-injection of [*®Ga]Ga-AV01088
with 2-PMPA (500 pg ) in LNCAP tumor xenografts reduced the uptake of [%Ga]Ga-AV01088 in
LNCaP to almost background level, confirming the uptake is PSMA mediated. Similarly, co-
injection of [%®Ga]Ga-AV01088 with FAPI-04 (250 pg) in HEK293T:hFAP tumor xenografts
reduced the uptake of [®Ga]Ga-AV01088 in HEK293T:hFAP tumor xenograft to almost
background level, confirming the uptake tracers is FAP mediated.

Biodistribution studies were conducted at 1 h post injection with *Ga-labeled AV01084,
AV01088, PSMA-617, and AV02070 in LNCaP tumor-bearing mice (Figure 4.4, Table 4.4). The
results were consistent with the observation from their PET images. Tumor uptake values for
[3Ga]Ga-AV01084, [Ga]Ga-AV01088, [%Ga]Ga-PSMA-617 and [Ga]Ga-AV02070 were
9.05+1.54,8.85+1.25,16.71 + 2.30, and 0.74 + 0.21 %ID/g, respectively. There was a very low
tumor uptake in mice injected with [®3Ga]Ga-AV02070, showing very minimal FAP expression in
this tumor model. The uptake levels of these tracers on the major organs and tissues are consistent

with the trends observed in the PET images of LNCaP tumor-bearing mice.
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Figure 4.3 Representative maximum intensity projection PET images of [#Ga]Ga-AV01084,
[*8Ga]Ga-AV01088, [*®Ga]Ga-AV01088_blocked, [®Ga]Ga-PSMA-617, and [*3Ga]Ga-AV02070
acquired at 1 h post-injection in mice bearing (A) LNCaP tumor xenografts and (B)
HEK293T:hFAP tumor xenografts. The blocking with 2-PMPA (in LNCaP tumor xenografts) and
FAPI-04 (in HEK293T:hFAP tumor xenografts) decreased the tumor uptake to background level.
t: tumor.

The bispecific tracers have significantly higher blood and bone uptake values than the
monospecific tracers, [#Ga]Ga-PSMA-617 and [*3Ga]Ga-AV02070 (blood uptake: 1.56 - 2.26 vs
0.28-0.75 %ID/g, p < 0.05, bone uptake: 0.88-2.47 vs 0.09-0.56 %ID/g, p < 0.05), resulting in
significantly lower tumor-to-blood ratio (4.09 + 0.77 for [®®Ga]Ga-AV01084 and 4.09 + 0.77 for
[8Ga]Ga-AV01088) compared to [#Ga]Ga-PSMA-617 (27.69 + 6.28) and lower tumor-to-bone

ratio (3.70 + 0.83 for [8Ga]Ga-AV01084 and 3.75 + 1.28 for [®3Ga]Ga-AV01088) compared to
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[8Ga]Ga-PSMA-617 (96.49 + 47.59). [8Ga]Ga-AV01084 has higher heart, kidney and adrenal

glands uptake than [%®Ga]Ga-AV01088 (P < 0.05).
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Figure 4.4 Biodistribution of [*®Ga]Ga-AV01084, [¢®Ga]Ga-AV01088, [®Ga]Ga-PSMA-617 and
[8Ga]Ga-AV02070 in LNCaP tumor-bearing mice.

Biodistribution studies were also conducted at 1 h post injection with [3Ga]Ga-AV01084,
[8Ga]Ga-AV01088, [%8Ga]Ga-PSMA-617 and [%Ga]Ga-AV02070 in HEK293T:hFAP tumor-
bearing mice (Figure 4.5 and Table 4.5). Tumor uptake values for [*®Ga]Ga-AV01084, [*3Ga]Ga-
AV01088, [®3Ga]Ga-PSMA-617 and [*8Ga]Ga-AV02070 were 1.9 +0.41, 1.2 +0.25, 0.26 + 0.01,
and 7.93 £ 1.88 %ID/g, respectively. There was a very low tumor uptake in mice injected with
[8Ga]Ga-PSMA-617, showing very minimal PSMA expression in this tumor model. The uptake
levels of these tracers on the major organs and tissues are consistent with the trends observed in

the PET images of LNCaP tumor-bearing mice (Figure 4.4 and Table 4.4)
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Co-injection of 2-PMPA reduced the average uptake of [%®Ga]Ga-AV02088 in LNCaP
tumor xenografts by 67% (8.85%ID/g down to 2.95%ID/g at 1 h post-injection) confirming the
specific uptake of [*®Ga]Ga-AV02088 in LNCaP tumor xenografts (Figure 4.6). Co-injection of
FAPI-04 reduced the average uptake of [#¥Ga]Ga-AV02088 in HEK293T:hFAP tumor xenografts
by 57% (1.2 £ 0.25 %ID/g downto 0.51 + 0.14 %ID/g at 1 h post-injection) confirming the specific

uptake of [®Ga]Ga-AV02088 in HEK293T:hFAP tumor xenografts.
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Figure 4.5 Biodistribution of [®8Ga]Ga-AV01084, [®Ga]Ga-AV01088, [*®Ga]Ga-PSMA-617
and [®8Ga]Ga-AV02070 in HEK293T:hFAP tumor-bearing mice.
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Figure 4.6 Comparison of [*8Ga]Ga-AV01088 with/without co-injection of 2-PMPA on the uptake
in LNCaP tumor xenografts and major organs/tissues in mice at 1h post-injection. Error bars
indicate standard deviation. *p < 0.05, ***p < 0.001.

4.4 Discussions

Previously, we synthesized three ®8Ga-labeled bispecific PSMA/FAP radiotracers, [%8Ga]Ga-
AV01017, [®8Ga]Ga-AV01030, and [*3Ga]Ga-AV01038 *, which incorporate a quinoline-based
FAP-targeted pharmacophore and the PSMA-targeted pharmacophore of [*3Ga]Ga-HTKO03041.
The PSMA and FAP in vitro competition binding assays indicated that our bispecific tracers have
lower binding affinity to PSMA compared to the monospecific PSMA-targeting ligand, Ga-
HTKO03041, but maintained a similar binding affinity to FAP when compared to the monospecific
FAP-targeted ligand, Ga-FAPI-04. However, the bispecific tracers have higher uptake in major

organs (blood, muscle, bone, and heart) and decreased tumor uptake in the mouse models in
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Table 4.4 Biodistribution (mean + SD, n = 4) and uptake ratios of ®3Ga-labeled PSMA/FAP bispecific tracers, PSMA-617, and AV02070
in LNCaP tumor-bearing mice. The mice in the blocked group were co-injected with 2-PMPA (500 pg). The biodistribution data of
[8Ga]Ga-PSMA-617 have been reported previously by our group*?, and are included here for comparison.

. 8Ga]Ga- 68 [*8Ga]Ga- [*®Ga]Ga-
(;)'ISE)‘;S) [Av01]os4 [*Ga]Ga-AV01088 PSMA-617 AV02070
1h 1h 1 h blocked 1h 1h

Blood 2.26 +0.49 2.18 +0.22 1.45+0.53 0.63+0.13 0.75+0.21
Fat 1.44 +0.15 0.70 £ 0.36 0.29 +£0.20 0.25+0.13 0.17 +£0.16
Testes 0.66 + 0.06 0.40 +£0.13 0.34 +£0.10 0.26 £ 0.06 0.38 +£0.40
Small intestine 0.63+0.15 0.52 +0.06 0.44 +0.21 0.31+0.15 0.54 +0.17
Stomach 0.23 +0.06 0.20 £ 0.02 0.18 +0.01 0.08 +£0.01 0.11 +£0.05
Spleen 435+1.25 1.14 +0.16 0.40 £ 0.09 1.18 +0.37 0.25 +0.07
Liver 0.49 £ 0.01 0.49 + 0.08 0.40 +£0.13 0.62 +£0.15 0.47 £ 0.08
Pancreas 0.99 + 0.07 0.70 £ 0.04 0.48 +0.20 0.19+£0.01 0.31 +£0.21
Adrenal glands 8.22 +0.90 2.10+0.48 1.19 +£0.40 1.20 £ 0.57 0.36 £ 0.17
Kidney 84.3 +8.82 28.6 +10.4 2.91+£0.90 29.2 +5.13 2.57 £ 0.58
Lungs 2.09 +1.39 0.94 + 0.64 1.03+0.42 1.03+0.32 0.63+0.22
Heart 0.85 +0.08 0.57 £ 0.03 0.40+0.14 0.23 +£0.04 0.22 £ 0.05
LNCaP tumor 9.05+1.54 8.85+1.25 2.95+1.13 16.7 £ 2.30 0.74 £0.21
Muscle 1.00 £ 0.35 0.77 £ 0.27 0.39 +0.08 0.12 £ 0.02 0.31+£0.14
Bone 2.47 £0.22 2.47 £ 0.50 1.97 +1.15 0.23 £ 0.05 0.56 +£0.28
Brain 0.11 £ 0.05 0.06 £ 0.02 0.03+£0.01 0.02 £ 0.00 0.03+£0.01
Tail 4.49 +2.83 3.57+0.78 3.25+2.60 0.52 +£+0.19 1.31 £ 0.58
Tumor/bone 3.70 £ 0.83 3.75+1.28 1.78 +£0.98 96.5+47.6 1.63+0.95
Tumor/muscle 9.57 + 2.73 12.7 +5.32 7.25+1.77 133+19.5 2.76 £1.44
Tumor/blood 4.09+0.77 4,10 +0.88 2.06 +£0.34 27.7 +6.28 0.99 +£0.12
Tumor/Kidney 0.10 £ 0.02 0.34 +£0.13 1.00+0.12 0.63 +£0.09 0.29 £ 0.08
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Table 4.5 Biodistribution (mean * SD, n = 4) and uptake ratios of %8Ga-labeled PSMA/FAP bispecific tracers in HEK293T:hFAP tumor-
bearing mice. The mice in the blocked group were co-injected with FAPI-04 (250 pg). The biodistribution data of [®8Ga]Ga-AV02070
have been reported previously by our group 3, and are included here for comparison.

Tissue 8Ga]Ga- 8Ga]Ga- 8Ga]Ga-
(%IDJg) ,[Av01]os4 [*Ga]Ga-AV01088 P[SMA]-617 [Avoz]om
1h 1h 1 h blocked 1h 1h

Blood 1.53 +0.03 0.79 +£0.43 0.68 +0.25 0.28 +£0.02 0.36 +£0.05

Fat 0.78 +0.16 0.20 £ 0.05 0.19 £ 0.09 0.09 £ 0.04 0.44 +0.81
Testes 0.54 +0.05 0.22 +0.05 0.33+0.15 0.15 +0.03 0.17 £ 0.07
Small Intestine 0.45 +0.06 0.20 £ 0.02 0.26 + 0.07 0.14 +£0.02 0.42 £0.13
Stomach 0.11 +0.02 0.08 +0.01 0.08 + 0.03 0.07 £0.08 0.08 +0.04
Spleen 3.89+1.38 0.81 +0.15 0.63 +0.28 0.55+0.13 0.25+0.12
Liver 0.46 £0.17 0.17 £0.01 0.26 +£0.09 0.11 +£0.01 0.39+0.05
Pancreas 0.71 +£0.05 0.31 +0.04 0.21 +0.07 0.11 +£0.03 0.34 +£0.45
Adrenal glands 3.10 £ 0.62 0.96 + 0.53 0.44 + 0.06 0.32 +0.22 0.22 £0.15
Kidney 56.4 +16.1 10.5+4.20 8.18 + 3.98 124 +3.24 1.85+0.21
Lungs 1.60 +£0.10 0.55 +0.05 0.76 £ 0.26 0.34 + 0.05 0.34 £ 0.06
Heart 0.56 + 0.03 0.26 + 0.04 0.18 + 0.04 0.10 +0.00 0.12 £ 0.03
HEK%S%-(I;'thAP 1.90 +0.41 1.20 £ 0.25 0.51+0.14 0.26 £ 0.01 7.93 +1.88
Muscle 0.85+0.30 0.41 +£0.03 0.16 £0.12 0.08 +0.01 0.19+0.10
Bone 1.44 +0.21 0.88 +0.22 0.20 +£0.06 0.09 +0.02 0.23+0.06
Brain 0.05+0.00 0.40+0.74 0.02 +£0.01 0.01 +0.00 0.02 +£0.02

Tail 2.33+1.25 1.53+1.38 0.58 +0.13 0.35+0.14 0.49 £ 0.04
Tumor/bone 1.02 +0.10 1.08 £+0.31 2.58 + 0.68 2.95 +0.55 34.3+7.35
Tumor/muscle 1.88 +0.31 2.44 +1.08 4,07 +2.13 3.01 +0.66 45,7 +9.88
Tumor/blood 1.06 £+0.21 2.26 £ 2.25 0.78 £ 0.09 0.94 +0.13 22.9+10.1
Tumor/Kidney 0.03 +£0.02 0.15+0.14 0.06 +£0.01 0.02 +0.00 4,34 +1.36
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comparison to the %8Ga-labeled monospecific counterparts, [®8Ga]Ga-HTK03041 and [%®Ga]Ga-
FAPI-04.

Therefore, in this report we selected the pharmacophores of [®3Ga]Ga-PSMA-617 (in
brown, Figure 4.1) and [%®Ga]Ga-AV02070 (in blue, Figure 4.1) for the design of our PSMA/FAP
bispecific tracers as they are more hydrophilic and have high affinity for PSMA and FAP,
respectively. These two pharmacophores are separated by a Lys-Gly linker (Figure 4.1B). The
PSMA-targeted pharmacophore (Lys(tranexamic acid-2-Nal)-urea-Glu and the linker (Lys-Gly)
was constructed directly on solid phase using the commercially available amino acids. For
AV01084, the pyridine-based FAP-targeted ligand and the DOTA chelator were coupled to the o-
amino group and side-chain of Lys, respectively. While for AV01088, the DOTA chelator and the
pyridine-based FAP-targeted ligand were coupled to the a-amino group and side-chain of Lys,
respectively. This allows us to investigate the effect of the position of the DOTA chelator on
binding affinity and biodistribution of the bispecific tracers.

The enzymatic assay (Figure 4.2B) confirmed that the FAP binding affinities of Ga-
AV01084 (ICs0 =10.9 £ 0.67 nM) and Ga-AV01088 (ICso =and 16.7 + 1.53 nM) were comparable,
even slightly better than that of Ga-AV02070 (ICso = 17.1 + 4.60 nM). To investigate if the PSMA-
targeted pharmacophore has any effect on the overall FAP binding of our bispecific ligands, we
also measured the FAP binding affinity of Ga-PSMA-617. The very weak binding affinity of Ga-
PSMA-617 (ICso > 1,000 nM) suggests that the potent FAP binding affinity of our bispecific
ligands is contributed mainly by the AV02070 pharmacophore.

Despite having a lower uptake in the LNCaP tumor compared to [%®Ga]Ga-PSMA-617

(16.71 + 2.30 %ID/g), [*Ga]Ga-AV01084 and [3Ga]Ga-AV01088 (9.05 + 1.54 and 8.85 + 1.25
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%ID/g, respectively) has better tumor uptake than our previously reported three bispecific
PSMAV/FAP tracers ([®Ga]Ga-AV01017, [*3Ga]Ga-AV01030 and [*®Ga]AV01038) (4.25 — 5.17
%ID/g) 1. Moreover, co-injection of [®®Ga]Ga-AV01088 with 2-PMPA decreased the tumor
uptake by 67%, indicating that the tumor uptake is specific to PSMA. Moreover, we also observed
a significant bone uptake (1.97 + 1.15 %ID/g) when [*®Ga]Ga-AV01088 was co-injected with 2-
PMPA, whereas there was a decreased bone uptake to background level (0.20 + 0.06 %I1D/g) when
[®Ga]Ga-AV01088 was co-injected with FAPI-04. This indicates that the bone uptake of
[8Ga]Ga-AV01088 might be due to specific binding of the FAP-targeted pharmacophore. Uptake
of [3Ga]Ga-AV01088 to both LNCaP and HEK293T:hFAP tumor are PSMA- and FAP-mediated,
respectively, as demonstrated by the significantly decreased tumor uptake obtained when co-
injected with blocking agents.

Unlike the improved uptake in LNCaP tumor xenografts, the uptake of [*8Ga]Ga-AV01084
and [%®Ga]Ga-AV01088 (1.20-1.90 %ID/g) in HEK293T:hFAP tumor xenografts remains
significantly lower than that of the monospecific counterpart, [3Ga]Ga-AV02070 (7.93 + 1.88
%ID/g, P < 0.05). One possible reason is the addition of the succinic acid linker, which might have
interfered with the binding of our tracers to FAP, thus decreasing the tumor uptake. Piperazine-
based linkers have been shown to be important for maintaining good tumor uptake of FAP-targeted
tracers ¥7. Therefore, incorporating a piperazine-based linker can also be considered for future
modification to improve uptake of PSMA/FAP bispecific tracers to the FAP-expressing tumors.

Compared to the monospecific tracers, the bispecific tracers have higher blood, bone, and
muscle uptake. However, the current modified tracers have significantly decreased blood retention
(0.79-2.26 %ID/g) when compared to the PSMA/FAP bispecific tracers in our previous report

(5.75-11.94 %ID/g) **1. This leads to better tumor-to-blood contrast ratios for [*8Ga]Ga-AV01084
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(4.09 + 0.77) and [*®Ga]Ga-AV01088 (4.10 + 0.88). The decreased blood retention might be
contributed by increased hydrophilicity of the new bispecific tracers shown by their low LogD7.4
values (< -3.60). This is consistent with previous findings that more hydrophilic radiotracers will
have faster pharmacokinetics and clearance, hence, have better tumor-to-background contrast ratio
145 In addition, there are no significant differences in the tumor uptake or the tumor-to-background
contrast ratios between [3Ga]Ga-AV01084 and [®3Ga]Ga-AV01088, which indicates that the
position of the DOTA chelator to the lysine linker does not have a crucial effect on the
pharmacokinetics of the tracers.

Previously, Wang et al. ¢ reported a ®Ga-labeled PSMA/FAP bispecific tracer, [*8Ga]Ga-
FAPI-PSMA (Figure 4.7), consisting of a PSMA-targeted pharmacophore from PSMA-617 (in
brown, Figure 4.7) and a FAP-targeted pharmacophore from FAPI-04 (in blue). It would be
difficult to directly compare the performance of our bispecific radiotracers with [*3Ga]Ga-FAPI-
PSMA as different tumor models were used for evaluation: PSMA-expressing LNCaP tumors and
FAP-expressing HEK293T:hFAP tumors used in this report; PSMA-expressing 22Rv1 tumors and
FAP-expressing U87 MG tumors used by Wang et al. ¢, [®3Ga]Ga-FAPI-PSMA was shown to
have better tumor uptake (SUVmax = 1.32 and 1.67 for 22Rv1 and U87 MG tumors, respectively)
compared to the monospecific tracers, [*3Ga]Ga-PSMA-617 (SUVmax = 0.25 for 22Rv1 tumors)
and [®®Ga]Ga-FAPI-04 (SUVmax = 0.45 for U7 MG tumors). This demonstrates the potential of
utilizing PSMA/FAP bispecific tracers to improve the tumor uptake. However, similar to our
results, [%8Ga]Ga-FAPI-PSMA also had higher background uptake compared to the monospecific
tracers.

Replacing the quinoline-based FAP-targeted pharmacophore with a pyridine-based FAP-

targeted pharmacophore helps decrease the background uptake (blood, bone, and muscle) of the
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bispecific tracers, however it also results in a significantly lower uptake in HEK293T:hFAP
tumors. Therefore, future attempts on the use of a pyridine-based FAP-targeted pharmacophore
for the design of PSMAJ/FAP bispecific tracers need to include optimization of linkers such as the

use of a piperazine-based linker to further improve FAP binding affinity and tumor uptake.
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Figure 4.7 Chemical structure of [%8Ga]Ga-FAPI-PSMA 6, The PSMA- and FAP- targeting
pharmacophores are shown in brown and blue, respectively.

45  Conclusion

Two novel %Ga-labeled PSMA/FAP bispecific tracers were designed, synthesized, and
confirmed to have the ability to bind both PSMA and FAP in vitro and in vivo. Compared with the
monospecific tracers, the bispecific tracers have decreased binding affinities towards PSMA, but
retain comparable binding affinities towards FAP. Compared with the three previously reported
PSMA/FAP bispecific tracers in chapter 2 ([®®Ga]Ga-AV01017, [%®Ga]Ga-AV01030, and
[®Ga]Ga-AV01038), both [*®Ga]Ga-AV01084 and Ga-AV01088 have better PSMA binding
affinity, and improved tumor uptake in PSMA-expressing xenografts and tumor-to-background
(blood, muscle, and bone) contrast ratios. Further optimization on the selection of linkers should
be explored to improve the binding affinity, pharmacokinetics, and tumor uptake of the

PSMAVJ/FAP bispecific tracers.

109



Chapter 5 : Conclusions

5.1  Summary of Findings, Future Directions, and Significance

The research conducted in this thesis is a study to examine the potential of bispecific
PSMAJ/FAP-targeting radiotracers for prostate cancer imaging in comparison with the
monospecific PSMA- and FAP-targeted radiotracers. In Chapter 2, we synthesized three bispecific
PSMA/FAP-targeted radiotracers, [*®Ga]Ga-AV01017, [®Ga]Ga-AV01030 and [%®Ga]Ga-
AV01038 containing the PSMA pharmacophore of HTK03041'?2 and FAP pharmacophore of
FAPI-04 with varying linkers’ lengths. From this investigation, we found that our bispecific
compounds have a significantly higher blood uptake compared to the monospecific tracers,
resulting in a lower tumor uptake, higher background uptake, and lower tumor-to-background
ratios in both LNCaP and HEK293T:hFAP tumor model. Moreover, when comparing the three
tracers, we found that the compound with longest linker has the lowest tumor uptake. We suspected
that this phenomenon might be caused by the interaction between the aromatic rings on both
pharmacophores and the high lipophilic nature of the compounds. Overall, from this research, we
have shown that we have successfully synthesized and evaluated novel bispecific PSMA/FAP-
targeted radiotracers. However, pharmacophore and linker modification are still needed to keep
improving the binding affinity and tumor uptake. To solve the issue mentioned above, we decided
to (1) replace Ala(9-Anth) in the PSMA-targeting pharmacophore with 2-Nal, (2) replace the
quinoline motif in the FAP-targeting pharmacophore with a more hydrophilic pyridine motif, and
(3) use of less lipophilic linkers.

Since there are not many pyridine-based FAPI tracers that have been developed or
published, we decided to develop novel FAP-targeted radiotracers containing a pyridine-based

pharmacophore, which is described in Chapter 3. We designed, synthesized, and evaluated two
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pyridine-based FAP-targeted tracers, [®Ga]Ga-AV02053 and [%Ga]Ga-AV02070, which are
based on the 4,4-difluoro-2-cyanopyrrolidine pharmacophore with linkers mimicking the
hydrazine group in [**™Tc]Tc-iFAP, Despite lower FAP binding affinity and tumor uptake when
compared with [®®Ga]Ga-FAPI-04, the pyridine-based FAP-targeted tracers have much lower
background (blood, muscle, and bone) uptake which results in a significantly higher tumor-to-
background uptake ratio. The co-injection with the blocking agent, FAPI-04, also decreased their
tumor uptake by >95%, but not the background uptake, indicating that they bind specifically to
FAP. [%8Ga]Ga-AV02070 derived from the pharmacophore with the carbonyl group at the para-
position to the pyridine nitrogen, has better tumor uptake and tumor-to-background contrast ratio
than [®3Ga]Ga-AV02053, making this pharmacophore a promising candidate for the design of
FAP-targeted tracers and to be incorporated to the bispecific PSMA/FAP-targeted radiotracers.

Finally, in Chapter 4, we designed 2 novel bispecific PSMA/FAP-targeted radiotracers,
[*8Ga]Ga-AV01084 and [*8Ga]Ga-AV02088 containing the PSMA pharmacophore of PSMA-617
and FAP pharmacophore of the pyridine-based FAP tracer we developed, AV02070. We found
that this modification improved the binding affinity to PSMA compared to the first modification
reported in Chapter 2, and maintained comparable binding affinity to FAP. Moreover, although
still lower in comparison to the monospecific PSMA-targeted tracer, [®Ga]Ga-PSMA-617, both
[8Ga]Ga-AV01084 and [*8Ga]Ga-AV02088 have significantly better tumor uptake and tumor-to-
background ratio compared to the three tracers reported in Chapter 2. However, there is no
improvement on the uptake in HEK293T:hFAP tumor model.

There were some limitations in this study: First, we did not perform tests to examine the
potential interaction between the pharmacophores which might plays a role in decreasing the tumor

uptake. For future research, we would suggest using a molecular docking software to help predict
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the intramolecule interactions when designing the new bispecific tracers, so that we can save more
time and resources in developing more potential candidates. Second, evaluation by imaging and/or
biodistribution studies in tumor bearing mice as in this report is a common practice in the
development of radiopharmaceuticals. However, the obtained high tumor-to-background contrast
either from imaging or biodistribution data might not be observed in the clinic. In addition, the
tumor xenografts used in the imaging and biodistribution studies are often derived from
(genetically-modified) cancer cell lines overexpressing the targeted cancer markers, which might
not be representative of cancer lesions encountered in the clinic.

For future research, more pharmacophore or linker selections can be explored to improve
the uptake in FAP-expressing tumor xenografts. Some modifications that can be considered are
(1) incorporating piperazine-based linkers which have been shown to be important for maintaining
good tumor uptake of FAP-targeting tracers; (2) Incorporating different linkers that have been
previously used for the design of bispecific radiotracers that showed good tumor uptake and
binding affinity!'®'2!, To minimize the number of mice used, we could construct and use
PSMAJ/FAP-expressing cell line and tumor xenograft. The development of this cell line is under
way in our lab.

Overall, this thesis shed light on of the process and feasibility of developing novel
bispecific PSMA/FAP-targeted radiotracers. Our data shows that the bispecific PSMA/FAP-
targeted tracers were able to bind to both target, PSMA and FAP. Moreover, modifying the
pharmacophore and linker selection is found to have an effect on the tumor and background uptake
in vivo, with more hydrophilic linkers and pharmacophores leading to better imaging results. The
findings reported in this thesis can build a foundation and give more understanding on parameters

to be considered in designing bispecific PSMA/FAP-targeted tracers.
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5.2 Concluding Remarks

In this thesis, we hypothesized that the bispecific PSMA/FAP radiotracers can bind to both
PSMA and FAP, and will have comparable or even higher binding affinity and tumor uptake than
the respective monospecific radiotracers. From the data, we found that this hypothesis is partially
acceptable. The binding affinity data and biodistribution data show that the bispecific PSMA/FAP
radiotracers have specific binding to both targets. However, when compared to the monospecific
tracers, our bispecific compounds have lower binding affinity to PSMA, and comparable binding
affinity to FAP. Moreover, our bispecific compounds have significantly lower tumor uptake in
PSMA- and FAP-expressing tumors and lower tumor-to-background contrast ratio. We suspected
that this lower tumor uptake may be caused by longer blood retention due to the interaction
between both pharmacophores and lower hydrophilicity of the bispecific compounds.
Furthermore, we successfully improved the binding affinity to PSMA, tumor uptake in PSMA-
expressing tumor, and tumor-to-background contrast ratio of the PSMA/FAP bispecific tracers by
increasing the hydrophilicity through changing the pharmacophores and linkers, shown in chapter
4.

Although we have not achieved our goal in designing a bispecific PSMA/FAP radiotracer
with comparable or even higher tumor uptake compared to the monospecific radiotracers, we
successfully achieved all of our aims. The first aim is to design, synthesize, and evaluate novel
bispecific PSMA/FAP radiotracers for prostate cancer imaging. We successfully designed 5 novel
PSMAVJ/FAP radiotracers and evaluated them in vitro and in vivo. We also completed the second
aim by comparing the binding affinity, tumor uptake, and biodistribution of the bispecific
radiotracers with the respective monospecific radiotracers. In addition, we successfully

synthesized and demonstrated the potential of pyridine-based FAPI tracers in Chapter 3, which
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opens a new path for FAP-targeted radiotracer development. Further research is required to keep
improving the binding affinity, tumor uptake, and tumor-to-background uptake ratios of the
bispecific PSMA/FAP radiotracers by considering the pharmacophore selection, linker’s length

and selection, and hydrophilicity of the compounds.
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Appendices

Appendix A: Mass Spectra of Intermediates and Compounds

A.1 Mass Spectra of Intermediates and Compounds in Chapter 2
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A.2 Mass Spectra of Intermediates and Compounds in Chapter 3

1.707 Exiractad

324,19

':I.DE—DD'- PETTTENT ) B N I'. Ly J Il.‘ PO A o ———— ———t ——rr —r— ———t —
1DC.00 2-][!.-][! SDEI.[!-ZI iDd.[!-] m:l.-][! ED[!.-ZI[! F-ZI[!.DD aDd.[!-] QE-:I.DZI 1[!-][}.-][! 1 1-][}.DD 'ZDIZI.DZI
miz

methyl 6-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino] pyridine-3-
carboxylate (1)

145



1.160 Extracied

3013

|

ORI § T P e - . . . s .
ED[!.EIE 4II|.EIE EIII.DE EDd.III ?EII!I.DD ﬂll!.lZID ED[!.EIE 1DD[}.EIE 11El'.'|.I:IE 12[!I'.'I.IIIII
miz

idos 20000

6-[[2-[[(tert-butoxy)carbonyl]methylamino]ethylJmethylamino]pyridine -3-carboxylic acid
(2)

146



EEEIDEIJ—:
?EEIDEIJ—:
?[!EIDEIJ—:
EEEIDEIJ—:
EEEIDEIJ—:
EEEIDEIJ—:
EEEIDEIJ—:

iEEIDElJ—-

T MRy

i[!EIDDJ—:
JEEIDDJ—:
GEEIDDJ—:
ZEEIDDJ—:
ZEUDDJ—:
1EEIDEIJ—:
1[!EIDEIJ—:

SO000H

(=]

L

13.573 Exiracted

45220

the iy pu

i
.0d E‘EIZI.EIE 3IIII!I.DD i[!EI.III

S0 0

.00

o
Mz

PR A1y L L L y
.00 aDd.III E'III.EIE 1D[:'|:I.[!EI 11El'.'I.IZIE 12[:'|:I.DD

2,3,5,6-tetrafluorophenyl 6-[[2-[[(tert-butoxy)carbonyl]methylamino]
ethyllmethylamino]pyridine-3-carboxylate (3)

147



1.605 Exiracied

1.10e+D5

421.18
1.|:l5e+|:r-5—:
1.D:Ie+|:r§—f
9.5-]&+I15—E
g.mans—f
a.s-:ems—f
a.n:ans—f
?.5-]&+DE—5
?.D:IHDE—f
a.s«:ans—f

5.00e+05]

L

L]

5.5-]&+|J&—E
E.D:IHIJE—E
:.5-:Ie+|15—5
:.D:IHDE—f
3.5]&+D5—f
J.DZIHIJE—E
2508405
2.D:Ie+|15—5
1.5-:|e+|:|5—5
1.|:r:|e+|:15—f
5.D:Ie+|:l:—f

|

0.00e+D0 bkt b ot e e
100.00 20000 3od.00

L 1 I Ll L [
JDII.']E EDII.D[! iDd.DZI ?'ZII!I.DD &J[!.'ZID E'D[!.'ZI[! 1DD[}.'ZIE 1'D'.'|.I:I[! 12[!".'|.DZI
miz

(S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-6-[[2-[ [ (tert-butoxy)-
carbonyl]methylamino]ethyl]methylamino]pyridine-3-carboxamide (4)

148



1.130 Extractad

25::{::-10-5
] TEBT.18
240000,
zamm.u-f
mu—
21uﬂm.u—f
zmum.u—f
1mom.u—f
1EJJIHII.IJ—5
1mnm.u—f
—
Fao.n4
150000.H
14um:u.u—f

5 130{3:-10—5
= :
120000.H
nunm.u—f
m:mm.u—f
somn-.u-f
Bumn-.u—f
mmn-.u—f
sa:mm:-.u-f
mmn-.u—f
mn-.u—f
mn-.u—f
zmnn-.u—f

10000

Y ATA T T I

iohon o aodon | aodon | Zodoo | sdon | eadoo

[ [ .
‘70000 BOCOD  SOGOD 10000 110000 120000

Mz

AV02053

149



1.120 Extracted

2.82+06
2.?e-ne-f
2.se-ne-f
2.5e-ne—f
2.4e-ne—f
2.3e-ne—f
2.ae-ne-f
2.1e-ne—f
2.|:-e-ne-f
1.9e-ne—f
1.ae-ne-f
1.?e-ne—f
1.se-ne-f

1.52206]

T MRy

1.4e-ne—f
1.3e-ne—f
1.ae-ne—f
1.1e-ne—f
1.|:-e-ne-f
g.ne-r:s-f
a.DE—[:E-—E
?.De—[:ﬁ-f
a.ne-[:s—f
s.ne-r:s-f
i.De—[:S—f
a.ne-[:s—f
2.De—[:5—f

1.08+05

0.02+004—

|

324.15

1DC.OD o 2‘][!][!

methyl 2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethyl]methylamino] pyridine-4-

P L. & (R .
SDEI.E'ZI iDd.E'ZI m:l.-][! ED[!.'ZIE F'ZI[!.DD aDd.E'ZI QE':I.DZI 1[!-][}.-][! 1 1-][}.[}0 12[:'|:I.DZI
miz

carboxylate (5)

150



[.57.2 Exdractad

2.0e=0E-
310.13

1.De+05

1. 0800 —Lyap .I \ T N - o at it —pak et ———r — e et e r—
foo 20000 30000 0 scdod S0dOD EDDOD FOROO 0 8000 90400 00bOD 110000 1200.00
miz

2-[[2-[[(tert-butoxy)carbonyl]methylamino]ethylJmethylamino]pyridine-4-carboxylic acid
(6)

151



1.043 Exiractas

318206
302406 458.13
2.S|E—D6—E
2.E=E—D6—E
272506]
252406
252406
2425067
2324067
228406
218406
2.|:ne-ne-f
1.9e-neé
1.ae-neé

1.72=06

1.42205]
1.30205]
1204064
1 124063
1 De+6]
3.08405]
a.ne-l:s-f
?.DE-[:S-E
E.DE-[:S-E
5.Des0s]
2025053
3024053
202405

1.02405

'].I:E-DD:.... llll T N T
foo 20000 30000 0 scdod S0dOD EDDOD FOROO 0 8000 90400 00bOD 110000 1200.00
miz

2,3,5,6-tetrafluorophenyl 2-[[2-[[(tert-butoxy)carbonyllmethylamino]
ethyllmethylamino]pyridine-4-carboxylate (7)

152



1.347 Exiractas

g.ne-ns—f
a.ne-ns—f
?.DE-[!S—E
-s.ne—ns—f
E.DE—I:S—E
i.l:le—[:s—f
a.ne—ns—f
2.|:-e-::5-5

1.0e205]

0.0e+00H—+

481,19

I].|.I|I|.I||| i l'l.‘..J |..

100D

'l L
s0lo0 30000 4pdod sodoo  eOUOD 0 FODCO 0 scdod 9edod  ibohan 11oboo  1200.00
miz

(S)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-2-[[2-[ [ (tert-butoxy)-

carbonyl]methylamino]ethyllmethylamino]pyridine-4-carboxamide (8

153



[.749 Exiracted

o]
somno]
siomns]
JZIJ{H:ID-
—
EEJJE'I:ID-
ZZEEH}DD—
eies
—

= 20000.0H

marnsd

1EJJ{H:ID-
1EDE[ID—
14IJE'DD-
1ZEH}DD—
1DG{H:ID—
o0
—
o]
200

0.04

10d

oo 0D

384.01

400.00

TEY.23

L 1|l L]

= P Lo

miz

AV02070

00 oodod  1oob.ao

1,
110bo0 1200

00

154



A.3 Mass Spectra of Intermediates and Compounds in Chapter 4
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