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Abstract

Molecular imaging and nuclear medicine have contributed to the evaluation and characterization of
biological processes on the cellular level through radionuclide imaging. This technique is useful in
managing and treating several diseases, most notably cancer. The advancement of radiopharmaceuticals
targeting solid tumors for the radionuclide imaging modalities Positron Emission Tomography (PET)
and Single Photon Emission Computed Tomography (SPECT) have facilitated diagnosis at early stages
of the disease. It has also supported patient stratification for therapy (personalized medicine), thus
improving the quality of primary care.

In the early phases of cancer diagnosis, choosing therapies that activate the innate responses of the
immune system to eliminate lesions and malignancies is substantial. Immunotherapy has emerged as a
new type of treatment that enables the body to suppress cancer cells by re-establishing its natural
defences. Immune checkpoints, e.g., the Programmed cell Death receptor-1 (PD-1)/ligand 1 (PD-L1),
are an immunotherapy target highlighted as an essential biomarker for both cancer diagnosis and
treatment. The interaction between PD-1 (found on T cells) and PD-L1 (found on cancer cells) leads to
T cells anergy and, therefore, tumor evasion and proliferation. Imaging immune checkpoints and PD-L1
with targeted radiopharmaceuticals gives valuable insight into the adequate inhibition therapy and the

prediction of treatment response for many cancer patients.

With a PET/SPECT radiotracer targeting PD-L1, an expanded global use accounting for the different
healthcare infrastructures would spread the benefits of immune checkpoint imaging and inhibition (ICI)
therapy. This doctoral thesis has therefore explored the possibility of developing a novel peptide-based
radiotracer for PD-L1 imaging with PET and SPECT as a novel ICI therapy probe. Macrocyclic peptides
reported in the patent literature (from Bristol Myers Squibb) were selected to be synthesized, modified
with a chelator, radiolabeled, and evaluated in vitro as potential radiotracers. The radiolabeling with
either a PET-radionuclide gallium-68 (%Ga) or a SPECT-radionuclide indium-111 (***In) was made

possible using the universal chelator DOTA.

Furthermore, a systematic investigation was conducted on the SPECT-radiometal ***In to overcome the
formation of unknown [*In]In-species that affected the radiochemical yields of the radiolabeling
experiments. The formation of the unwanted species has been circumvented by adding chloride ions to
the [*In]InCl; stock solution, allowing, therefore, for its recovery. Similar behaviour of [*!In]InCl;
solution has rarely been reported, making it an important finding to the radiochemistry/pharmacy
community. Consequently, the project continued with the PET radionuclide, and the synthesized
macrocyclic peptide's radiolabeling with %8Ga was successful. Despite the promising values reported in
the patent, the low binding affinity of the selected macrocyclic peptide in radioactive receptor-binding
experiments with PD-L1-expressing cell lines was observed. The loss of affinity could be explained by

the modifications introduced to the initial peptide structure and the metal-complexation to the chelator



as indicated by the 1Csy values from cellular assays. Nevertheless, we were able to establish the
therapeutic potential of a macrocyclic peptide that inhibits the PD-1/PD-L1 interaction along with a
novel standardized in vitro testing system, serving as a reference assay for newly developed PD-L1
radiotracers. The radioactive and the fluorescence-based in vitro evaluation of the peptide represented a
significant key finding in this thesis, as our results may incite researchers to optimize this class of peptide
immunomodulators for future radiopharmaceutical applications.



Zusammenfassung

Molekulare Bildgebung und Nuklearmedizin haben zur Auswertung und Charakterisierung biologischer
Prozesse durch radionuklide Bildgebung auf zellulérer Ebene beigetragen. Diese Technik ist hilfreich
bei der Behandlung verschiedener Krankheiten, insbesondere bei Krebs. Die Weiterentwicklung von
Radiopharmazeutika, die auf solide Tumore abzielen, fir radionuklide Bildgebungsmodalitdten
Positronen-Emissions-Tomographie (PET) und Single-Photon-Emissions-Computertomographie
(SPECT), haben eine frilhe Diagnose der Krankheit erleichtert. Desweiteren hat sie die
Patienteneinteilung fur die Therapie (personalisierte Medizin) unterstiitzt und damit die Qualitéit der

Primarversorgung verbessert.

In den frihen Phasen der Krebsdiagnose ist die Wahl von Therapien, die die angeborenen Reaktionen
des Immunsystems aktivieren, um L&sionen und Malignome zu beseitigen, von wesentlicher Bedeutung.
Solche Immuntherapien haben sich zu einer neuen Art der Behandlung entwickelt, die es dem Korper
ermdglicht, Krebszellen zu unterdriicken, indem er seine naturlichen Abwehrkrafte wiederherstellt.
Immuncheckpoints, wie z. B. der programmierte Zelltod-Rezeptor-1 (PD-1) und sein Ligand-1 (PD-L1),
sind ein Ziel der Immuntherapie. Solche entscheidenden Biomarker werden sowohl fur die
Krebsdiagnose als auch fir die Behandlung aufgezeigt. Die Wechselwirkung zwischen PD-1 (zu finden
auf T-Zellen) und PD-L1 (zu finden auf Krebszellen) fiihrt zu einer T-Zellen-Anergie und damit zur
Proliferation von Tumoren. Die Bildgebung mit zielgerichteten Radiopharmaka von Immuncheckpoints,
insbesondere von PD-L1, gibt fiir viele Krebspatienten wertvolle Einblicke in die geeignete

Inhibitionstherapie und die VVorhersage, wie sie auf die Behandlung ansprechen werden.

Mit einem PET/SPECT-Radiotracer fir PD-L1 wirde eine erweiterte globale Verwendung, unter
Beriicksichtigung der verschiedenen Gesundheitsinfrastrukturen, die Vorteile der Immuncheckpoint-
Bildgebung und -Inhibitionstherapie (ICI) ausweiten. Diese Doktorarbeit hat daher die Mdoglichkeit
untersucht, einen neuartigen peptidbasierten Radiotracer als ICI-Therapiesonde fur die PD-L1-
Bildgebung mit PET und SPECT zu entwickeln. Makrocyclische Peptide, beschrieben in der
Patentliteratur (von Bristol Myers Squibb), wurden ausgewéhlt, synthetisiert, mit einem Chelatbildner
modifiziert, radioaktiv markiert und als potenzielle Radiotracer in vitro evaluiert. Die Radiomarkierung
mit entweder dem PET-Radionuklid Gallium-68 (®®Ga) oder dem SPECT-Radionuklid Indium-111

(***1n) wurde unter Verwendung des universellen Chelatbildners DOTA ermaglicht.

Dartiber hinaus wurde eine systematische Untersuchung des SPECT-Radiometalls *''In durchgefiihrt,
um die Bildung unbekannter [**In]In-Spezies zu vermeiden, die die radiochemischen Ausbeuten der
Radiomarkierungsexperimente beeinflussten. Die Bildung der unerwinschten Spezies wurde
umgangen, indem der ["In]InCls-Stammldsung Chloridionen zugesetzt wurden, wodurch ihre
Ruckgewinnung ermdglicht wurde. Ein solches Verhalten der [*In]InCls-Losung wurde bisher selten

beschrieben, was es zu einer wichtigen Erkenntnis flr die Radiochemie-/Pharmazie-Gesellschaft macht.



Das Projekt wurde mit dem PET-Radionuklid fortgesetzt, was zu einer erfolgreichen radioaktiven
Markierung des synthetisierten makrozyklischen Peptids mit ®Ga fiihrte. Trotz der im Patent berichteten
vielversprechenden Werte wurde eine geringe Bindungsaffinitat des ausgewahlten makrozyklischen
Peptids in radioaktiven Rezeptor-Bindungsexperimenten mit PD-L1-exprimierenden Zelllinien
beobachtet. Der Affinitatsverlust, angezeigt durch die zellularen Assays, konnte durch die
Modifikationen und durch die Metallkomplexierung mit dem Chelatbildner erklart werden, die in die
anfangliche Peptidstruktur eingefiihrt wurde. Dennoch konnten wir das therapeutische Potenzial eines
makrozyklischen Peptids, das die PD-1/PD-L1-Interaktion hemmt, zusammen mit einem neuartigen
standardisierten in vitro-Testsystem etablieren, das als Referenzassay fiir neu entwickelte PD-L1-
Radiotracer dienen wird. Sowohl die radioaktive als auch die fluoreszenzbasierte in vitro-Evaluierung
des Peptids stellen eine wichtige Schlisselerkenntnis dieser Dissertation dar, da unsere Ergebnisse
Forscher dazu anregen konnten, diese Klasse von Peptid-Immunmodulatoren flr zukinftige

radiopharmazeutische Anwendungen zu optimieren.



Résumé

L'imagerie moléculaire et la médecine nucléaire ont contribué a I'évaluation et a la caractérisation des
processus biologiques au niveau cellulaire grace a I'imagerie des radionucléides. Cette technique est utile
dans la gestion et le traitement de plusieurs maladies, notamment le cancer. L'avancement des
radiopharmaceutiques ciblant les tumeurs solides pour les modalités d'imagerie par radionucléides, la
tomographie par émission de positrons (TEP) et la tomographie par émission de photons uniques
(SPECT) ont facilité le diagnostic aux premiers stades de la maladie. Ces techniques ont également
soutenu la stratification des patients pour la thérapie (médecine personnalisée), améliorant ainsi la

gualité des soins primaires.

Dans les premieres phases du diagnostic du cancer, le choix des thérapies qui activent les réponses innées
du systeme immunitaire pour éliminer les lésions et les tumeurs malignes est important.
L'immunothérapie est apparue comme un nouveau type de traitement qui permet a l'organisme
d’éliminer les cellules cancéreuses en rétablissant ses propres défenses naturelles. Les points de contrdle
immunitaires, par exemple le récepteur de mort cellulaire programmée-1 (PD-1) /ligand 1 (PD-L1), sont
une cible d'immunothérapie mise en évidence comme un biomarqueur essentiel pour le diagnostic et le
traitement du cancer. L'interaction entre PD-1 (trouvé sur les cellules T) et PD-L1 (trouvé sur les cellules
cancéreuses) conduit a I'anergie des cellules T et, par conséquent, a I'évasion et a la prolifération
tumorales. L'imagerie des points de contréle immunitaire et de PD-L1 avec des radiopharmaceutiques
ciblés communique des informations précieuses sur la thérapie d'inhibition adéquate et la prédiction de

la réponse au traitement pour de nombreux patients atteints de cancer.

Avec un radiotraceur PET/SPECT ciblant PD-L1, une utilisation mondiale élargie tenant compte des
différentes infrastructures de soins de santé permettrait de diffuser les avantages de la thérapie d'imagerie
et d'inhibition des points de contrdle immunitaire (ICI). Cette thése de doctorat a donc exploré la
possibilité de développer un nouveau radiotraceur peptidique pour I'imagerie PD-L1 avec PET et SPECT
en tant que nouveau moyen de thérapie et d’imagerie ICI. Des peptides macrocycliques rapportés dans
la littérature des brevets (de Bristol Myers Squibb) ont été sélectionnés pour étre synthétisés, modifiés
avec un chélateur, radiomarqués et évalués in vitro en tant que radiotraceurs potentiels. Le
radiomarquage avec soit un PET-radionucléide gallium-68 (%Ga) soit un SPECT-radionucléide indium-

111 (*'*In) a été rendu possible grace au chélateur universel DOTA.

En outre, une enquéte systématique a été menée sur le SPECT-radiométal ***In pour surmonter la
formation d'espéeces [*!!In]In inconnues qui affectaient les rendements radiochimiques des expériences
de radiomarquage. La formation des espéces indésirables a été contournée en ajoutant des ions chlorure
a la solution mére [In]InCls, permettant ainsi sa récupération. Un comportement similaire de la
solution [*In]InCl; a rarement été rapporté, ce qui en fait une découverte importante pour la
communauté radiochimie/pharmacie. Par conséquent, le projet s'est poursuivi avec le radionucléide PET

et le radiomarquage du peptide macrocyclique synthétisé avec *®Ga a été couronné de succes. Malgré



les valeurs prometteuses rapportées dans le brevet, la faible affinité de liaison du peptide macrocyclique
sélectionné dans des expériences de liaison aux récepteurs radioactifs avec des lignées cellulaires
exprimant PD-L1 a été observeée. La perte d'affinité pourrait s'expliquer par les modifications introduites
dans la structure initiale du peptide et la complexation du métal avec le chélateur, comme indiqué par
les valeurs 1Cso des essais cellulaires. Néanmoins, nous avons pu établir le potentiel thérapeutique d'un
peptide macrocyclique qui inhibe l'interaction PD-1/PD-L1 avec un nouveau systeme de test in vitro
standardisé, servant de test de référence pour les radiotraceurs PD-L1 nouvellement développés.
L'évaluation in vitro radioactive et basée sur la fluorescence du peptide a représenté une découverte clé
importante dans cette thése, car nos résultats pourraient inciter les chercheurs a optimiser cette classe

d'immunomodulateurs peptidiques pour de futures applications radiopharmaceutiques.
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Introduction

1. Molecular Imaging and Nuclear Medicine

1.1 Role of molecular imaging in nuclear medicine

Throughout the past years, non-invasive molecular imaging within nuclear medicine has provided
valuable clinical information at both cellular and molecular levels. It has significantly contributed to the
healthcare sector and the assessment of disease via well-targeted radioactive probes accumulating in
specific areas in the body.! Imaging has laid the ground for a better understanding of various functional
processes: from tissue blood flow, metabolic activity, interactions between proteins, expression of cell-
surface receptors, neurotransmitters, and neurochemical activity, to tissue proliferation.? The collection
of such diverse information allows for a more accurate treatment choice, leading to coherent prognostic
statements for patients. As described by the Society of Nuclear Medicine and Molecular Imaging
(SNMMI) and its Molecular Imaging Centre of Excellence: “Molecular imaging is the visualization,
characterization and the measurement of biological processes at the molecular and cellular levels in
humans and other living systems™.2

Different non-invasive molecular imaging modalities can be distinguished within the field of nuclear
medicine: computed tomography (CT) imaging, ultrasound imaging (US), optical imaging (Ol),
magnetic resonance imaging (MRI), and radionuclide imaging.* Computed tomography (CT) imaging
involves using a computer-processed combination of X-rays measured from different angles and forming
a tomographic cross-sectional image. High-resolution small animal CT, which is often relied on in
preclinical research, allows for imaging skeletal and soft tissues.® Ultrasound imaging is a form of
tomography that uses ultrasound to probe soft tissues and help detect the early stages of the disease.
With the advances in the ultrasound contrast agent field, ultrasound sensitively depicts specific
molecular targets. It can be used for both diagnostic and therapeutic ends.®

Furthermore, optical imaging includes both fluorescence and bioluminescence imaging, which are light-
using imaging modalities and thus relatively safe.” In Ol, bioluminescence imaging (BLI) relies on the
light produced by enzymatic oxidation of luciferase and coming from the tissue unlike the fluorescence,
making BLI a more sensitive method. Moreover, MRI employs strong magnetic fields and radio waves
to produce images of different organs in the body.®2 MRI requires introducing an imaging contrast agent,
a ferromagnetism contrast agent (lanthanide chelate such as gadolinium-DTPA) or a paramagnetic one
(paramagnetic iron oxide). Lastly, radionuclide imaging is a technique that relies on the intravenous
administration of a radiotracer.® With the progress in radiochemistry and molecular biology,
radionuclide imaging provides high sensitivity (see Table 1) and specificity as it has found numerous
clinical applications. It incorporates radioactive substances in the therapy and diagnosis of certain
diseases. A radiopharmaceutical (or radiotracer) is usually composed of a radionuclide attached to a
biomolecule via a linker/chelator system (or a prosthetic group) and is injected intravenously. It maps

the defected tissues by following the circulatory system and localizing lesions.
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Table 1: Spatial resolution and sensitivity of imaging modalities in nuclear medicine. %22

Imaging Modality Spatial Resolution (mm) Target sensitivity (mol/L)

0,5-2 (clinical CT)

-2_10-3

Computed Tomography (CT) 0.2-0,3 (animal CT) 104-10
0,5-1,5 (1.5 T MRI)

Magnetic Resonance Imaging (MRI) 0,01-0,1 (small animal 103-10°
MRI)

. . 4-10 (clinical PET) 111012
Positron Emission Tomography (PET) 1-2 (micro-PET) 10*-10
Single Photon Emitting Tomography 7-15 (clinical SPECT) 1040101t
(SPECT) 0,5-2 (micro-SPECT)

. . Biolum: 10-15-10"%
Optical Imaging 1-5 Fluo: 10°-10-12
Ultrasound Imaging 0,05-0,5 Not characterized

Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT)
are the two nuclear imaging modalities discussed in-depth in the following text.!? Overall, these
imaging techniques are used to evaluate certain disease-states while providing a whole-body mapping
of the target tissues. Nonetheless, they present various strengths and weaknesses, among which exposure
to harmful ionizing radiation is of high relevance. PET is relatively more expensive than SPECT and
CT. It also suffers from long acquisition times and low spatial resolution, similarly to SPECT. However,
CT lacks in good contrast when it comes to imaging soft tissues. Despite these setbacks, PET, SPECT
and CT offer unlimited depth of penetration and the possibility to image the whole body. Unlike the
guantitative molecular imaging provided by PET and SPECT, CT can only provide anatomical imaging.
As far as MRI, US and Ol are concerned, these techniques do not use any ionizing radiation. MRI
provides excellent contrast of soft tissues, high spatial resolution, full-body imaging. Nonetheless, MRI
remains an expensive imaging tool with a long acquisition time. US and Ol, however, can offer real-
time imaging with short acquisition times while maintaining an excellent spatial resolution and a high
sensitivity. Although imaging the whole body is not possible with US and Ol, Ol presents a limited
penetration depth.!® The contrast microbubbles of the US can only be limited to the vasculature.

Furthermore, these imaging modalities help elucidate different biological processes that other medical
techniques failed to evaluate, such as specific organ function, enzyme activity, and, most importantly,
disease progression. Multimodality imaging - the combination of more than one imaging technique
- leads to synergistic effects and can compensate for the drawbacks of each method.** For instance,
PET/CT, SPECT/CT and PET/MRI are highly efficient multimodality imaging techniques.*® They can

provide both anatomical and functional information, allowing for successful clinical evaluation. For
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instance, the PET/CT scans of 8F-FDG show the accumulation of the tracer in high-metabolic tumor
lesions, while locating them anatomically with the CT scan.® Moreover, CT is more sensitive than PET
and SPECT; therefore, the combination of both yields better results.t” O1/US is another well-known

combination as the high resolution of US can complement the high specificity and sensitivity of OI.18

1.2 Imaging modalities in nuclear medicine

In the case of cancer diagnosis with PET and SPECT, the scans show the different parts of the lesions
where the disease has proliferated (see Figure 3). Within this non-invasive imaging technique, the
radioactive particles emitted by the injected radiotracer from within the body, are detected by gamma
cameras and reconstructed to form a 3-D image.?® The radioactive decay leads to the emission of either
electromagnetic radiation (gamma rays, y) or of radioactive particles (o, B*, 7). Gamma rays, X-rays
and B* particles are used to diagnose certain diseases using SPECT, CT, and PET. However, a particles
and B ~ have found numerous applications in therapy as they have a short travelling distance when

injected into soft tissues and are more likely to damage cancer cells.?*

1.2.1 SPECT

A sPect Collimator SPECT is a nuclear imaging modality that

Detector

directly detects gamma rays. It requires,
therefore, a gamma-emitting radiotracer that is
administered to patients through intravenous
injection. In SPECT, gamma emitters, such as
Shictors T indium-111 (***In), technetium-99m (**™Tc) or
~ Collimator iodine-123 (**1) are used (see Table 2).%°

Despite the direct emission of gamma-rays

B detected by a rotating multi-headed camera,

PET .
PET presents the advantage of offering more

. Orbital electron
/\ \ radiation localization events. This creates a
Coincidence detectors

Positron from  petter spatial reconstruction with higher

nucleus

Q" 511 keV
|

s11kev  PET, mainly due to the use of longer-lived

resolution than SPECT.?%%" However, SPECT

scans are relatively more cost-effective than

Annihilation reaction radionuclides; they are easier to obtain than PET

Figure 1: A) An illustration of the SPECT machine and the
incoming gamma radiation the collimators detect from various
angles B) The coincidence detectors of a PET scanner and the of |ongitudinal studies. Moreover, SPECT is less
annihilation event taking place between a positron and an electron,

releasing gamma rays within the line of response (in orange). sensitive than PET which is due to the process
Image adapted from Hicks, R. J. et al. Nat. Rev. Clin. Oncol. 2012,

9 (12), 712-720.%5 of photon-detection: the radiation detector in

radionuclides, and they enable the performance
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SPECT and PET cameras relies on scintillator crystals (usually thallium- doped sodium iodide (Nal(Tl))
that converts ionizing radiation into photons.?® In their turn, these photons can be captured by the
photomultiplier tubes and transformed into an electric signal (see Figure 2).2%3! In pre-clinical SPECT,
pinhole collimators that magnify specific organs are used. As for the clinical SPECT cameras, the
parallel collimators can only capture certain ionizing particles. Therefore, anything that did not travel
along the collimator axis is rejected and is not accounted for in signal processing. Due to the accurate 3-
D space localization, SPECT can be used for localized organ functions such as brain imaging, cardiac

imaging, and more specifically, myocardial perfusion imaging (using ®"™Tc radiotracers, Figure 3).%2

The 2-D scintigraphy has also allowed for accurate bone imaging and further widening of the disease

diagnosis array in nuclear medicine.

Photocathode Focusing Photomultiplier Figure 2: The principle of radiation Qeu_ection

lonisation electrode tube (PMT) in SPECT and PET cameras. The scintillator

track / Y/ is composed of (Nal(Tl)) crystals that would
v

have an electron ejected by the incident
gamma photon. A small flash of light is then
produced when the electron finds stable
energy levels (Compton effect). The PMT
tubes detect these flashes (events) and
Connector amplify them so that they can be summed and
Scintillator  primary Secondary Dynode Arode PINS converted into an electrical signal. Figure
electron  electrons credit: Qwerty123uiop (CC BY-SA 3.0)%

High energy R
photon | Cow energy:
photons

122 PET

PET radiotracers are different from SPECT because of their detection method. In PET, the detection of
gamma rays takes place via a physical phenomenon known as positron annihilation.®* Moreover, PET
radionuclides decay by emitting a positron (positive electron). It is emitted by the nucleus of the
radionuclide and quickly pairs up with an electron in the neighbouring tissues, leading to annihilation.
Annihilation is therefore observed when this collision converts the mass-energy of the two particles into
photons, with 511 KeV each (see Figure 1B). These two gamma-rays photons maintain the momentum
to travel in opposite directions. Since PET has more of a ring-shaped detector encircling the patient, the
scintillating crystal detectors capture the photons emitted from various points, absorbing them, and
converting them into an electric signal. The simultaneous detection of the photons in the detector (called
coincidence) leads to the placement of a line between those two points (line of response), localizing,
therefore, the annihilation event.®® The numerous coincidence lines help to reconstruct a high-resolution
three-dimensional scan. PET detectors are formed of many blocks of scintillation crystals arranged
circularly in one or two rows, capturing the emerging 511 KeV photons from the line of response (see
Figure 1B). The most used scintillators for PET detector types are Bismuth Germanate (BGO), Sodium
lodide (Nal), and Lutetium Oxyorthosilicate (LSO). However, Bismuth Germanate (BGO) is preferred
to Nal(TI) since the attenuation coefficient is not enough for the high annihilation energy received.
Furthermore, Lutetium Oxyorthosilicate (LSO) has better properties than Nal(T1) and BGO.%®
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Figure 3: A) A PET-CT scan for 8F-FDG for the detection of small malignant melanoma
metastases B) A SPECT-CT scan of ®™Tc-colloid for sentinel lymph-node detection. 2°

1.3 Radiopharmaceuticals in oncology

Radiotracers are the primary operative tool of radionuclide imaging in nuclear medicine. They have
found various non-invasive applications in cancer diagnosis, staging, and predicting the response to
therapy. It is known by clinicians that patients exhibit different types of lesions within the same cancer
category and highly variable malignancies within the patient.*” This heterogeneity is found in different
morphological and physiological features, such as the expression of cell surface receptors or proliferative
and angiogenic potential.®3® However, PET and SPECT have gained in the detection accuracies of
specific lesions, leading to the optimized differentiation of cancer progression stages while shedding
light on tumor heterogeneity.***! The diagnosis can be achieved by targeted radiopharmaceuticals or by
a combination of different ones, each bringing complementary information to fulfil the diagnostic

process.

1.3.1 Theragnostic

Radiopharmaceuticals have a dual application in nuclear medicine: a radiotracer can be used in diagnosis
and therapy, a concept known as the theragnostic approach.*> The application can combine diagnostic
imaging and therapy, using the same scaffold but interchanging the radionuclide (since a or - particles
are needed for therapy) or injected into the patient in a different dose than the diagnostic one.®
Historically, radioiodine has been the first successful theragnostic radiotracer to be used to diagnose and

treat thyroid cancer, with 2| for diagnosis and 31 for therapy.** A theragnostic radionuclide can emit
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gamma-rays and B particles such as lutetium-177 (*Lu) and 31, as seen in Table 2. Moreover, different
isotopes from the same element can be used, such as yttrium-86 (56Y)/yttrium-90 (*°Y) (true matches),
or even terbium isotopes; newly emerging radiometals: ***Tb (8*), **Tb (y), **Tb (o) and *'Th (-
).%5 Many theragnostic-based therapies have gained tremendous success, such as Y for liver cancer
therapy, I for thyroid cancer and ’Lu-PSMA radionuclide therapy for different types of prostate
cancer. For instance, during the administration of the therapeutic *’’Lu-PSMA compound, SPECT scans

can be taken to follow the progression of the uptake. 4647

Table 2: Repartition of diagnostic and therapeutic radionuclides as original, true matches or matched pairs of theragnostic
radionuclides.

Diagnosis Therapy
. Y7Lu y (SPECT) B (therapy)
Original
theragnostic
g 131 v (SPECT) B~ (therapy)
&y B* (PET) 0y B- (therapy)
True matches
4Cu B* (PET) 7Cu B (therapy)
8Ga B* (PET) TLu B (therapy)
Matched pairs
9mTe v (SPECT) 186/188R e B~ (therapy)

1.3.2 Dosimetry of PET and SPECT applications

The intravenous administration of a radiopharmaceutical to a patient for diagnostic or therapeutic
purposes leads to the absorption of ionizing radiation. Once absorbed, this ionization and excitation of
atoms in human tissues lead to DNA damage, delayed cell division rate and health complications
consequently.®® Therefore, the benefits of the intervention must be balanced with the dangerous side
effects of the procedure. The radiotracer’s design needs to consider the following characteristics of the
radioisotope: the half-life (t 12), the method and costs of production, the mode of decay, the coordination
chemistry of the radioactive metal and its possible chelating agents. Dosimetry calculates this risk
correlated with medical interventions relying on ionizing radiation. It calculates the amount of estimated
radiation dose deposited in the human tissues. First, it is essential to determine the radiotracer
distribution in different parts of the body and organs. This type of data is usually obtained during the
preclinical evaluation of a novel radiopharmaceutical through ex vivo studies in animals.*
Furthermore, evaluation of the radiotracer (pharmacokinetics and biodistribution) in humans using
whole-body imaging techniques such as PET and SPECT are carried out in clinical trials. Therefore, it

is required to determine the radiation dose to every organ (equivalent dose, mSv) and to the whole body
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(effective dose, mSv), then judge in comparison to the benefits that the patient receives from this medical
intervention. Dosimetry is also a well-regulated subfield in nuclear medicine where national and

international guidelines set the regulatory frameworks that must be respected and put in place.>

1.3.3 Types of radiotracers

Radiotracers can be divided into two distinct categories: 1% generation and 2" generation radiotracers.
The first category consists of radioactively labeled molecules that accumulate in the area/tissues of
interest based on their physical properties. These radiotracers, known as perfusion tracers, are generally
considered specific but do not target a specific receptor or a pathway. Examples include the *MTc-MIBI
for cardiac imaging, which imitates the transport of potassium ions into the heart muscle.’>°2 Another
%mTc-based tracer is HEDP (etidronic acid). This bone imaging tracer accumulates in hyperactive bone
tissues by interacting with its calcium ions.% As far as the 2" generation of radiotracers is concerned,
they rely on molecular recognition of receptors, antigens, and other types of biological interactions
(imitating endogenous ligands).>* Specific radiolabeled probes are developed to target different tumor

sites and elucidate various cancers' proliferation mechanisms.

Radiotracers are powerful molecular imaging tools for cancer diagnosis due to their high sensitivity.
They usually consist of a biomolecule having a well-targeted physiological pathway or a receptor to
which it binds with high affinity.>® These well-targeted imaging probes can be small molecules or
peptide-based such as ®Ga and **In-labeled somatostatin peptide-analogues targeting the somatostatin
receptors expressed by neuroendocrine tumours (DOTA-TATE/TOC for somatostatin receptor subtype
2).%%8Ga, 18F and "7Lu (therapy) labelled PSMA ligands targeting prostate cancer have made their mark

among many research teams and clinical investigations.%’

Tumor cel
Targeting Targeting .
Molecule A Molecule A |e——— -

J Target 1 Target 2 J

. " N Targeting Molecule A: peptide, protein, carohydrate, nucleotide, antibody, etc...
| Organic radionuclide | geting [ B o i

Figure 4: Schematic explanation of the various types of possible radionuclide conjugation systems and targeting molecules
within a radiopharmaceutical.

Other peptide-based radiotracers, such as RGD peptides, are used for angiogenesis imaging (targeting
avfs integrin - refer to Table 6). Moreover, antibody/protein-based radiotracers such as *#1-Trastuzumab
(targeting the human epithelial growth factor receptor 2 HER2) and 2Zr-Nivolumab targeting

programmed cell death receptor 1 PD-1; are prominent examples that can be named among many. 8-
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The biomolecular probe (proteins or peptides) should possess a modification site where the conjugation
of a linker/chelator can be made possible (see Figure 4).

1.3.4 Types of radionuclides

We can distinguish between two types of radionuclides used in the development of radiotracers. Metal-
based radionuclides (also called radiometals) such as *In, ®™Tc, %8Ga, 54Cu, and 8Zr. The second type
is organic radionuclides, formed of C, 18F, 3N and *°O (see Table 3).626

1.3.4.1 Organic radionuclides

Organic atoms such as carbon, hydrogen, oxygen, and nitrogen, have many unstable radioisotopes that

can substitute the stable atoms (forming covalent bonds with the bio vector as shown in Figure 4).

Table 3: Organic and metallic radionuclides and their characteristics. These radiotracers are used in oncology, CNS and

brain, metabolism, and perfusion imaging.6°6!

Energy

Radionuclide  Half-life  Decay mode (KeV) Production route Radiotracer
8 and C-PHNO
ic 20.3 min Electron 1982 Cyclotron N (n, p)**C 1C-PIB
Capture (EC) G AMT
BN 9.97 min B 1220.5  Cyclotron %0 (p, 0)®N BN-N2
50 122.2 sec B 1754 Cyclotron N (d, n)**O 150-water
1BE-FDG
18 F 109 min B*andy 6335  Cyclotron ?Ne (d, a) *F BE-FET
18- FDOPA
9mTc-
%9mTe 6.02 h yl',r;ﬁtseiiinoar: 140 9Mo/®"Tc generator Demobesinl
%MTc-MIBI
11 | 672h  EC,Augere  245.17 Cyc"’tr:;’ﬂfllr:(:d ®, 111|n-Octreotide
8Ga-PSMA
8 Ga 67.7 min B*, EC 1889 ®8Ge/%8Ga generator 8Ga-Pentixafor
8Ga-FAPI
123 13 h v, EC 159 Cyclotron *22Te (d, n)'?| 1231-FP-CIT

These unstable isotopes can be used as PET radionuclides. *C and ®F constitute the basis of many PET
radiotracers with versatile chemistry.5? 11C is thoroughly used for brain imaging, such as *C-L-DOPA,
an analogue of L-DOPA, a precursor for dopamine. As far as ‘®F is concerned, 2-deoxy-2-(*¢F)-fluoro-

D-glucose (*®F-FDG) is a glucose analogue and has been extensively used for many diagnostic purposes.
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BE-FDG is, in fact, a metabolic activity probe that allows for early tumor detection when combined with

other investigative tools. 645

Despite their multiple uses in radiotracer development, organic radionuclides have found limited
application. They can only be used in PET imaging (only diagnostic) due to their predominant emission
type. Furthermore, these radionuclides do not have therapeutic analogues, unlike radiometals.
Exceptionally, only the iodine isotopes '?*I (diagnostic; B+, €) and I (therapeutic; B—, y) form a
theragnostic pair within the organic radionuclide category. Sodium iodine symporter is used to diagnose
and treat thyroid cancer and non-thyroidal neoplasms, among other thyroidal disorders.5’ Although, as a
radionuclide, iodine is limited due to its deionization and subsequent uptake in thyroidal tissues. There
are other less common organic radionuclides such as bromine (bromine-75 and bromine-76) based
radiotracers for PET and SPECT as well as astatine-211, an alpha emitter that is more suited for
therapy.%® However, these radionuclides have yet to find frequent use and applications. That is mainly
due to the high costs of production in nuclear reactors or particle accelerators, the availability of the
targets that need to be irradiated, and the lack of the infrastructure (and regulatory framework) suitable
for such productions across the world.®

1.3.4.2 Metallic radionuclides

Metallic radionuclides have witnessed tremendous growth in radionuclide imaging. Radioisotopes of
transition metals such as *™Tc, 8Zr, or 1**In and Ga from the primary metals group from the periodic
table. They are in frequent use due to their versatility and the vast range of characteristics. The use of
targeted radiotracers depends on the biological half-life of the chosen molecule; antibodies tend to have
a prolonged circulation time, so it is required to match them with a long-living metal radionuclide such
as %9Zr (t12=3.3 days) or *!In (t1» = 2.8 days).”® Among the most used metallic radionuclides, *"Tc and
8Ga, they are usually produced via **Mo/®"Tc generators and %Ge/%®Ga generators. Scandium-44,
which had started to gain popularity in recent years, can also be eluted from a Titanium-44 / Scandium-
44 generator. As for most metallic radionuclides, their production requires irradiating a specific target
in a cyclotron; *In, for instance, is produced by proton irradiation of a cadmium target, either 2Cd
(p,2n) or **Cd (p,n).*™

Similarly, 8Zr can be obtained via proton irradiation of natural yttrium targets Y (p, n). Despite the
straightforward methods used to produce metallic radionuclides, the lack of the appropriate
infrastructure, low irradiation yields, and lack of available pure substances (target) constitute the limiting
factors to their application. Among the less commonly used radionuclides, we can mention strontium-
82, bismuth-213 or actinium-225, an alpha-emitter that is on the rise in the field of cancer radiation
therapy. However, for diagnostic imaging, the decay mode of most metallic radionuclides needs to be

mainly by B* particle (for PET) or via gamma rays ‘emission (SPECT) to ensure the signal reception and
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transmission through the gamma cameras. A chelator that matches the physical and chemical
characteristics of the chosen metal needs to be selected and conjugated to the biomolecule.”

Most widely used radiometals such as **In and 6”%Ga are also called hard Lewis’ acids, with a
predominant oxidation state of +3 (hence their appellation M3*) in aqueous solutions.” Chelators, which
can be monodentate or multidentate/polydentate, have oxygen, nitrogen, or sulphur donor groups in
carboxyl groups, phosphonates, and amines, form stable complexes with radiometals in vivo.™

The difference between the monodentate and the polydentate chelator is found in what is known as the
‘chelate effect’. 1t has been shown that on a thermodynamic level, multidentate chelators readily
exchange ligands more than monodentate ones, making them more stable in forming a chelate-metal
complex. A positive increase in entropy can be observed. At the same time, the enthalpy change is almost
negligible, making this complexation favours the multidentate chelator.” "¢

Furthermore, polydentate chelators that present a cyclic structure follow the same principle called the
‘Macrocyclic effect’. The rigid ring structure of the macrocyclic chelator (see DOTA, NOTA in Figure
6) makes the metal complex even more stable, diminishing, therefore, any conformational freedom for
the metal-ligand construct. Macrocyclic chelators tend to have limited specificity for specific metal ions
due to these constraining characteristics, which must be considered when choosing the proper chelating
agent for a radiometal. "7

Moreover, thermodynamic stability is not the only criterion that must be fulfilled for a metal-chelator
complex in developing a radiotracer. Kinetic stability, defined as the ability of the chelator to replace its
ligands with difficulty when the complex is inert, must be fulfilled. A labile complex with a fast
exchange rate of its ligands can pose various drawbacks, especially in vivo: the chelator competes with
naturally existing chelating agents circulating in the bloodstream, such as transferrin or human serum
albumin.” That is why, generally, the formation constant LogK of the metal-chelator complex must be
higher than that of the radiometal and the natural chelator found in vivo. Among the drawbacks of
transchelation (i.e., one chelate group replaces the other) is the accumulation of non-chelated metallic
radionuclide in living tissues, which needs to be avoided at all costs (e.g., Y'’Lu and *°Y are known as
‘bone seekers’ since they tend to cause bone marrow damage). &

Often in radiopharmacy, many metal-chelator complexes are thermodynamically unstable but kinetically
inert (or robust) since the highest formation constant of a metal-chelator complex is not always matched
with its right chelator. Nevertheless, the complexes show promising results after theirin
vivo evaluation.®! For their conjugation to the radiotracer precursor, macrocyclic bifunctional chelating
agents (BFCA) such as DOTA are commonly used and preferred for their increased stability. BFCAs
are chelators that give strong complex stability while precisely controlling the modification and labelling
sites. In a BFCA, the chelator complexes the metal and the functional group forms a covalent link to the
biomolecule (Figure 4).828 Furthermore, the radiometal-chelator complex is usually large, which may
influence the biological properties of the whole radiotracer (e.g., CNS small-molecule radiotracers and
CXCR4 targeting peptides).®* That is why the binding affinity to the target receptor should be evaluated

in the various steps of the chelator/radionuclide modification.
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1.3.4.3 Choice of chelators and radiometals

1.3.4.3.1 Radiometals ®®Ga and *In

Developing a radiotracer that can be used for PET and SPECT imaging (same structure but different
radionuclide) is a goal of many research teams. It becomes, therefore, more critical when the diagnostic
radiotracer lays the ground for the choice of therapy and the patient’s response to therapy while
providing a whole-body mapping of the target cancer cells. Although PET has caught the most attention
and development throughout the last years, SPECT remains the imaging modality that is more affordable
and most available in hospitals worldwide. Therefore, a PET/SPECT radiotracer would benefit the
clinics with its accessibility across a different cost range while allowing them to have the same

diagnosis/therapeutic options.

68 111
Ge 270.95 (26) d In 2.8047 d
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Figure 5: Decay characteristics of the PET radionuclide ®8Ga and SPECT radionuclide **1n.8586

Gallium-68 and Indium-111 have always formed a good radionuclide pair for PET and SPECT imaging
modalities.®” Somatostatin receptors (SSTRs) imaging performed with DOTA-TOC/DOTA-TATE,
labelled with **In for SPECT/CT and %Ga for PET, have been quite widely used in many clinics and
hospitals across Europe.®® As seen in Figure 5, gallium and indium belong to the same group in the
periodic table, thus sharing many characteristics (see Table 4). The most important radioisotopes of
gallium are ®’Ga and ®Ga. ’Ga has a longer half-life, 3.3 days, than that of ®Ga: 68 min. It emits gamma
rays by electron capture, rendering it useful for SPECT imaging. As for ®®Ga, a positron emitter, its
convenient production route using a %Ge/%®Ga Generator make it far more attractive and cost-effective
as a radiometal in PET imaging. For greater quantities, ®®Ga can also be produced by proton
bombardment of %8Zn in low energy medical cyclotrons. Under physiological conditions, the oxidation
state of gallium is 3+, with the possible coordination numbers 3, 4, 5, 6. The complexation of Ga*" can
be challenging since it tends to quickly form hydroxide complexes at pH higher than 3,5 in solution,

besides its slow, complex formation kinetics. To overcome the slow kinetics and the Ga-hydroxide
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formation, GaCls that is eluted from the generator is first complexed with a weaker ligand such as acetate
or citrate (in buffers) since it has faster formation kinetics with Ga®" than with the hydroxides or larger
organic ligands. Consequently, this prevents the precipitation of the radiometal, and the preparation of
more stable complexes is made possible. %Ga is commonly complexed with DOTA at high temperatures,

overcoming the slow kinetics of the complex formation. 8:8°

Table 4: Physico-chemical characteristics of gallium and indium.

Element  Electronic configuration Oxidation potential (V) lonic Radius (A°) Coordination

3+ number (aq.
of M M)
Ga = Ga** + 3¢
10 2
Ga [Ar] 3d'° 4s% 4p E°=0.53 0.62 6
In = In® + 3e-
10 2
In [Kr] 4d™ 5s° 5p E°=0 342 0.8 6

As for *n, it has a half-life of 2.8 days. Its emission type is gamma radiation and Auger electron
emission, decaying to the stable cadmium-111. It can be produced in a cyclotron through proton
irradiation of cadmium target (}**2Cd (p, 2n) or 'Cd (p, n)). Similarly, to ®Ga, '!In is formulated in
InCls solutions and presents the same coordination number, hence the possibility of using comparable
chelator systems for both radionuclides. In SPECT imaging, **In radiotracers have found application in
prostate cancer imaging (**!In-PSMA-617/PSMA-11) and somatostatin receptor with *!In-Octreotide.
In a different formulation for infectious disease detection, *'In oxyquinoline (oxine) can be used to

image blood cells, platelets, and leukocytes. %%

1n is usually delivered in a stock solution of [*!In]InCl; to radiopharmaceutical research labs or
routine productions. However, solubility issues were encountered with some received batches with In,

leading to the formation of unknown *In[In]-species.®2%

1.3.4.3.2 Chelators for ®®Ga and ***In

Having good thermodynamic stability and a high kinetic inertness in vivo is an important factor to
consider. For that matter, the chelators chosen for this work were selected among the most known and
trusted macrocyclic chelators for M3 radiometals. Acyclic chelators derived from the structure of
diethylenetriaminepentaacetic acid (DTPA) have indeed shown promising results in the past, especially
for chelating !In. However, they were redeemed ineffective for stably complexing other radiometals

due to in vivo instability.%
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Figure 6: Structure of the mostly used cyclic and acyclic universal chelators.

Between the choice of the proper radiometal pair for PET and SPECT and the type of chelator that
gathers the needed characteristics (i.e., stability and chelation properties for both metals), DOTA was a
reasonable choice for %Ga and 'In.%-% After the success **In-DOTA-NOC and %Ga-DOTA-TOC
have witnessed in neuroendocrine tumor imaging, DOTA chelators and their derivatives have been
readily available and suitable to any modification, labeling and conjugation to other biological
molecules. Therefore, DOTA has been chosen in this project to chelate both Ga and **In. Having faced
radiolabeling issues with indium-111, we only moved forward with our preclinical evaluation with

GBGaIQQ

1.4 Development of radiopharmaceuticals

1.4.1 The process of radiopharmaceutical development

Due to recent advances in radiochemistry, automation and cyclotrons miniaturization, the production of
radiopharmaceuticals became more practical and versatile.'® Hence their routine application in various
diagnoses of diseases. In drug discovery, the focus of the process lies mainly on the repetitive cycle of
screening for ’hits”, obtaining lead compounds and medicinal chemistry optimization. However,
radiopharmaceutical development extends the work carried out in drug discovery by adding a radioactive
element. The focus in developing novel radiopharmaceuticals resides in the in vitro evaluation of the

compounds: testing their ability to generate a particular response, to target specifically and selectively

24



the receptor or the biological mechanism in question without damaging the surrounding tissues. Both
disciplines are entirely complementary, yet sometimes some iterative steps and processes must be
performed under different conditions due to the ionizing radiation generated by the radiotracer.

The first important step usually stems from an initial research question that answers the necessary needs
of clinicians within the diagnosis and treatment of patients. Once the need for a novel diagnostic tool
arises, the search for a suitable target with enough information on its expression and localization comes
next. Screening for lead compounds that can show promising results (biological activity) towards the

selected target is a significant step based on existing libraries and endogenous ligand structures, 01102

o

Disease-specific target identification, o A lead d i h
Lead discovery or optimization of existing . N, €a compoun s then
libraries transformed into a final compound
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L)
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(SAR) studies. Medicinal chemistry

Pre-clinical evaluation: biological e modifications would then allow for

characterization in vitro and in vivo L
the optimization of the compound to

increase its binding affinity,
Pharmaceutical formulation (quality: safety

and efficacy) GMP selectivity, and overall

physicochemical properties.
To develop radiopharmaceuticals,
GCP studying the possible routes of
radiosynthesis is essential. For
Figure 7: The process of radiopharmaceutical development for clinical use. instance, the conjugation of a BFCA

Good Manufacturing practice (GMP) and good clinical practices (GCP) are
guidelines and international quality standards.03 and a spacer would allow

radiolabeling with radiometals (see
Figure 7). Then radiolabeling experiments to determine the right synthesis path and the highest labeling
yield, radiochemical purity and specific activity are conducted and followed by in vitro evaluation of
the obtained radiotracer: stability in physiological fluids, octanol-water partition coefficient that
determines the lipophilicity of the radioligands, and most importantly cell-binding experiments. For
diagnostic radiotracer development in oncology, the cell assays consist of cultured cancer cell lines
incubated with the radiolabelled tracer to determine the uptake. Once the in vitro studies are carried out
and the results are satisfactory, in vivo studies to determine the biodistribution and the tracer's
pharmacokinetics are conducted (accumulation in target and nontarget tissues are essential parameters

to investigate).

In summary, a diagnostic radiotracer must have the following characteristics: high specificity and

selectivity, high plasma clearance and low plasma protein binding having a neutral and hydrophilic
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nature to enhance elimination and reduce effective (radiation) dose, possibly known metabolism, low
toxicity, and promising in vivo stability because of low metabolic clearance. As far as this current work
is concerned, we have conducted in vitro assays and did not reach the animal experiment phase. First-
in-human evaluation is expected for radiotracers that have successfully passed preclinical evaluation,

followed by clinical trials.2*

1.4.2 In vitro evaluation of radiopharmaceuticals

Radioligand binding assays are employed during radiotracer development to understand better the
interactions between the radioligand and the receptors of interest. Here, three types can be distinguished:
kinetic, competitive and receptor saturation assays. These assays are performed on cancer cell lines or
primary cells. Besides kinetic experiments, membrane suspension bearing the target of interest can also
be employed. By performing binding assays at several time points, information about the association
and dissociation of the radiotracer from the receptor over time and internalization into the cell can be
assessed. Receptor saturation and competitive experiments are performed to determine the extent of the
binding of the ligand to the receptor (affinity) and the specificity of this interaction.

The binding of the radioligand/radiotracer to the receptor follows the Law of Mass Action according to

the following equations 1 and 2.

CLCR

R +L & RL
CrL

= Kp (1)

The radioligand binds to the receptor when the correct conformation and a suitable amount of energy
are present. The rate of association of RL equals Cr.Cy.kon (Where Kon is association rate constant Mol
' min, Cr and C, are the concentrations of the receptor and the ligand). Ligand and receptor associate
and form a ligand-receptor complex, or they may dissociate again. The dissociation rate equals Cri.Koss
(where ko is dissociation rate constant Mol-1 min-1, Cg_ concentrations of the RL complex).
Equilibrium is attained when the rate of formation of new RL complexes equals the dissociation rate of

these complexes.

ko
CRXCLXkon :CRLXkOff_ I _KD (2)

kon

Once equilibrium is reached, Kp-value, the equilibrium dissociation constant can be determined. This
represents the radioligand concentration that occupies half of the receptors at equilibrium. When Kp is
low, a low ligand concentration is needed to occupy the receptors, yielding a high binding affinity of the

ligand and the receptor and vice versa.'%

Every radioligand shows some degree of nonspecific binding. This can be caused by attaching to other
nontarget receptors, membrane lipids, or even tubes and plates where the experiments were conducted.
The non-target binding can be due to the radioactive compound's charge, lipophilicity, or lack of

specificity (binding to receptor transporters and plasma proteins). The nonspecificity can be measured
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when co-incubating with a high concentration of a competitor compound (-<100 x Kp or -<1000 x Cy),
where this non-radioactive compound saturates more than 99,9% of specific sites so that the tracer can
bind only non-specifically. Specific binding can be then calculated as a difference between total and

nonspecific binding (summary found in Figure 8).1%

Although most of the in vitro evaluation of a radiotracer must be performed with the radioactive
compound, the behaviour of the non-radiolabeled compound can be evaluated beforehand. For this
purpose, non-radioactive cellular assays can be employed: TR-FRET, cell viability assays, ELISA,
among many others, can be employed.”

¢ Also known as Scatchard experiment (Scatchard plot) \
* Determines the affinity of ligand to receptor (equilibrium dissociation constant Kp) 2
* Determines the number of receptors per cell (B,.,) 3
Receptor ¢ Uses different radioligand concentrations at equlibrium, performed on ice (no active processes, only
stauration assa binding)
Y ) Ky Free
\ Celhular uptake

¢ Determines whether the radioligand (agonist or antagonist) induces receptor phosphorylation and

internalization ( )
 Determines kinetics of the radioligand-receptor interactions (K, ko) N
Kinetic assay ¢ Important information for dosimetry and therapeutic radioligands

J
\ %‘ Total _{
¢ Determines the affinity of non-radiolabeled ligand to a receptor (equlibirum inhibitory constant K;) g" X
¢ Uses one radioligand concentration and different concentrations of unlabeled ligand for blocking ] S
o (homologous when the same compound is used, heterologous when labelel/unlabeled are not the "
Competitive same compounds) T
assay Y, e

Figure 8: Representative scheme of the key characteristics and measured parameters in radioligand binding
experiments.103

1.4.2.1 Fluroescence based cellular assays

TR-FRET based competitive assay (HTRF): Time-Resolved Fluorescence Energy Transfer (TR-FRET;
Forster resonance energy transfer) has been a frequently used assay in drug discovery and developments.
In addition to standard experiments, this technology was applied to quickly screen biologically active
compounds while maintaining high sensitivity and reliability. Fluorescence intensity (FI) measurements
generally use regular fluorophores such as fluorescein (a brief nanosecond emission). The excitation of
the sample and the emission measurement take place simultaneously. Although microplate readers are
very effective at removing excitation light from the emission measurement, this excitation light, along
with the brief light emitted by materials in the well or sample, often contributes to noise, resulting in
high background.*®®
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Figure 9: A) Determination of the counting window from the emission intensity over time curve. B) Demonstration of the
FRET signal in presence or absence of an inhibitor.108.10

Time-resolved fluorescence (TRF) reduces background noise by using a lanthanide fluorophore, such as
europium or terbium, which emits fluorescence for a more extended period. This long fluorescence lasts
several milliseconds. Therefore, excitation of the fluorophore by a pulsed light source (e.g., flashlamp),
followed by a delay, signal measurement, allows for the brief fluorescence (lasting a few nanoseconds)
to attenuate before taking a measurement. Tests using time-resolved fluorescence yield significantly
reduced signal-to-noise ratios (see Figure 9). The most frequently used lanthanides are europium,
terbium and samarium. They are generally used as chelate or cryptate type complexes allowing good
signal intensity and stability. TR-FRET combines time-resolved (TR) measurement with fluorescence
resonance energy transfer (FRET) technology. In FRET assays, biomolecules (e.g., target proteins) are
labeled with donor and acceptor fluorophores. When biomolecules interact, donor and acceptor
fluorophores come together. When the donor (e.g., Europium cryptate) is excited, he can transfer his
emission energy to the acceptor (XL665 or d2), emitting a fluorescent signal at a specific wavelength.
Donor and acceptor fluorescence emissions have different wavelengths that can be differentiated from
each other using a microplate reader, allowing quantification of biomolecular interaction. Furthermore,
this assay can be used to determine the binding affinity of an antagonist targeted to block the interactions
between the two tagged proteins. 1Cso values are determined from signal to concentration curves that

indicate the reduction of the FRET signal transfer.!1
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2. Immune Checkpoint Imaging and Therapy
2.1 Cancer diagnosis and therapy

Estimated number of new cases in 2020, worldwide, both sexes, all ages

Breast
2261 419 (11.7%)

Lung
2 206 771 (11.4%)

Other cancers
8 879 843 (46%)

Colorectum
1931 590 (10%)

Prostate
1414 259 (7.3%)

Stomach
1089 103 (5.6%)

Cervix uteri Liver
604 127 (3.1%) 905 677 (4.7%)

Total : 19 292 789

Figure 10: cancer incidence and mortality rates from 2020.1%

The World Health Organization report states that cancer is among the leading causes of death worldwide,
responsible for 10 million deaths in 2020. Lung, colorectal, breast, liver and prostate cancer are behind
the highest rates of cancer-related deaths each year, among other types, in men and women (Figure
10).12 More than 30% of deaths caused by cancer account for behavioural risk factors such as high body
mass index (BMI), poor diet, lack of physical activity, tobacco and alcohol use. Tobacco use is the
highest risk factor for cancer, causing over 20% of global cancer deaths.!** Cancer stems from the rapid
formation of abnormal cells that grow and expand beyond their usual limits. The turnover of the cells
towards malignant ones may also be started by external agents and inherited genetic factors. Many
clinicians strive to detect lesions before they spread to different parts of the patient’s body with an early-
stage diagnosis. Therefore, early diagnosis ensures a better chance for the patient to get the appropriate
treatment. Regular health check-ups are recommended for specific high-risk categories. Symptomatic
patients are prone to further evaluations and testing.!** Among the tools that allow for screening of
malignant lesions are the following imaging techniques: US, X-rays, MRI, CT, PET and SPECT, and
histopathological methods (biopsies of cancer tissues and IHC analysis). For PET and SPECT imaging,
a biomarker is identified to be in a tight relationship with a biological process that leads to the appearance
of malignant tumours. Therefore, a specific radiotracer targeting that exact biomarker can efficiently
map the underlying status of cell abnormality and deliver further insight into the patient’s diagnosis.*®
Depending on the type and stage, cancer can be treated with surgery as a primary treatment. Adjuvant
or neoadjuvant therapies to the primary treatment are constituted of chemotherapy, radiation exposure,
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immunotherapy, hormone therapy, and targeted drug therapy, among other options. In most cases, cancer
treatment is still partly dependent on radiation-based therapies that employ high doses of ionizing
radiation to block the replication of cancer cells by damaging their DNA beyond repair. The radiation
leads to the shrinking of their growth and size. Two types of radiation therapies can be discerned: the
first one consists of a radioactive source in a machine targeted at a specific body part, constituting a
local treatment called external beam radiation. The second radiation therapy is internal and called
brachytherapy. It consists of a liquid or a solid radiation source that is put inside the body (swallowed
in the case of a liquid source such as I for thyroid cancer) and radiates near the tumor sites.'
Decreasing the radiation burden of the patient is of high importance. Therefore, recent progress in
research has paved the way to discovering novel cancer therapies that deliver optimal results while
reducing the harmful effects of ionizing radiation. One of the novel cancer treatments is immunotherapy,

which relies on restoring the body’s defences to fight off cancer.

2.2 Immunotherapy as an emerging treatment

Cancer cell escapes CTLA-4 inhibitors
immune system

Ipiimumab
Tremelimumab

Cancer cell

inhibitors

Pembrolizumab

2L Nivolumab

Cancer growth and
proliferation inhibitors

Atezolizumab
Avelumab
Durvalumab

Figure 11: The implication of the immune checkpoint PD-1/PD-L1 and CTLA-4 in cancer’s immune evasion and their
antibody-based inhibitors.**”

Immunotherapy is a biological therapy that has become an evolving and promising treatment for various
types of cancer. This type of therapy stimulates the immune system. It allows the human body to take
control of its defence mechanisms to ward off cancer. There are three main types of immunotherapies:
immune checkpoint blockade therapy, Chimeric Antigen Receptor (CAR) T cell therapy and cancer
vaccines.!® The latter option, cancer vaccines, has been explored in precision medicine and personalized
treatment; it aids the immune system in recognizing cancer antigens and fighting them. The CAR-T cell

therapy works similarly, but the T cells are engineered and optimized, then reinjected into the patient to
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exterminate tumor cells. As for immune checkpoint blockade therapy, it reactivates the T cells and helps

them recognize cancer cells, leading to their elimination.

Immune checkpoints regulate the immune system. They are essential for immunotolerance by preventing
immune cells from attacking other cells at random. Immune checkpoint molecules fall into two
categories: stimulatory checkpoints, part of the tumor necrosis factor (TNF) receptor superfamily, and
inhibitory ones (Cytotoxic T-Lymphocyte-Associated protein 4-CTLA4, Programmed cell Death
receptor 1 PD-1), belonging to the immunoglobulin superfamily.t*

Tumor cells must successfully evade the immunosurveillance by cloaking themselves from the immune
cells for cancer to grow and proliferate (see Figure 11). Over the recent years, Immune Checkpoint
Inhibition (ICI) as an immunotherapy treatment has gained attention and achieved desirable results
among patients suffering from the following types of cancer: lymphoma, melanoma, leukaemia, kidney,
liver, lung, colorectal, brain, head and neck, breast, bladder, non-small cell lung carcinoma as well as
prostate cancer.? Approved inhibitors for CTLA4/PD-1 and PD-L1/PD-1 are currently only antibody-
based, and they are already used in clinics, showing favourable results.!?* The results from over 150
clinical trials with ICI therapy on PD-1/PD-L1, for instance, have shown better tumor response and a
higher overall survival rate for patients than traditional treatment options. The variance between the
objective response rates was high between the different types of cancers treated and the status of PD-L1
expression in patients. Despite generating a good response in both PD-L1 positive or negative patients,
it has been reported that the PD-1/PD-L1 blockade therapy decreases the risk of death in both patients
compared to conventional therapy, justifying therefore its choice as a first-line therapy in recent

years 122,123

2.3 Targeting the immune checkpoint PD-1/PD-L1

The immune checkpoint PD-1/PD-L1 is a widely researched inhibitory immune checkpoint. The
interaction between PD-1 and PD-L1 deactivates the T cells, putting the immune system on breaks, and
no further actions against foreign invaders (i.e., cancer) can be taken. Programmed cell death protein 1,
PD-1 also known as CD279 (cluster of differentiation 279), is a surface receptor protein critical for
regulating the function of T cells during the immune response and immune tolerance.'?* First, it promotes
apoptosis (programmed cell death) of antigen-specific T cells in lymph nodes. Second, it reduces
apoptosis in regulatory T cells (anti-inflammatory, suppressive T cells). PD-1 has two ligands:
Programmed cell Death Ligand 1 (PD-L1) and 2 (PD-L2). Only the interaction of PD-1/PD-L1 has been
considered during this work since PD-L2 has not been demonstrated to be involved in crucial immune-
compromising pathways.'* Moreover, PD-L1, also known as CD274 or B7-H1, is a 40 kDa
transmembrane protein expressed on immune-related lymphocytes, such as T cells, B cells, and myeloid

cells.
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It has also been proven that PD-L1 is overexpressed on tumor cells. The overexpression of the ligand on
the surface of cancer cells facilitates its evasion from the host immune system. The ligation of PD-1 and
PD-L1 sends signals that inhibit the TCR-mediated activation of interleukin-2 (IL-2, a type of cytokine)
production and the inhibition of the rapid growth of T cells.}?® The blockade of the interaction between
PD-1 and PD-L1 can be achieved on either target (cancer and T cells) and is now a successful treatment
adopted in immune-oncology. FDA approval of PD-1 and PD-L1 therapeutic antibodies has reached a
high level compared to the previous decade. Table 5 and Figure 11 show the different types of antibodies
in clinics sometimes even as first-line therapy.122126.127

Several probing tools have been used to evaluate which patients are more likely to respond well to the
immune checkpoint blockade therapy. To start, immunohistochemistry staining (IHC) for PD-L1
expression is a well-established method that allows for predicting a patient’s response to treatment. Not
all patients can benefit from checkpoint blockade therapy, regardless of their high tumor PD-L1
expression (and its absence thereof).1? The limitations of the IHC method can be related to the tissue
sampling techniques since it cannot reflect the tumor heterogeneity in a single collected biopsy from a
specific region. Furthermore, the tissue handling processes through the staining can alter the expression
of the receptor and thus delivering faulty conclusions. Therefore, the need for a non-invasive PD-L1
expression evaluation tool will provide novel insights, thus optimizing the existing treatments and their

possible combinations.'#1%

2.3.1 PET imaging of PD-L1

Imaging immune checkpoints, PD-L1 specifically, using radioactive probes have benefited not only
clinicians but also patients due to the heterogeneity of the target and the difficulty of understanding the
expression levels of PD-L1 using just IHC. Many radiotracers have been developed from already
established therapeutic antibodies to evaluate the whole-body status of PD-L1. Throughout the past
years, imaging PD-L1 with antibodies, a technique known as ImmunoPET, has gained interest and
further development.!* The focus, however, has been directed towards imaging PD-L1, as most
researchers diverted from targeting PD-1 with radioactive probes since it is mainly found on T cells.
Baring a radionuclide that matches the antibody's half-life, immunoPET imaging probes such as 8Zr-
Atezolizumab have shown promising results during clinical studies.’?® The clinical trial's outcome of
patients subject to immunotherapy treatments indicates that the response was better correlated with the
pre-treatment PET results (PET/CT scans) than with the IHC outcome.!?%!2 Therefore, these findings
have propelled the research in PET and SPECT radiotracer development for PD-L1 imaging and
encouraged the use of a non-invasive technique for a better prediction of the treatment response. The
advances in research have somehow deviated from the frequent use of labeled antibodies and turned
towards molecular probes that are smaller in size. This change stemmed from the problematic
characteristics of an antibody-based radiotracer: as radiotracer-biomolecules, antibodies take a longer
time to clear out from non-target tissues, have poor tissue penetration, and are relatively large and

expensive to produce.’® These pharmacokinetic drawbacks lead to a long waiting period until the
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background signal from the unbound radiotracer clears out from the circulation (and other types of
tissues), rendering it challenging to make a prompt decision regarding therapeutic options.

With medium-sized probes, rapid mapping of the in vivo target while gaining in time and radiation
burden can be achieved.!* That is why many PD-L1-targeted small molecules and peptides have been
radiolabeled and evaluated in vitro and in vivo. Although most of the developed compounds have been
rather trialled as drugs and not as radiopharmaceuticals, there has been some recent development
regarding a specific class of peptides (anti-PD-L1), with highly interesting results from a first-in-human

study (see the paragraph Macrocyclic peptides).
2.3.1.1 PD-L1 PET radiotracers

High molecular Low molecular
weight weight
14-mer cyclic
 Durvalumab . peptide: BMS BMS-1166
P : Peptides & 71
Antibodies -« Atezolizumab Proteins Py
* Avelumab necun Sulfamethizole

derivative:

. BMS-986192

- O OH

FOsag QG0
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Figure 12: Molecular categories of PD-L1 targeting biomolecules.

The efforts carried towards developing a novel imaging tool for the immune checkpoint PD-1/PD-L1
are considerable (Figure 12 shows the most relevant general classes of molecules targeting PD-L1).
After establishing antibodies for both treatment and diagnosis (Durvalumab, Atezolizumab and
Avelumab), PD-L1 radiotracers are expanding to reach different molecular size categories. Peptides and
proteins have rapidly emerged as alternative imaging tools: linear, macrocyclic peptides (BMS-71),
protein-derivatives baring similar amino acid sequences to PD-1 such as adnectins (BMS-986192),1%
and small molecules inhibitors have been reported to efficiently block the PD-1/PD-L1 interaction.
Although imaging with small molecules is relatively novel, peptides and proteins have already entered

clinical trials as summarized in table 5, constituting, therefore, the next generation of PD-L1 radiotracers.
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2.4 Peptide-based radiotracers for PD-1/PD-L1
2.4.1 Peptides in radiopharmacy

Peptides, derived from the Greek word pept6s, meaning ‘digested’, are amino acid chains ranging from
two to fifty residues forming peptide bonds. This class of biomolecules has been of high value in drug
discovery and development. As pharmaceutical compounds, peptides present the advantage of being
placed between small molecules and proteins yet are different in their biochemistry and therapeutical

benefits from both classes.!3

Table 5: radiotracers for PD-L1 imaging in preclinical and clinical stages.!34-138

Agent Class Reactivity Modality Stage

¥ F-BMS-986192 Adnectin Human/Cynomolgus PET Clinical

¥F-NOTA-ZPDL1-1 Affibody Human/macaque PET Preclinical

#4Cu-DOTA-HAC-PD1  HAC-PD1 Human PET Preclinical

Wn/%4Cu/®ozr -

Atezolizumab, NIR-  Humanized 1gG1 Human PET, S.PECT’ Clinical

. optical

Atezolizumab

897r-C4 Humanized IgG1 Human/murine PET Preclinical

Wn-pD-L1.3.1 Murine IgG1 Human SPECT Preclinical

Wn-DTPA-anti-PD-L1 mAb Murine SPECT Preclinical

mTc-Nbs Slngle_ domain Murine SPECT Preclinical
antibody

9mT¢c-NM-01 Single domain Human SPECT Clinical
antibody

Apdl16gnps Nanoparticle Murine CT Preclinical

4Cu/%®Ga/*®F -WL12 Peptide Human PET Clinical

BELG-1 Small molecule Human PET Preclinical

8Ga-DOTA-SETSKSF Peptide Human PET Preclinical

In radiopharmacy, peptides have been considered a valuable precursor for developing radiotracers. That
is due to their accessibility and cost-effective synthesis (manual or automated). Second, peptides are
versatile biologics as they are the closest to our natural “template” and endogenous ligands. Furthermore,
unless immunogenic, peptides are non-toxic, with sequences’ lengths going beyond 10-20 amino
acids.!%142 In vivo, peptides present a high favourable pharmacokinetic profile and a better tissue
penetration because of their relatively small size compared to antibodies and larger molecules. Peptide-

based radiotracer precursors can be divided into linear amino acid chains that vary in length, peptides
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with turns such as the proline induced turns, helices (peptide chains with alpha-helical turns) and finally
cyclic peptides. The latter category presents various advantages as precursors in the drug development
field. Cyclic peptides are conformationally constrained, which enhances their affinity and improves their
stability in vivo.!*! They are metabolically stabilized; the exopeptidases require recognizing the end of
the peptide to proceed with the degradation, which is omitted in a cyclic form. Moreover, cyclic peptides

are often bioavailable or modified to become bioavailable.

Overall, peptides have found numerous applications in radiopharmacy and targeted cancer screening.'*
The most used peptide categories with their corresponding PET/SPECT radiotracers in pre-
clinical/clinical stages can be summarized below (Table 6). The corresponding target receptors, mainly
G-protein coupled receptors (GRPR), have been proven to provide important information that is relevant

for diagnostic (tumor staging) and therapeutic ends.

Table 6: The different classes of peptides (some already approved by authorities) targeting important receptors on various

cancer cells.144145

Peptide

Radiotracer

Receptor

Tumor expression

Somatostatin
(SST)

%8Ga-DOTA-TOC
%¥Ga-DOTA-NOC
%8Ga-DOTA-TATE

Somatostatin receptor
subtype-2 (SST2)

Neuroendocrine
(breast, brain small
cell lung cancer)

Bombesin
(BBN)/Gastrin
Releasing Peptide
(GRP)

%8Ga/ ' In-DOTA-RM2

Bombesin receptor
subtype-2 (BB2)

Prostate, breast,
pancreas, colorectal

a- Melanotropin

Hln- DOTA-NAP-amide

Melanocortin-1

Melanomas

(o - MSH) receptor (MCILR)
Ovary, adrenal
18 ) )
Neuropeptide Y Alr: hﬁgg:ﬁ? de-tvpe Neuropeptide receptor  kidney, Ewing’s
(NPY) g yp Y1(Y-1) sarcoma

Neuropeptide (**F-23)

Cholecystokinin
(CCK),
minigastrin (MG)

111n-DOTA-PP-F11
111|n-DTPA-MGO

Cholecystokinin-B
(CCK-B)

Small cell lung,
medullary thyroid
cancer, astrocytomas

Arg-Gly-Asp
(RGD)

9¥MTc-2P-RGD2
8F-galacto-RGD

A\Bs integrin

Ovarian, lung
carcinoma,
glioblastomas, breast
cancer
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2.4.2 Peptides targeting PD-L1

Many efforts have been devoted to developing novel peptide structures targeting PD-L1 in the
past years. Numerous peptide scaffolds have been developed based on the findings reported on
the type of interactions PD-1 and clinical antibodies have towards PD-L1. Furthermore, since
the disclosure of the X-ray structure of the human PD-1/PD-L1 complex
(http://www.rcsb.org/structure/4ZQK ), as well as the most critical binding motifs (found

mainly on the CC'FG B-sheet), 146 the synthesis of peptides of suitable affinity with an average
molecular weight has been carried. Phage-display was among the methods used, along with
virtual screening and molecular dynamics studies, that complemented the research on finding
novel PD-L1 targeting peptides.

Aurigene discovery™ have been disclosing different peptides and peptidomimetics targeting
PD-L1. AUNP-12, their ‘star’ compound, gathered three active linear peptide sequences derived
from the PD-1 binding interface in its structure (see Figure 13A). This 29-mer has been
extensively studied in vivo. It has successfully restored the proliferation and effector function
in an IFN-y production assay, meaning that it has successfully inhibited the interaction between
PD-1 and PD-L1. It has also reduced the tumor size of lung metastasis (in cell line B16F10) in
mice. Moreover, AUNP-12 has been clinically evaluated to reduce advanced tumors and

lymphomas in many studies.#’
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B Peptidomimetics (PPI PD-1/PD-L1 inhibitors)
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? 07 "NH, . 3
1 se _\ Thr—=S8er — Ser ——Phe—NH;

Figure 13: Structural difference in peptides inhibiting the PD-1/PD-L1 interaction. A) Structure of Aurigene’s Aunp-12.
B) Structure of the peptidomimetics PPI inhibitor,49:150
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Furthermore, Aurigene scientists have also screened for modified short-chain peptides and

peptidomimetics to serve as PD-L1 inhibitors or radiotracer precursors.

Tripeptide peptidomimetics, seen in Figure 13B, composed of diacylhydrazine and urea linker, can
inhibit the PD-L1 signalling pathways with ICsy values in the nanomolar range (measured in the
splenocyte effector function assay). The peptidomimetics exhibited in vivo efficacy by the inhibitory
rate of 46% in a CT-26 colon cancer mouse model. Although many studies have been conducted on
Aurigene compounds to evaluate their therapeutical potential, no further research has been undertaken

to optimize their structures for radiopharmaceutical applications. 47148

Among the newly developed PD-L1 targeting peptides with shorter chains, we mention PD-L1Pep-
1(CLQKTPKQC) and PD-L1Pep-2 (CVRARTR). These 7-9 mer linear peptide sequences were
developed after screening of phage-display peptide-based antagonist libraries for cell surface PD-L1.
Both peptides were found to bind with good affinity to the extracellular target (Kp= 373 = 114 nM for
Pep-1 and 281 + 92 nM for Pep-2). PD-L1Pep-1 is of particular interest since many of its amino acid
residues replicate those of PD-1 in the same binding interface of PD-1 to PD-L1, rendering it a valuable
inhibitor of this interaction.’>! Similar short peptide sequences were also developed by mirror image
phase-display techniques in the solid and liquid phase, yielding a D-peptide named H12. This peptide
underwent optimization aided by molecular dynamics simulations. It was, therefore, able to inhibit PD-
1/PD-L1 and induce an anti-tumor response, making it among the first orally bioavailable peptides
(proteolysis resistant) targeting PD-L1.1%

Furthermore, despite the advances in developing short-chain linear peptides as potential PPI inhibitors,
another class of peptides have received the most attention: the PD-L1 targeting macrocyclic peptides
with radiopharmaceutical translation developed by Bristol Myers Squibb (see Figure 14). We will
discuss the BMS peptides in the following paragraph.

The past few years have witnessed revolutionary progress in peptide-based inhibitors for immune
checkpoint therapy. From proteolysis-resistant oral peptides to lengthy 30-mer multi-linear sequences,
the application and the use of this class of biologics in a relatively new target would bring forth valuable

insight into cancer therapy and diagnosis.

2.4.3 Macrocyclic peptides inhibitors of PD-1/PD-L1

Many peptides are currently in the preclinical stages of their development for PD-L1 imaging (see Table
5). One of these peptides has recently entered clinical trials and demonstrated promising results
(WL12),"® making this class of compound the topic of many research projects. We find different
macrocyclic peptide-classes published in patents by the pharmaceutical company Bristol Myers
Squibb.*** Within the patents, three distinct categories of macrocyclic peptides are presented. Each has
a distinctive amino acid sequence, ranging between 12 and 15 residues (see model amino acid chain for

each category in Figure 13). The noticeable differences in these categories consist of the unnatural amino
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acids, amide bond methylation, cyclized rings within the sequence, or the cyclization procedure itself.
Two of the most promising categories contain thioether bonds (used for cyclization). These peptides
were tested for their affinity towards PD-L1(antagonists) and their inhibitory effect on the interaction
between PD-1 and PD-L1. A selection of the most potent peptides was made after thorough literature

reviewing (the alanine-scan was performed based on results from literature patent).

Other research groups have been showing interest towards this novel class of anti-PD-L1 inhibitors.
Some studies conducted on the BMS peptides have evaluated their claimed potency and selectivity.*>
158 The co-crystal structures of the hPD-L1/macrocyclic peptides complex indicate valuable information
regarding the binding motif and the different residues that are not interacting with the binding pocket
(PDB ID:5045, 504Y). Seeing room for modification in these peptides is crucial since attaching a linker
and a chelator is needed for radiolabeling purposes.

CG sheet of PD-L1
E58 (With the common binding hot spot)
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Figure 14: A) General structure of the BMS macrocyclic peptides binding to the CG sheet of PD-L1. B) Peptide 71 from
category Il C) peptide 57 from category | are two examples of the most prominent compound categories from BMS patent.
Re,  n,1,m,n are all hydrogens. Ra,e, j, kis either a hydrogen or a methyl. Ri-2till R13 are independently selected natural/unnatural
amino acid side chains. Hydrophobic AA, participating in the binding to PD-L1, are coloured in red.
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The peptides seem to interact with PD-L1 just like the original receptor, PD-1, according to in-depth
pharmacophore mapping performed on BMS peptides. Most of the interactions are hydrophobic, with
some hydrogen bonding and low-energy interactions between specific residues. According to published
pharmacophore models,* peptide 71 (Figure 13B) interacts with PD-L1 via hydrogen bonds between
Leu'? and Glu®® on PD-L1, with an intramolecular hydrogen bond generated between Asp® and Tyr®,
Val® from peptide 71 seems to interact with 1le>* on PD-L1 via hydrophobic bonds. More hydrophobic
bonds can be observed between Trp® peptide 71 and Ala'?* on PD-L1, ™Phe’ on peptide 71 and Met%®
on PD-L1. The following residues on PD-L1 are essential in these hydrophobic interactions; lle>*, Arg*?,
Met!S, Ala'?!, and Tyr!%, making this valuable information for further structural modifications.!*
Although a second pharmacophore modelling of two BMS peptides indicated the necessity of including
a positive ionizable point (e.g., arginine), BMS peptide 71 seems to be an excellent candidate that can
be further optimized for radiotracer development: finding a point of attachment for the linker/chelator
system and evaluating the overall binding affinity. Despite being a challenging PPI to inhibit with
medium-sized molecules,'*® PD-1/PD-L1 targeted peptides constitute the next generation of immune-
oncology radiotracers and therapeutics. For that reason, the synthesis, modification, and evaluation of
BMS peptides as a potential PET/SPECT radiotracer constituted the basis of this doctoral thesis.
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Aims

Novel molecular imaging techniques have enhanced the treatment of cancer by significantly improving
the diagnostic tools and refining the choice of suitable therapeutic approaches. For solid tumors, such as
lung cancer and colorectal cancer specifically, the recent breakthroughs in the development of
radiopharmaceuticals for PET and SPECT imaging have allowed for the possibility of early disease
detection. Immune checkpoints (e.g., PD-1/PD-L1) were found to be among the biological processes
that detect and predict the progression of the disease as well as the most suitable immunotherapy options.
Since PD-L1 has been reported to be an important biomarker in immuno-oncology, the development of
both gallium-68 (PET) and indium-111 (SPECT) PD-L1 tracers constituted the purpose of this doctoral

thesis, with specific aims divided as follow:
Therefore, the aims of this doctoral thesis constitute the following points:

o The first aim of this work consists of selecting a macrocyclic peptide structure from a published
library of PD-L1 antagonists, synthesizing the chosen compound by SPPS, optimizing the
peptide’s stability, evaluating the possible modification-sites for chelator attachment and
conjugating the suitable linker/chelator for radiolabeling purposes.

o Radiolabeling of the macrocyclic peptide with the PET and SPECT radionuclides %Ga and **!In
represents the second aim. The choice of the suitable radiometals and the bifunctional chelator
were made after thorough considerations of their intrinsic characteristics.

o The chosen SPECT radionuclide, indium-111, presented difficulty in its handling due to the
formation of an identified [*'!In]In-species in the stock solutions, thus investigating the
unknown formed [*!In]In-species in order to overcome the issue and carry on the indium-111
radiolabeling experiments constituted our third aim

o The Fourth aim of our study is to evaluate the binding affinity of the "¥%3Ga-labeled macrocyclic
peptide with both fluorescence-based cellular assays (HTRF) and radioligand binding assays in
CHO-K1 hPD-L1 cells, using a reference radiopeptide (WL12), along with the establishment of

a validated in vitro test system for the evaluation of future PD-L1 radiotracers.
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While performing multiple indium-111 labeling of DOTA-modified peptides from a single batch of [M'Mn]InCls,
inconsistent radiochemical yields were observed. We found that the formation of a radioactive impurity in the
[*!YIn]InCl3 stock solution hampered the reactivity of the indium-111 during radiolabeling reactions. The for-
mation of this unknown In-species could be successfully suppressed by increasing the concentration of
chloride ions in the stock solution and ['''In]InCl; was “recovered”. Radiolabeling of DOTA-peptides with the
stabilized ['''In]InCl; resulted again in acceptable radiochemical yields. In addition, we report convenient iTLC

systems that allow distinguishing between [*n]InCls, the formed unknown 111Irl-specif:s, radiocolloids, and
radiolabeled peptides (DOTANOC).

1. Introduction

Indium-111 (1 u[n) is an important radionuclide with suitable decay
radiation for applications in the field of Single Photon Emission
Computed Tomography (SPECT) imaging(Blower et al., 2019; Lahiri
et al., 2013; Wadas et al., 2010). Due to its comparatively long physical
half-life (t,, = 2.8 days), it has found wide application for the labeling of
peptides and proteins since early 1970s. Nowadays it is still used in
research and in the clinic as a radiolabel of different radiotracers, e.g.,
in pentetreotide (Octreoscan®).

In general, the radiochemistry of !11n is well-known and established
(Blower et al., 2019; Moerlein and Welch, 1981). In most cases, the
radiometal is coordinated via a chelator (e.g., DTPA or DOTA), which is
conjugated to a pharmaceutical targeting vector. As for other metals of
the boron group (group 3 metals; triels), elevated pH-values have to be
avoided during handling due to the potential formation of insoluble In
(OH); eventually leading to the formation of radiocolloids(Moerlein and
Welch, 1981). Under the condition suggested e.g., by Moerlein and
Welch, a large number of molecules have been radiolabeled with **!In in
the past leading to reliable routine applications. However, during the

development of ''!'In-radiopharmaceuticals in our lab, we observed
inconsistent radiochemical yields (RCYs), especially when performing
multiple labeling reactions with the same batch of [*n]inCl; at
different time points after first usage. A closer look at the available
literature revealed some hints that such “multi-sampling” of *!1n]InCly
stock solutions might be an issue(Blower et al., 2019). This is also in line
with observations made by Brom et al., who found that RCYs dropped
when “aged” solutions of [""In]InCl; were used for radiolabeling re-
actions. However, this study was more related to the optimization of the
molar activity (Brom et al., 2012), which is less of an issue for the
clinically used !!'In-based radiotracers Octreoscan (Olsen et al., 1995),
oxine (Kurantsin-Mills et al., 1989) and DTPA (Collins et al., 1999).
Since multi-sampling of aged [**'1n]InCl; stock solutions was inevitable
for our research for economic reasons, we started a systematic investi-
gation in order to solve the issues. After approximately 10 months,
during which we were only able to perform a single reliable radio-
labeling from a batch of ['''In]InCl; immediately after opening the vial
of the stock solution, the encountered issues suddenly did not occur
anymore. This could be related to a change in the production and/or
formulation. We were thus not able to complete our investigations.
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Nevertheless, we want to report our findings that might be helpful to the
radiochemistry/-pharmacy community as the problems may reoccur in
the future.

2. Results and discussion

During the course of our work directed towards the development of
1n-labeled DOTA-peptide conjugates, we observed a low reproduc-
ibility of our y-HPLC-based RCYs (results not shown). Consequently, we
set up an additional instant thin layer chromatography (iTLC)-based
analysis to look for potential radiocolloids or other side products. The
check for MIn-radiocolloids was negative (<3%), however, we were
able to identify a second '!'In-species in our crude product. The latter
was not unreacted ['!'In]InCl; but somewhat behaved like a different
lipophilic Hlln-complex (R¢ of approx. 0.8 while [""In]InCl; had an R¢
of 0, respectively; see Supporting Information (SI) for details). Most
importantly, we were able to detect this impurity also in the [**In]InCl4
stock solution, indicating that the newly formed '''In-species might be
the cause of the low reproducibility of RCYs.

Our observations were confirmed by Phil Blower and co-workers
who reported potential issues with multi-sampling of [**In]InCls
stock solutions in a recently published book chapter (Blower et al.,
2019). Thus, we set out to study the formation of this '!In-species and
its effect on RCYs. The *!!In-labeling of DOTANOC was used as a model
reaction and RCYs were determined by iTLC as the quantification by
y-HPLC was not possible (the unknown ''!In-species eluted together
with unreacted [*'In]InCl;s in the injection peak using reversed-phase
HPLC columns).

In a first attempt, we tried to avoid the formation of the ! In-species
by introducing precautions as suggested by Phil Blower. These pre-
cautions included the application of glass instead of plastic pipette tips
and thorough washing with acetone and HCl before the experiments
(Blower, 2019; Giersing, 2000). Using this experimental set-up, four
"n-labeling reactions of DOTANOC were conducted from a single
batch of ['''In]InCl; at different time points after the opening of the
delivery vial. A significant decrease of the RCYs of '!!In-DOTANOC was
observed after the second reaction >1 h after the opening of the vial of
the []11[11]111(313 stock solution (Table 1). Therefore, it became apparent
that washing the glass pipette tip before and after each sampling did not
solve the problem of low RCY at later time points.

At this stage, we had neither clear evidence of what the impurity in
the ['''In]InCl; stock solution might be, nor its potential origin. The
most obvious assumption was the hydrolysis of ['"In]InCls, leading to
the formation of mixed chloride/hydroxide and/or aqua complexes of
indium and, eventually, to [“11.11]111(0]-1)3 (Blower et al., 2019; Moerlein
and Welch, 1981).

InClyuy+H,0=In(OH),_,Clyoy) +yHs 0" +(3—x)* CI” = In(OH), | + 3HCI
1)

Equation (1): Simplified reaction equilibrium for the hydrolysis of
indium chloride in water; x = 1,2; y = 1,2.

According to a study by Moerlein and Welsh, such hydrolysis should
not lead to the “precipitation™ of [*"In]In(OH); under the acidic con-
ditions as found in the stock solution (0.02 M HCI; pH approx. 1.7) due
to the very low concentration of the metal under n.c.a. conditions

Table 1
Results from '*!In-labeling of DOTANOC using thoroughly washed glass pipette
tips at different time point after opening (and first usage) of the Mncl, stock
solution.

Species [%] after

0h 1h 2h 3h
Formed unknown '"'In-species 38 7.0 50.0 65.8
["'In]radiocolloids & [*''In]InCl, 2.9 3.0 2.3 1.4
[*"'n]In-DOTANOC 93.3 90.0 47.7 32.8
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(Moerlein and Welch, 1981). However, the solubility product Moerlein
and Welsh used for their calculation might be in part inaccurate due to
the non-trivial coordination behavior of the group 3 metals (Tuck,
1983). Extensive but often only theoretical descriptions of the hydrolysis
behavior of metals, in particular of group 3 metals, are available in the
meantime (Brown and Ekberg, 2016). In aqueous and
chloride-containing solutions, the predominant indium complex is
strongly pH-dependent. (Baes et al., 1976) However, these calculations
are usually descriptions of ideal systems without any potential distur-
bance by the presence of other trace metals, e.g., residual cadmium ions
from the cyclotron target workup in the case of !!In. We realized that
the available literature did not provide sufficient information to explain
the formation of the unknown '!'In-species. Instead, we pursued a
practical approach. We postulated that an increased chloride concen-
tration could stabilize the ['''In]InCls complex in the stock solution in
accordance with the mass action law (based on equation (1)). This
postulate was supported by a diagram showing the hydro-
lysis/dissociation behavior of InCl; (Fig. S5, supporting information).
(Baes et al., 1976) Moreover, the increased chloride concentration could
also be capable of reverting the transformation of [""n]InCl; to the
unknown 'n-species provided that this process — may it be the for-
mation of hydroxides or not - is reversible. It should be noted that from
here on we again worked with normal pipette tips.

To verify our postulate, the remaining ["'In]InCl; stock solution
from the “glass tip experiment” was split into two parts. One part was
diluted with 0.02 M HCI (the same HCI concentration as in the stock
solution) while the second part was diluted with 1.5 M NacCl in 0.02 M
HCl to achieve a final chloride concentration of approx. 0.75 M. Indeed,
the MIn of the solution with the elevated chloride concentration
behaved again like the original ["'In]InCls according to iTLC (Rf= 0.0).
This recovery of [*1'n]InCl; from the unknown unreactive species re-
quires several hours at room temperature and can be followed by iTLC
(no kinetics were investigated). The results are shown in Table 2.

Subsequent labeling of DOTANOC using the “untreated” and the
“stabilized” ['''In]InCl; stock solutions was conducted and ['''In]In-
DOTANOC was obtained in a RCY of 9.7% and 86.8%, respectively. This
experiment demonstrates that the transformation of ['"n]InCl; in the
stock solutions to the unreactive '!!In-species can not only be reverted
but also provides a radiolabeling precursor of higher quality for radio-
metal complexation experiments.

Encouraged by these results, we next investigated the effect of an
increased chloride concentration on the RCY when applied to an unused
stock solution of [1''In]InCls. Therefore, a fresh batch of [*!'In]InCls
was again split into two portions; one was stabilized by adjusting the
chloride concentration to 0.75 M NaCl and the other one was simply
diluted with 0.02 M HCl to provide a reference. Labeling reactions of
DOTANOC with both solutions were conducted in parallel at different
time points without any additional precautions. The RCYs overtime after
opening of the stock solution vial are shown in Fig. 1. The labeling of
DOTANOC with the non-stabilized ['''In]InCl; resulted in a significant
decrease in the RCYs already after a few hours. However, the stabilized
[""In]InCl; (0.75 M NacCl) provided acceptable and reproducible RCYs
of 81 + 4% (n = 8).

In order to reproduce the previously achieved results, and to further
identify the formed troublesome *!'In-species some weeks later, we

Table 2
Composition of [**'In]InCl; solution in presence of different chloride concen-
trations directly 0 h and 18 h after dilution as determined by iTLC.

Diluent 111In-species ] 111Iﬂ-species 1) InCl;
(©h) InCls (0 h) (18 h) (18 h)
Untreated (0.02 M 73% 27% 76.1% 23.9%
HCD)
0.75 M NacCl in 37% 63% 6.5% 93.5%
0.02 M HCl
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Fig. 1. Radiochemical yields of [**'In]In-DOTANOC using stabilized and non-stabilized stock solution of [*''In]InCl; at different time points after their first usage (t

=0).

were surprised to find out that the unreactive ! !In-species did not occur
in the ['''In]InCl; stock solutions anymore. Radiolabeling of DOTANOC
with [Ulln] InCl; gave again high RCYs (93 + 2%; n = 5; up to 2 weeks)
even after prolonged periods of time after the opening of the stock so-
lution. We hypothesize that a change or an optimization in the pro-
duction of [*!'In]InCl; and/or its formulation might be the reason
behind our observations.

3. Conclusions

We herein report that the use of [*!!In]InCl; stock solutions as pro-
vided by commercial suppliers for multiple radiolabeling experiments
over time can be hampered by the formation of an unknown, unreactive
Ny species. This leads to a dramatic decrease in RCY of radio-
metallation reactions with chelator-modified conjugates (e.g., DOTA-
NOQ). Increasing the chloride ion concentration in the [11 1ln]IrlClg stock
solution was shown to be an effective counter measurement for re-
establishing acceptable radiochemical yields. The presence of the
"p-species in stock solutions and DOTA-peptide radiolabeling reac-
tion mixtures can be detected and analyzed conveniently by the
described iTLC systems. We expect that our results will provide the
radiochemistry/-pharmacy community with a helpful experimental
protocol to resolve these issues and facilitate further investigations
should they reoccur in the future.

4. Experimental
4.1. General

Sodium acetate (suprapur®), NaCl (trace metal basis), water (trace
metal basis), 30% HCI (suprapur®) and sodium citrate (reagent grade)
were acquired from VWR international. [1!'In]InCl; was acquired from
Curium (Petten, Netherlands) as solution in 0.02 M HCl (Usually 185
MBq in approx. 500 pL). Reactions were composed using same volumes,
thus, apparent molar activity was highest during the first reaction of any
series and never exceeded 20 MBg/4 nmol (or 5 MBg/nmol). As model
precursor, DOTANOC (GMP-grade) was acquired from ABX (Radeberg,
Germany) and used as 1 mg/mL solution in H;0 (trace select, VWR).
Paper chromatography was performed using silica gel coated iTLC-SG
strips from Agilent technologies GmbH (Vienna, Austria). The devel-
oped iTLC stripes were analyzed on a Canberra Packard instant imager
model A2024.

4.1.1. “Glass tip experiments”

Preparation: For dispensing and spotting of the [""In]InCl; stock-
solution, an Eppendorf pipette (10-100 pL) with a glass tip made from
a truncated Pasteur pipette was used. The glass tip was attached to the

pipette and subsequently sealed/fixed with a layer of parafilm. The ac-
curacy of the pipetted volume was checked on a balance using water and
was 50 = 5 pL. Before the experiment, the pipette tip was washed 10
times with each acetone, followed by hot (approx. 80 °C) 30% HCI and
finally 0.02 M HCIL. During the experiment the pipette was washed 10
times with 0.02 M HCI after each usage. A freshly prepared 0.1 M so-
dium acetate solution was used for pH adjustment during the
experiment.

Reaction: For 111lrl-labeling, a fresh portion of [''In]InCl3 in 0.02 M
HCI was used. After washing the glass pipette, 50 pL of the [**'In]InCls
solution were pipetted to a 500 pL Eppendorf protein LoBind vessel
containing 25 pL of 0.1 M sodium acetate solution mixed with 5 pL
DOTANOC precursor (1 mg/mL in water). The reaction mixture was
vortexed and heated at 80 °C for 30 min. Four reactions were performed
at 0, 1, 2 and 3 h after the opening of the stock solution. The pH was
checked using pH stripes after each reaction and was pH 4.4-4.7 for all
reactions. After the reaction, iTLC samples were drawn, the iTLC plates
developed in MeOH/1 M NH4O0Ac 90:10 as mobile phase and subse-
quently analyzed using an instant imager. A more detailed procedure is
provided in the SI. The stock solution was analyzed as well.

4.1.2. Experiments for the recovery of [ 1 1 1InCly

50 pL of “aged” [*!'In]InCl; stock solution were mixed with 50 pL of
1.5 M NaCl in 0.02 M HCI in an 500 pL Eppendorf vessel (final con-
centration was 0.75 M NaCl in 0.02 M HCI). Further, 50 pL of the “aged”
[*'n]InCl; stock solution was mixed with 0.02 M HCl in another 500 pL
Eppendorf vessel. Then, samples of both solutions were spotted on an
iTLC strip, the iTLC plate developed in MeOH/1 M NH40Ac 9:1. Sub-
sequently, the sheets were analyzed using an instant imager. The iTLC
analysis was repeated after 18 h. Afterwards, 40 pL of each solution were
mixed with 20 pL. NaOAc (0.1 M) and 3 pL of DOTANOC stock solution
(1 mg/mL), vortexed and reacted at 90 °C for 30 min. Each reaction
mixture was analyzed by iTLC using MeOH/1 M NH,OAc 80:20 as a
mobile phase.

4.1.3. Stabilization experiment/DOTANOC labeling

[""In]InCl; was freshly opened and dispensed into two 1.5 mL
Eppendorf vials. One solution was diluted with 0.02 M HCl while the
other was diluted with 1.5 M NaCl in 0.02 M HCI (dilution: 1:1 both). For
radiolabeling, 20 pL of a freshly prepared 0.1 M sodium acetate solution
were mixed with 40 pL of the diluted [**'In]InCl; stock solution and 3 pL
DOTANOC (1 mg/mL; approx. 2 nmol) and the mixture was heated at
90 °C for 30 min. All reactions were repeated at different time points
over 2-3 days. For gquality control, samples were drawn from each re-
action mixture after the reaction as well as from the respective [}
InCl; stock solutions. For analysis of the remaining free indium, 1 pL of
0.1 M sodium citrate was added to 10 pL of the sample. The sample was
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spotted on an iTLC plate. To determine the unknown "''In-species, as
well as RCY of the reaction, iTLC plates were spotted with undiluted
samples from the reaction mixtures and [u]ln]InClg, stock solutions. The
former iTLC was developed in 0.1 M sodium citrate (pH 5.0) while the
latter was developed in 80:20 MeOH:0.1M NH4OAc.
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1. Development of the iTLC procedure

Each sample was added to 1 pL of citrate buffer (0.1 M, approx. 1:19-1:39) beforehand or spotted onto
the iTLC plate undiluted. Samples were drawn from both the [**In]InCl; stock solution and the reaction
mixture after the reaction. Each sample was spotted on an individual iTLC sheet (in sum 8 iTLC sheets
— each with spots from the 4 measured time points). After completed spotting, the iTLC plates were

developed in the respective solvent.
Solvent 1: MeOH/1 M NH4CH3CO; 9:1

Solvent 2: 0.1 M Citrate buffer pH 5.0

[*In]InCl; stock

solution
Sample preparation

Diluted in citrate

Undiluted
Spotting (4 different nene buffer

time points)

Plate 1: Plate 2: Plate 3: Plate 4:

TLC

Developed in Developed in Developed in Developed in
citrate MeOH / NH,0Ac Citrate MeOH / NH,0Ac development
L R LA B X ]
- - er 8 9
@c ® e o B

oh 1h 2h 3h TR STy oh  1h 2n 3n

Figure S 1: Flowchart of the sample processing for the [**In]InCls stock solution, the reaction mixture samples were treated
accordingly. For detailed discussion of the obtained TLC images including Rf values, see below.
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2. Results of the [**In]InCl; stock solution
Mobile Phase: MeOH/1 M NH,CH,CO,

A) [**2In]InCl, stock solution with citrate B) [**In]InCl; stock solution pure

gt 8 &

e e °

Oh 1h 2h 3h Oh 1h 2h 3h

Figure S2: Instant images of the iTLC analysis of the [***In]InCls stock solution developed in MeOH/1 M NH4CH3CO2 (9:1)

as mobile phase.

Table S2A Detailed results for Figure S2A

R¢/species Oh [%] 1h[%] 2h[%] 3h [%)]
0.0 [***In]In-radiocolloids <LoD <LoD <LoD <LoD
1.0 [*In]InClsand [*In]In-species > 99 >99 >99 >99

Table S2B: Detailed results for Figure S2B

Rs/species Oh[%] 1h[%] 2h[%] 3h[%)]
0.0 [**In]InCls(and radiocolloids) 96.9 44.4 65.7 64.1
0.7 [**In]In-species 3.1 55.6 34.3 35.9
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Mobile Phase: Citrate buffer pH 4.5

A) [*1In]InCl; stock solution with citrate B) [**1In]InCl; stock solution pure

oh 1h 2h 3h oh  1h  2h 3h

Figure S3: Instant images of the iTLC analysis of the [**XIn]InCls stock solution developed in citrate buffer. The “shadow” at
the starting line is an artifact from the printer which was used on the PC controlling unit of the instant imager (shadows at
Ri~-0.1 are an artifact from printing).

Table S3A Detailed results for Figure S3A

Rs/species 0h[%] 1h[%] 2h[%] 3h[%)]
0.0 [***In]In-radiocolloids <LoD <LoD <LoD <LoD
1.0 [*In]InClsand [*In]In-species > 99 >99 >99 >99

Table S3B: Detailed results for Figure S3B

Ry/species 0h[%] 1h[%] 2h[%] 3h[%)]
0.0 [***In]In-radiocolloids/artifacts 12.0 6.1 9.6 2.1
1.0 [**In]InCls / [*In]In-species  88.0 93.9 90.4 97.9

2.1. Discussion of the results

In solvent 1, the [***In]In-species (1B; Rr approx. 0.7) could be observed 1 h after the opening of the
[*In]InCl; stock solution. In the sample which was diluted in citrate, the impurity was not detectable.
This results in the conclusion, that either the detected species is masked by citrate addition or the
impurity itself is not inert and forms complexes with citrate (A; Rr 1.0).
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In solvent 2, no difference between the pretreated and the undiluted sample was visible. Approx. 100 %
of the activity was migrating along the TLC plate with the solvent front, which gives another hint
towards the aforementioned formation of citrate complexes and/or comparable behavior of [*!In]In-
citrate and the detected impurity. However, the TLC method could be used for the identification of
potential radiocolloids, assuming that the activity on such colloids is not mobilized again by the addition
of the chelator. It should be noted that an increasing amount of *In is visible at the starting line when
no citrate is added to the sample. This effect can be explained by the longer residence time on the iTLC
sheet before its development (irreversible binding to the silica; 12% at 0 h sample which resided 3 h on
the TLC sheet; no absorbed *'In at R¢ = 0 is visible for the 3 h time point for which the TLC was run

immediately after spotting).

3. Analysis of the [*In]In-DOTANOC reaction mixture

Mobile Phase: Citrate buffer pH 4.5

A) Product mixture with citrate B) Product mixture pure

® = '®
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Figure S4: Instant images of the iTLC analysis of the product mixture developed in citrate buffer pH 4.5

Table S4A: Detailed results for Figure S4A

Rs/species Oh[%] 1h[%] 2h[%] 3h[%)]
0.0 [***In]In-DOTANOC/radiocolloids 96.2 93.0 50.0 34.2
1.0 [*In]INCls / [*tIn]In-species 3.8 7.0 50.0 65.8
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Table S4B: Detailed results for Figure S4B

Rs/species Oh[%] 1h[%] 2h[%] 3h[%)]
0.0 [***In]In-DOTANOC/radiocolloids 96.9 92.3 56.2 40.2
1.0 [***In]InCls / [**In]In-species 3.1 7.7 43.8 59.6

Mobile Phase: MeOH/1 M NH,CH,CO,

A) Product mixture with citrate B) Product mixture pure
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Figure S5: Images of the iTLC analysis of the product mixture developed in MeOH/1 M NH4CH3CO2 (9:1)

Table S5A: Detailed results for Figure S5A

Ry/species 0h[%] 1h[%] 2h[%] 3h[%)]
0.0 [*'In]In-radiocolloids/artifacts 2.9 3.0 2.3 1.4

0.2 [*'In]In-DOTANOC 92.5 89.5 50.5 37.2
1.0 [***In]InCl; /species 4.6 7.6 47.2 61.4

Table S5B: Detailed results for Figure S5B

Ry/species Oh[%] 1h[%] 2h[%] 3h[%)]
0.0 [**In]InCls/radiocolloids/artifacts 7.5 8.7 Gl 3.1
0.2 [**In]In-DOTANOC 89.2 85.1 52.1 41.3

0.7 [***In]In-species 33 6.2 42.7 55.6



3.1. Discussion of the results

As before, the reaction mixtures were either diluted in citrate buffer or spotted on the TLC plate without
further dilution. In solvent 2, the results of both TLC analyses are practically identical, which is in line
with the TLC results from the experiment before. Also here, the [*In]In-species as well as free In
ions migrate along the TLC plate with the solvent front. In contrast, the radiolabeled peptide remained
at the baseline of the TLC plate. The yield of the reaction conducted with freshly opened indium was
shown to be almost quantitative, whereas the yield decreased to 50% after =3 h with both analytical
methods. However, for the present study, the method was rather inconclusive, since a differentiation

between the impurity and [*'*In]InCl; was not possible.

For solvent 1, it should be noted that the deviation between the impurity content in the analysis of the
[**1In]InCl; stock solution at 1 h (Figure S2B) and the amount of the (assumingly) same impurity species
in the reaction mixture after 1 h is remarkable (Figure 5B). This result indicates that the formation of the
[*1In]In-species took place or is triggered during sample processing or after retrieval of the activity for
the second labeling reaction (1 h) from the stock solution. Regardless where the transformation took
place, the result also suggests that this transformation is a quite sudden process (since the samples for
the TLC analyses were drawn directly after the labelling reaction was started). Eventually, this makes
the correlation between the quality of the stock solution as measured in the experiments above and the

radiochemical yield of the respective labeling reaction rather difficult.

In both cases, [***In]In-DOTANOC is visible as a long spot with an Rt of approx. 0.2-0.3. Since a higher
Rt would allow for a better differentiation from the spot at the baseline (Rt 0), the composition of the
mobile phase was changed to 8:2 MeOH/1 M NH4CH3CO; (see main manuscript). Except for this, the
results match the expectations arising from the experiments conducted with the stock solution (see
chapter 1, Figure 2 A&B): When citrate was added, the [*'*In]In-species is no longer visible. For a
quantification of the [*'!In]In-species, the addition of citrate to the sample has to be omitted and the

latter system is suitable for the quantification of the discussed [*'!In]In-species.

4. Conclusion of iTLC results

In summary, we developed a method suitable for the quantitation of our [***In]In-species together with
[***In]In-DOTANOC.

The additional quantitation of radiocolloids is possible by the addition of citrate to the sample before
spotting onto a second iTLC sheet. However, the highest result on radiocolloids was with approx. 3 %

negligible for the present study and was, thus, not conducted in the following experiments.
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Unfortunately, a clear correlation between the quality of the stock solution and the radiochemical yield

of the corresponding labelling reaction was not possible.

5. Indium coordination equilibria in solution

0
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Figure S6: Predominance diagram for In3* OH- -CI- species at 25 °C in 2 M NaClO.. The lines represent conditions under which equal
concentrations of the adjacent species occur (from Baes and Mesmer, 1976)). No information on the concentration of Indium is provided in
the reference. Reprinted with permission of the publisher Wiley.
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Evaluation of a Radiolabeled Macrocyclic Peptide as
Potential PET Imaging Probe for PD—L1

Nedra Jouini,* ™ Jens Cardinale,®“ and Thomas L. Mindt*® >

The interaction between the immune checkpoint PD-1 and
PD-L1 promotes T-cell deactivation and cancer proliferation.
Therefore, immune checkpoint inhibition therapy, which relies
on prior assessment of the target, has been widely used for
many cancers. As a non-invasive molecular imaging tool,
radiotracers bring novel information on the in vivo expression
of biomarkers (e.g., PD—L1), enabling a personalized treatment
of patients. Our work aimed at the development of a PD-L1-
specific, peptide-based PET radiotracer. We synthesized and
evaluated a radiolabeled macrocyclic peptide adapted from a
patent by Bristol Myers Squibb. Synthesis of [*GalGa-NJMP1
yielded a product with a radiochemical purity >95% that was

Introduction

The inhibitory immune checkpoint Programmed cell Death
receptor 1 (PD-1) and its ligand Programmed cell Death Ligand
1 (PD—L1) is widely researched since its discovery in the early
nineties."” The interaction between PD-1 and PD—L1 inhibits T-
cell signaling, therefore rendering the immune system ineffec-
tive for fighting diseases. PD-1 (CD 279) is a membrane receptor
critical for the regulation of adaptive immune cells such as T-
lymphocytes.”) PD-L1 (CD274) is a transmembrane protein that
is expressed on immune-related lymphocytes and overex-
pressed by cancer cells, thus, allowing for their efficient evasion
from the host immune system. To activate the immune system,
the inhibition of the interaction between PD-1 and PD—L1 can
be achieved on either target and is now a clinical option for
immune-oncology therapies.” To date, several well-established
compounds for immune checkpoint inhibition (ICl) therapy
have been developed, such as antibodies like Atezolizumab
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evaluated in vitro. However, experiments on CHO—K1 hPD—L1
cells showed very low cell binding and internalization rates of
[®Ga)Ga-NJMP1 in comparison to a control radiopeptide
(WL12). Non-radioactive cellular assays using time-resolved
fluorescence energy transfer confirmed the low affinity of the
reported parent peptide and the DOTA-derivatives towards
PD—L1. The results of our studies indicate that the macrocyclic
peptide scaffold reported in the patent literature is not suitable
for radiotracer development due to insufficient affinity towards
PD-L1 and that C-terminal modifications of the macrocyclic
peptide interfere with important ligand/receptor interactions.

(targeting PD-L1) and Nivolumab (targeting PD-1)." Early
reports on the different therapeutic antibodies that successfully
received approval by the Food and Drug Administration (FDA)
demonstrated the efficacy of PD-1/PD—L1 inhibition therapy in
different types of cancers including non-small cell lung
carcinoma (NSCLC) and melanoma™ To benefit from an
immune checkpoint blockade therapy, the expression of the
target (e.g., PD—L1) should be evaluated beforehand. The most
frequently applied method for this is immunohistochemistry
(IHC) staining of formalin-fixed, paraffin-embedded biopsy
samples. However, there is considerable variability in the used
techniques: differences in the binding sites of the used anti-
PD-L1 staining antibodies, the choice of the staining method
(automatic versus manual), and the technical protocols are all
factors that give rise to incomparable results. The absence of a
standardized method for staining and scoring of PD—L1 leads to
an incomplete picture of the heterogeneously expressed
target.® The non-invasive molecular imaging modality Positron
Emission Tomography (PET) offers a promising alternative to
the current IHC for detecting the PD—L1 expression and
therefore predicting the response to immunotherapy
treatment.”® ImmunoPET, which employs antibody-based PET
radiotracers for the imaging of immune checkpoints, has
witnessed an increased usage over the past years!” However,
radiolabeled antibodies can present unfavorable characteristics
such as low tissue penetration, costly production, slow
pharmacokinetics and thus, longer diagnosis time (days to
weeks). Smaller molecules with faster pharmacokinetics that are
able to target protein-protein interactions, in this case PD-1/
PD-L1, have recently gained attention in the field of radio-
pharmaceutical development!® In comparison to bulkier
PD—L1 inhibitors (e.g., antibodies and other proteins), syntheti-
cally readily accessible peptides exhibit several advantages such
as excellent specificity, low toxicity, good tissue penetration,
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fast pharmacokinetics, and low production costs. All these
features make peptides promising candidates for the develop-
ment of PD—L1 imaging probes."'"" Qur study focused on the
synthesis, characterization and evaluation of a novel peptide-
based radiotracer which targets PD—L1. The 14-mer macrocyclic
peptide (BMS78), adapted from a library of peptides published
in a patent by Bristol Myers Squibb (BMS),""" was equipped with
the universal chelator 2,2',2",2""-(1,4,7,10-tetraazacyclo-dodec-
ane-1,4,7,10-tetrayl)tetraacetic acid (DOTA) at its C-terminus for
%Ga-labelling (NJMP1) and the conjugate was evaluated in vitro
using the Chinese Hamster Ovary cell line expressing human
PD—L1 (CHO—K1 hPD—L1). The reported and established radio-
labeled PD—L1-targeting macrocyclic peptide WL12 was used as
a reference compound.

Results and Discussion
Selection of the PD—L1 targeting peptide

Protein-protein interactions (PPI) have been shown to play a
vital role in regulating biological processes within the co-
stimulatory and inhibitory immune checkpoints. However,
targeting PPIs with small molecules presents its own challenges
since the PD-1/PD—L1 interaction surface is quite large (1,97 A
and featureless."™ In the past years, BMS published multiple
patents disclosing structures of immunomodulatory macrocyclic
peptides that inhibit the interaction between PD-1 and PD—L1.
The corresponding in vitro data was also disclosed, revealing
several promising compounds with reportedly high affinities
towards the target protein PD-L1."¥ Research conducted by
other teams based on structures included in these patents have
narrowed down the library to a couple of potential macrocyclic
peptides with 13 to 15 amino acid sequences, able to inhibit
the PD-1/PD-L1 interaction."” The X-ray analysis of two of
these peptides (BMS71 and BMS57) bound to PD-L1 have
meanwhile been published, providing resourceful information
in determining our choice of peptides for the development of a
PD-L1 radiotracer."” Based on the available information at the
onset of our studies, BMS71 was chosen because of its reported
low IC5, value (7 nM) and different favorable interactions of its
amino acid residues with PD—L1. Beforehand, we reviewed the
published co-crystal structure of BMS71/PD—L1 (Protein Data
Bank (PDB) ID: 5045; see Supporting Information (SI) Figure S13)
where the C-terminal amino acid amide (Gly'*-NH,) was
reported to point away from the PPl interface and not to form
important interactions with the receptor PD—L1. Thus, it
appeared that the C-terminus offers an easily accessible

conjugation site for the modification of the peptide with
chelators for radiometal labelling."” Although, as discussed
below, this notion had to be revised at a later time point after
new structural data became available."®

The well-established macrocyclic peptide WL12 was
equipped with the chelator DOTAGA, radiolabeled with
[*®*GalGaCl, and used as a reference PD-L1 radiotracer for
in vitro assays. WL12 is a PD—L1 targeting peptide that has been
demonstrated to bind with high affinity to PD—L1 (IC5=
23 nM)."*" It is among the first macrocyclic peptides that has
shown promising in vitro and in vivo results after being radio-
labeled with various radionuclides (copper-64, gallium-68 and
fluorine-18).*"*%%  Currently, WL12 is being investigated in
clinical trials as a PD—L1 targeting PET-tracer in gastrointestinal
and lung cancer (NCT04304066%"). [**Cu]Cu-WL12 has also been
recently used as a quantifying tool for target engagement of
therapeutic anti-PD—L1 antibodies, improving therefore the
therapeutic doses applied to the patients in clinics.”” Manual
Fmoc-Solid Phase Peptide Synthesis (SPPS) was used to
synthesize the linear 14/15-amino acid sequence of BMS71,
BMS78, and NJMP1 (Table 1, SI Figure $10).

Synthesis of macrocyclic peptides and their derivatives

After the first attempts to synthesize BMS71, we observed an
instability in the N-methyl amide rich peptide sequence
("Phe*"Nle*-"Gly"). It has been reported that for peptides
containing several consecutive N-methylated amino acids,
fragmentation during the trifluoroacetic acid-mediated cleavage
from the resin can occur at the N-terminal positions.>*! This
made the synthesis of BM571 by standard SPPS very challeng-
ing. The low yields of the synthesis of BMS71 (approx. 5%) and
the difficult separation of multiple side products prompted us
to choose another sequence, BMS78. The latter is only one-
amino acid different from the first peptide (Gly* instead of
™Gly*) and it was reported to show a good binding affinity
towards PD—L1 in the published BMS patent (ICs,= 14 nM).l"
With an N-methyl amide less, it could be assumed that
BMS78 is not prone to degradation during standard SPPS.
Indeed, the synthesis of BMS78 and NJMP1 (Table 1, Figure 1)
on a Rink amide resin proceeded without problems. For NJMP1,
the synthesis started with the coupling of the Fmoc-
Lys(DOTA(OtBu),)-OH to the resin in order to place the chelator
at the C-terminal amino acid of the peptide. Even though the
coupling of Fmoc-Lys(DOTA)—OH to the resin has been reported
to be challenging due to steric reasons, the reaction proceeded
smoothly in our hands.”® Once the linear sequences were

Table 1. Amino acid sequences of investigated peptides and peptide conjugates and corresponding yields.

Peptide Sequences® Yields Purity (HPLC)
BMS71 Cyclo(AcPhe—"Phe—"Nle—"Gly—Asp—Val-"Phe—Tyr—"Gly—Trp—Tyr—Leu—Cys)-Gly—NH, 5% 83%
BMS78 Cyclo(AcPhe—"Phe—"Nle—Gly—Asp—Val-"Phe—Tyr—"Gly—Trp—Tyr—Leu—Cys)-Gly—NH, 50% 98 %
NJMP1 Cyclo(AcPhe—"Phe—"Nle—Gly—Asp—Val-"Phe—Tyr-"Gly—Trp—Tyr—Leu—Cys)-Gly—Lys(DOTA)-NH, 42% 98 %
WL12 Cyclo(AcTyr—"Ala—Asn—Pro—His—Leu—Hyp—Trp—Ser—Trp(Me)-"Nle—"Nle—Orn(DOTAGA)-Cys)-Gly—NH, 68% 97 %

[a] The thioether bridge is located between Cys' and Ac—Phe' for NJMP1, BMS71, BM578, and between Cys' and Ac—Tyr" for WL12.
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AcPhe'-"Phe?-"Nle3-Xxx*-Asp®-val®

HoN-Gly™-Cys'3-Leu™-Tyr"-Trp'0-"Gly®-Tyr8-"Phe’

Xxx* = MGly*: BMST1
Xod=Gly*:  BMST78

AcPhe!-"Phe?-"Nled-Gly*-Asp®-Val®

HoN-Lys-Gly'*-Cys'®-Leu'2-Tyr"-Trp0-"Gly®-Tyr®-"Phe”

&

NH-DOTA NJMP1

AcTyr'-MAla?-"Asn3-Pro*-His5-Leu®-Hyp”-Trp®

H,N-Gly'®-Cys'*-0Om13-"NIe2-"Nie!'-Trp(Me)'*-Ser®

NH-DOTAGA wL12

Figure 1. Structures of the peptides and peptide-conjugates investigated in
this work.

elongated, chloroacetic acid was coupled to the last amino acid
(Phe'). The peptides were then cleaved from the resin and
deprotected, and the cyclization between the thiol group of
Cys™ and the chloroacetylated Phe' was carried out."” Both
compounds BMS78 and NJMP1 were obtained in higher yields
than BMS71 (Table 1) and in excellent purities. Electrospray
lonization Mass Spectrometry (ESI-MS) of the HPLC-purified
compounds confirmed their structures (SI Table S1, Figures S1,
S2 and S3). The conjugation of 2,2',2"-(10-(2,6-dioxotetrahydro-
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyltriacetic acid (DOTAGA-anhydride) to Orn'® of the commer-
cial WL12 peptide was conducted according to a published
procedure." The crude product was purified by Reverse Phase
(RP)-HPLC and the structure of the conjugate was confirmed by
ESI-MS (Table S1, Figure S6).

"'Ga- and **Ga-labelling of NJMP1 and WL12

Metalation reactions of NJMP1 and WL12 with ™'Ga(NO,); and
[®*GalGaCl; were performed according to literature procedures
yielding the desired products in quantitative yields and high
purities (>95%).” ¥ ™Ga-NJMP1 and "'Ga-WL12 were purified
by RP-HPLC, lyophilized, and analysis by ESI-MS confirmed their
structures (S| Table S1 and Figures 54, 57). [**Ga]Ga-NJMP1 and
[®*Ga]Ga-WL12 were prepared with a radiochemical purity (RCP)
and radiochemical yield (RCY) of >95% (S| Figures S5 and S8).

LogD,, ;, and human serum stability assay

The lipophilicity of a radiolabeled compound is an important
indicator for potential unspecific binding to non-targeted

ChemMedChem 2022, 202200091 (3 of 8)

tissues. LogDyp;. of [*GalGa-NJMP1 and [*®Ga)Ga-WL12 were
determined using the Shake-flask method (h=3 in ftriplicate)
and are given as mean values+standard deviation (SD).*=
[**Ga]Ga-NJMP1 displayed a LogD,, ;, of 0.795+0.22 indicating
a rather lipophilic character of the compound. For [®Ga]Ga-
WL12, a calculated value of LogP=—5.99 has been reported."
Our shake-flask experiments showed that [*Ga]Ga-WL12 is less
hydrophilic with a LogD,, ;, of —1.22+0.23. This value falls in
the range of the reported LogD,y 7, for [*CulCu-NOTA-WL12
(—0.818 £ 0.026) demonstrating the hydrophilicity of the radio-
labeled peptide.®" Overall, WL12 presents more charged amino
acids in its cyclic structure than NJMP1 (Figure 1) and thus, the
observed differences in LogD,, ;4 were to be expected.

The stability of [®Ga]Ga-NJMP1 was evaluated in human
serum at 37 °C. [*Ga]Ga-NJMP1 was stable in serum after 2 h (>
93 % as determined by y-HPLC; Figure S14). As the results of the
lipophilic character of NJMP1, a substantial amount of radio-
activity was found associated with the protein pellet (approx.
> 50% after 90 min).

Receptor binding and cell internalization assays

Receptor binding and cell internalization assays were performed
with CHO—K1 hPD—L1 and CHO—K1 as a negative control. The
CHO—K1 hPD—L1 cell line was passaged fewer than ten times in
order to avoid a decrease in the efficiency of the hPD-L1
transfection while maintaining reliable results*? To our sur-
prise, the receptor binding and uptake of [*Ga]Ga-NJMP1 in the
CHO—K1 hPD-L1 cell line was <2% AD (applied dose)/10° cells
after 90 min (Figure 2, Table 2). Cell binding and uptake of
[®*GalGa-NJMP1 in CHO—K1 cell line was negligible. The time
point t=90 min was chosen as a reference point after initial cell
experiments with [¥GalGa-NJMP1 during which the cell binding
and internalization rates did not change after two hours (SI
Figure S11).

Various cell lines have been used for the in vitro evaluation
of PD-L1 radiotracers. Despite the lack of a standardized
method and a commonly used PD—L1-expressing cell line, we
decided to validate our own set-up for the evaluation of NJMP1.
We therefore performed the same cell binding and internal-
ization assays with [*Ga]Ga-WL12 (Figure 2, Table 2, SI Fig-

CHO-K1 CHO-K1
hPD-L1
1 L) 1
20
@ B Membrane bound
3 15
<% mm Cellinternalized
=10
o
<
= s
0
NJMP1 WL12 NJMP1  wL12

Figure 2. A comparison of receptor binding and cell internalization between
[*®GalGa-NJMP1 and [**GalGa-WL12 on CHO—K1 hPD—L1 and CHO—K1 cells at
90 min. Data are presented as mean values £ 5D (n=3 in triplicate).
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Table 2. Membrane bound and cell internalized fractions in CHO—K1 and
CHO—K1 hPD-L1 cell line for [68GalGa-WL12 and [68Ga]Ga-NJMP1 after
90 min. Data are presented as mean values +SD (n=3 in triplicate).

Cell line [**GalGa-NJMP1  [*GalGa-WL12
CHO—K1 Membrane bound  0.364+0.06 18.17£1.75
hPD-L1 %AD/10° cells
Cell internalization 1.68+0.19 19.18+1.6
%AD/10° cells
CHO—K1 Membrane bound  0.133+0.01 35+0.30
(negative control) %AD/10° cells
Cell internalization  1.18 £0.04 3.07+043

%AD/10° cells

ure S12). Each approx. 18% AD/10° cells were found membrane
bound and internalized, respectively, in the CHO—K1 hPD—L1
cells after 90 min indicating a high affinity of [**Ga]Ga-WL12
towards PD-L1. Experiments with [*Ga]Ga-WL12 and the
PD—L1 negative control cell line CHO—K1 resulted in a reduced
cell binding and internalization of each approx.<4% AD/10°
cells, therefore demonstrating the specificity of [**Ga]Ga-WL12
towards PD-L1. For complete invitro data of [**Ga]Ga-WL12
including results of blocking experiments see the SI, Figure S12.
We were able to generate good and reproducible in vitro results
for the binding and internalization of [®GalGa-WL12 to PD—L1
as well as provide proof of its specificity to the target in
accordance with published data.”**?

The CHO—K1 and CHO—K1 hPD—L1 cell lines that constituted
the used in vitro test system were therefore validated and the
unfavourable low binding and internalization of [*®Ga]Ga-
NJMP1 could only be on account of the intrinsic characteristics
of the parent peptide BMS78 and/or the structural modifica-
tions that were introduced. The lack of binding of [®GalGa-
NJMP1 to PD—L1 invitro led us to resort to non-radioactive
assays for quantitative measurement of the affinity (IC;,) of
BMS78 and its derivatives towards PD—L1 as well as to test the
extent of the loss of affinity that could be ascribed to its C-
terminal modification with DOTA. For this purpose, we used the
homogenous time-resolved fluorescence PD-1/PD—L1 biochem-
ical binding assay (HTRF). This method is comparable to the one
utilized by BMS,™ although the specific assay conditions were
not fully disclosed in the patents. We first measured the IC;, of
known PD—L1 blockers such as Atezolizumab (IC5,=2.25 nM)
and Inhibitor 3™, a commercially available PD-L1 inhibiting
peptide (IC5o= 186 nM). The measured IC;, of both compounds
were in good agreement with literature values (Table 3, Fig-
ure 3A)."* However, the ICs, value for BMS78 was found an
order of magnitude higher than what was reported in the
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Figure 3. PD-1/PD—L1 blockade HTRF bioassay. A) Concentration-dependent
inhibition curves for Atezolizumab, inhibitor 3™ and "'Ga-WL12, which were
used as reference compounds for this assay. B) Concentration-dependent
inhibition curves for BMS78, NJMP1, and "*Ga-NJMP1. Data are presented as
mean values £5D (n=2-3 in triplicate).

patent (Table 3, Figure 3B)." Similarly, another report on
PD-L1-targeting macrocyclic BMS peptides (e.g., BMS57) also
discloses lower binding affinities towards PD-L1 than those
presented in the BMS patents.®® C-terminal modified NJMP1
and "™Ga-NJMP1 displayed even higher values than BMS78,
with an increase of the IC;; from the nM to the uM range. While
the attachment of Lys(DOTA)NH, to the C-terminus of BMS78
resulted in a doubling of the IC,, compared to BMS78, loading
the chelator with "*Ga had even a bigger impact and further
increased the IC5, by two orders of magnitude. We can currently
not provide an explanation for this phenomenon. However, the
(positive or negative) impact of radiometalation as well as the
influence of different radiometals on the binding affinity of
peptide-chelator conjugates towards their respective molecular
targets has previously been reported.”’** Although the co-
crystal structure of BMS71/PD-L1 indicated a C-terminal Gly'*-
NH, that was pointing away from the main hydrophobic
binding site of PD-L1 (Sl Figure 513),"” our results suggest that
the modification in this position could have either altered the
binding mechanism of the peptide or, alternatively, interfered
with important ligand-receptor interactions.

Table 3. IC,, values measured by the Homogenous Time resolved Fluorescence (HTRF) PD-1/PD—L1 assay. Data are presented as mean values 5D (n=2-3
in triplicate).

Compound Measured IC;, [nM] 95% Cl [nM] Reported IC;, [nM]

Atezolizumab 2.254+0.36 1.292-7.667 3.83%

BMS78 133+£1.23 106.3-166.9 144

NJMP1 242+0.89 218.2-278.7 -

"'Ga-NJMP1 25945+ 1450 15320-54990 -

"Ga-WL12 12414025 10.09-16.08 MCu-WL12=23"

Inhibitor 3™ 186+ 1.69 165.1-209.5 1467
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With the substantial decrease in PD—L1 affinity from BMS78
(IC,, 133 nM) to NIJMP1 (IC;, 242nM) and ™'Ga-NJMP1 (IC,
26 uM), the observed lack of binding of [®Ga]Ga-NJMP1 to
CHO—K1 hPD—L1 cells became obvious. Thus, our hypothesis
that the modification of the C-terminal amino acid of BMS78
(Gly') negatively impacts the overall binding of NIMP1 to
PD—L1 could be confirmed.

In the course of our investigations, Zhong et al. reported a
pharmacophore mapping study with the macrocyclic peptide
BMS71 which complements our observations."®® The interac-
tion of BMS71/PD—L1 is driven by major hydrophobic inter-
actions between the non-polar amino acids of the peptide (e.g.,
Phe', ™Nle®, Val°) and the "hot spots” of PD-L1.*" However, few
polar interactions and hydrogen bonds were also found to be
important, especially since hydrogen bonds from the backbone
amides contribute to the stabilization of the cyclic structure of
the peptide. Few of the amino acid residues found within the
PD-L1 "hot-spots” (e.g., Glu*) were shown to form important
hydrogen bonds with the C-terminal Gly"-NH, of BMS71 (and
therefore BMS78). By attaching a Lys(DOTA)NH, to the Gly™ of
BMS78, we have likely interfered with some important polar
interactions and, in addition, added more steric bulk. All these
factors in turn impacted the binding of the peptide-conjugate
NJMP1 to PD-L1. It might be possible to improve the PD—L1
binding properties of radiolabeled derivatives of BMS71/BMS78
(e.g., by choosing a different site for DOTA conjugation),
however, the currently limited binding affinity of the parent
macrocyclic peptides renders them unsuitable lead structures
for the development of PD—L1 targeting PET radiopharmaceut-
icals.

Experimental Section

Unless stated otherwise, all reagents and solvents were purchased
from lIris Biotech (Marktredwitz, Germany), and Merck (Darmstadt,
Germany) and used without further purification. Fmoc-amino acids,
N-methylated Fmoc-amino acids, Rink Amide MBHA LL resin (100-
200 mesh),  N,N-diisopropylcarbodiimide  (DIC) and  ethyl
cyano(hydroxyimino)acetate (OXYMA Pure) were purchased from
Merck Biosciences (Nottingham, UK) or Iris Biotech (Marktredwitz,
Germany). Solid Phase Peptide Synthesis (SPPS) was performed
manually. Fmoc-Lys(DOTA(OtBu);)-OH was purchased from Macro-
cyclics (Texas, USA). Polypropylene syringes fitted with polypropy-
lene frits and a polypropylene plunger were obtained from Multi-
Syntech (Witten, Germany) and teflon taps from Biotage (Uppsala,
Sweden). PD-L1 inhibitor 3™, a commercially available macrocyclic
peptide targeting PD—L1 used for the validation of the HTRF assay,
was purchased from SelleckChem (Texas, USA). WL12, a macrocyclic
peptide used as a reference compound for in vitro experiments
(structure shown in S| Figure S9) was purchased from BioVision
(California, USA). Atezolizumab was purchased from Evidentic
GmbH (Berlin, Germany). The Human PD1/PD-L1 biochemical
binding assay HTRF was purchased from Cisbio Perkin Elmer
(Massachusetts, USA). HPLC analysis was carried out with an Agilent
system (Vienna, Austria) equipped with Autosampler Agilent 1100
Series, Iso Pump Agilent 1200 Series G1310 A, UV-Monitor Agilent
1200 Series G1314B Variable Wavelength Detector (VWD) and
Radioactivity Detector Elysia Raytest Gabi Star. Data acquisition and
gradient control were performed using GINA Star™, version 5.9.
HTRF assay read-outs were performed on a Molecular Devices
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FlexStation 3 Multi-mode micro-plate reader (San José, USA). The y-
counter used in this work was a 2480 Wizard2, PerkinElmer
(Waltham, USA). The Centrifuge was a Hettich Universal 30 RF with
Hettich rotor 1412 24x3 g/24x1,5-2,2 mL (Tuttlingen, Germany).
Data and statistical analysis were carried with GraphPad Prism5 °.
Low resolution (LR)}—Mass Spectrometry (MS) was performed on a
Bruker maXis (UHR-TOF, Vienna, Austria) equipped with Electro-
spray ionization (ESI) ion source and 3D ion trap and High
resolution (HR)-MS was recorded on a Bruker maXis UHR-TOF
spectrometer. HPLC solvents were 0.1 % trifluoroacetic acid (TFA) in
H,O (A) and acetonitrile (MeCN) (B). Semi-preparative separation of
the peptide derivatives was performed using Chromolith® SemiPrep
RP-18 endcapped column (100-10 mm), followed by analytical
HPLC on the Chromolith® Performance RP-18 endcapped column
(100-4.6 mm) and a linear gradient from 70% to 30 % of eluent (A)
in 13 min (20 min for BMS71), flow rate 0.6 mL/min. Quality control
of the radiolabeled peptides was performed using a Chromolith®
Performance RP-18 endcapped column (100-4.6 mm) and a linear
gradient from 70% to 30% of eluent (A) in 13 min with a flow rate
of 0.6 mL/min.

Peptide synthesis of BM571 and BMS78

BMS71 and BMS78"¥ both comprise a common cyclic 14-mer
amino acid sequence with one amino acid difference (Sar* versus
Gly*) as shown in Table 1 and in Figure 1. The resin (Rink Amide
MBHA LL, 0.015mmol) was swollen in 3mL of N, N-dimeth-
ylformamide (DMF) in a syringe fitted with a polypropylene frit and
a teflon tap. Standard coupling procedure (a) consisted of adding
the Fmoc-protected amino acid (0.06 mmol, 4.0 equiv.), OXYMA
Pure (0.06 mmol, 4.0 equiv.) and DIC (0.06 mmol, 4.0 equiv.), mixed
in 1 mL of DMF to the resin, and the suspension was shaken for
15 min at 75°C. Double coupling procedures (b) were used for N-
methylated amino acids; the N-methyl-Fmoc-protected amino acid
(0.06 mmol, 4.0 equiv.), OXYMA Pure (0.06 mmol, 4.0 equiv.) and
DIC (0.06 mmol, 4.0 equiv.) mixed in 1 mL of DMF, were added to
the resin, and the suspension was shaken for 15 min at 75°C. The
solvent was removed by filtration, and the resin was washed three
times with 3 mL of DMF and 3 mL of dichloromethane (CH.Cl.).
Then the second coupling was performed by the same procedure.
After the second coupling, the reaction mixture was left shaking for
6 hours at room temperature (RT). The solvent was removed by
filtration, and the resin was washed three times with 3 mL of DMF
and 3 mL of CH,Cl,. Completion of the reaction was monitored by
Kaiser Test or n-Chloranil Test (for secondary amines). For Fmoc
deprotection, 20% piperidine in 3 mL DMF was added to the resin
and left to react for 3 min at RT. The deprotection agent was then
filtered off, and this process was repeated three times. The resin
was then washed three times with 3 mL of DMF and 3 mL CH,Cl,.
The yield of the deprotection was determined by UV measurement
(,=301nm) of the fluorenylmethylpiperidine adduct (e=
7800 mol™" dm?® cm™’). After completion of the elongation of the
amino acid sequence, and before cleaving the peptide from the
resin, chloroacetic acid (0.06 mmol, 4.0 equiv.) was coupled to the
N-terminus using the standard amino acid coupling procedure (a).
The peptide sequences were cleaved and deprotected by a
treatment of 2 h with 2 mL of 90% TFA and 10% triisopropylsilane
mixture that was afterward removed by evaporation with a stream
of air. The crude peptides were then precipitated by the addition of
ice-cold diethyl ether Et,O (15 mL). After centrifugation (4000 rpm,
3x5min, 4°C) and two washing steps with cold Et,0, the linear
peptide sequences were used for the cyclization procedure as
described below.
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NJMP1 synthesis

NJMP1 (BMS78 C-terminally conjugated to Lys(DOTA)NH,) was
synthesized according to the following procedure. Fmoc-
Lys(DOTA(OtBu);)-OH (0.02 mmol, 1.0 equiv.) was added to OXYMA
and DIC (each 0.06 mmol, 3.0 equiv.) in 1 mL of DMF, then coupled
to the resin prior to the elongation of the peptide sequence
according to the coupling procedure (a). The reaction mixture was
reacted for 15 min at 75°C and then left shaking overnight at RT.
The completion of the reaction was monitored with a Kaiser test.
Acetylation of the unreacted amines of the resin was performed
with 2.5 mL of a mixture of 90% DMF, 5% DIPEA, 5% Ac,O by
agitating for 10 min at RT. The elongation of the sequence and final
coupling of chloroacetic acid followed the procedures described
above.

Cyclization procedure

1mg of the crude linear peptides were dissolved in a (1:2, v/v)
mixture of acetonitrile and agqueous ammonium bicarbonate buffer
(0.1 M, pH 8.5, 24 mL) and the solution was afterwards left shaking
overnight at RT. The reaction mixture was then concentrated and
the obtained products were dissolved in 500 uL (1:1, v/v) of a
mixture of acetonitrile/water and purified by RP-HPLC. The
analytical HPLC of the cyclized BMS71 had a retention time of and
tz=9,13 min. The cyclized peptides BMS78 and NJMP1 had a
retention time of t;=6,43 min and t;=6,33 min, respectively. The
obtained lyophilized peptides were characterized by ESI-MS.

Synthesis of WL12

4 mg (2 pmol, 1.0 equiv.) of WL12 peptide and DOTAGA-anhydride
(10 pmol, 5.0 equiv.) were dissolved in 1 mL of DMF and N,N-
diisopropylethylamine (DIPEA, 5.0 equiv.) was added to the mixture
that was left shaking overnight at RT. After the completion of the
reaction, DMF was removed in vacuo and the residue was dissolved
in a mixture (1:1, v/v) of H,O and MeCN for RP-HPLC purification.
The analytical HPLC of WL12 resulted in a retention time of ty=
7,94 min. The obtained lyophilized compound was characterized by
ESI-MS.

"*Ga-labelling of peptide NJMP1 and WL12

The DOTAGA- and DOTA-conjugated peptides (0.08 umol,
1.0 equiv.) were dissolved in 50 pL of HEPES buffer (pH=3) and
Ga(NO,;);-6H,0 (0.39 umol, 5.0 equiv.) dissolved in 50 uL HEPES
buffer was added. The mixtures were stirred for 30 min at 75°C and
afterwards purified with RP-HPLC. ™'Ga-NJMP1 was collected at t;=
7,12 min and "Ga-WL12 at t;=8,2 min with a purity of 98 % for the
final peptide conjugates. The obtained lyophilized peptides were
characterized by ESI-MS and stored at 4°C for later use.

%8Ga-labelling of peptide NJMP1 and WL12

A “Ge/*Ga generator (IRE Elit Radiopharma) was eluted with
approx. 1 mL of 0.1 M HCl yielding an eluate of approx. 1 mL (450
MBq). In the reaction mixture, we added the peptide precursors
(1.7 nmol, 4 pL) from 1 mg/mL stock solutions prepared in a H,0/
MeCN mixture (1:1, v/v), to sodium acetate buffer (22 pL, 1M,
pH 4.5) and 44 plL of the eluted [®*Ga]GaCl;. The mixture, with a final
pH 4.3, was reacted for 13 min at 95°C. Quality control of the
obtained radiolabeled peptides (A;=2.5 MBq/pg) consisted of
analytical radio-HPLC to check the radiochemical purity of the
compound. The retention time for the [®GalGa-NJMP1 was tz=
7,4 min and t;=8,7 min for [**Ga]Ga-WL12 (S| Figures S5, S8).
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PD-1/PD—L1 biochemical binding assay

Cisbio (Perkin EImer) provides a commercially available competitive
inhibition assay, promoted to discover novel inhibitors for the
immune checkpoint PD-1/PD—L1. The assay relies on time-resolved
fluorescence resonance energy transfer (TR-FRET) and uses PD—L1-
6His-tag and PD-1-Ig that can be detected by anti-human IgG-Eu**
cryptate and anti-6HIS-XL665 monoclonal antibody, respectively.
For the plating of the compounds, the instructions in the leaflet of
the assay provided by the company were followed.

Cell lines

Chinese Hamster Ovary cell line CHO—K1 (CHO) were purchased
from the American Type Culture Collection (ATCC, Manassas, VA),
and passaged less than ten times before the experiments. CHO—K1
cells were maintained in Ham's F-12 medium with 10% Fetal Bovine
Serum (FBS, Gibco) and 1% Penicillin/Streptomycin (P/S). Recombi-
nant CHO—K1 cells stably expressing human PD-L1 (hPD-L1),
henceforth referred to as CHO—K1 hPD—L1, were purchased from
BPS Bioscience (San Diego, California) and were maintained in F-
12 K medium with 10% FBS, 1% P/S, and 2 mg/mL G418. The cells
were cultured in an incubator at 37°C in an atmosphere containing
5% CO, and passaged less than ten times before seeding out for
cell internalization experiments.

Cell internalization and receptor binding assay

Internalization studies were performed as previously published "%
Briefly, approx. 10° CHO—K1 hPD—L1 or CHO—K1 cells were seeded
in F-12 K medium containing 10% FBS, 1% P/S and 2 mg/mL G418
in 6-well plates on the day before the experiment and incubated
overnight in a humidified incubator (37°C, 5% CO,). Approx. one
hour before the experiment, the medium was replaced with 1.3 mL
fresh 1% FBS F-12 K medium. Subsequently, 100 pL of the radio-
labeled peptide [**Ga]Ga-NJMP1 or [**GalGa-WL12 were added to
each well (100 pL per well; 15 pmol; ~1.0 kBg) and cells were
incubated for different time points (30, 60, 90 and 120 min). After
the respective incubation times, the supernatant was collected and
the cells were washed twice with 1 mL ice-cold Dulbecco’s
phosphate-buffered saline (PBS). The combined fractions represent
the unbound radioligand. The receptor-bound radioactivity was
obtained by incubating the cells twice for 5 min with an ice-cold
acidic glycine solution (100 mM NaCl, 50 mM glycine, pH 2.8; 1 mL)
on ice followed by the removal of the supernatant. Finally, the
internalized fraction was collected after cell lysis using 1 M NaOH
(1 mL; 10 min; 37°C; 5% CO,) and the wells containing the cell
lysate were washed twice with NaOH (1 M, 1 mL). Standards of the
radio-labeled peptides [**GalGa-NJMP1 and [®Ga)Ga-WL12, for the
determination of the applied dose, were prepared in triplicate. All
fractions were measured in a y-counter (409-613 keV energy
window) and calculated as a percentage of the applied dose (AD)
per one million cells.

LogD,;., determination

The lipophilicity (LogD) of [®*Ga]Ga-NJMP1 and [**Ga]Ga-WL12 was
determined by the partition coefficient between n-octanol and PBS
(pH 7.4) utilizing the “shake-flask method”.**? PBS and n-octanol
were shaken overnight to saturate each phase. After the separation
of the layers by centrifugation at 4500 rpm for 5 min at 23°C, equal
volumes (500 plL) of each layer were taken and transferred into an
Eppendorf tube and 5uL (~5 kBq) of the radiolabeled peptide
solutions (formulated in saline solution) were added to the PBS/n-
octanol mixture. The resulting solutions were left shaking for
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20 min, then centrifuged at 3000 rpm for 10 min. Aliquots of 300 pL
were removed from the n-octanol and PBS phases and the
radioactivity was measured in the y-counter (n=3 in triplicates).
The lipophilicity was calculated as the LogD value of the average
ratio between the radioactivity in the organic (n-octanol) and the
PBS fractions.

Stability assay in human serum

For the determination of the serum stability, the radiopeptide
[**Ga)Ga-NJMP1 (100 pL; 15 pmol, 0.105 MBq) was added to 900 pL
of fresh human blood serum and incubated (37°C, 5% CO,). 100 pL
of acetonitrile were dispensed into three tubes and at preselected
time points (30, 60, and 90 min) samples of 100 pL serum were
taken and added to the solvents in the tube to precipitate the
proteins. The tube was thoroughly vortexed for 2 min at 5200 rpm,
then 75 L were taken from the supernatant and diluted with 75 pL
of MilliQ Water. The mixture was then analyzed by y-HPLC to
determine the formation of potential metabolites. The protein
pellet was washed 3 times with saline, centrifuged and measured in
a gamma counter in order to quantify the protein-bound fraction of
radioactivity.

Conclusion

In summary, we have synthesized and evaluated in vitro some
#¥"*Ga-labeled peptide conjugates based on a macrocyclic
scaffold described in patents of BMS. The radiolabeled [**Ga]Ga-
NJMP1 as well as "Ga-NJMP1 were tested in vitro using cell
binding experiments and HTRF screening assays and compared
with the corresponding WL12 reference compounds. The results
from our investigations indicate that the parent peptide BMS78
(lacking the chelator) has a much lower affinity towards PD—L1
than what was reported in the patent literature. In addition, C-
terminal modification of the macrocyclic peptide with a DOTA
chelator further decreased its affinity towards PD—L1 likely due
to disturbance of important hydrogen bonding interactions
with the receptor. On the other hand, the reference compound
used in our studies, ®*Ga-labeled macrocyclic peptide WL12
with the chelator DOTAGA attached to an amino acid within
the macrocycle (Orn'®), exhibited better properties. We also
describe the first validation of a PD—L1 invitro test system
composed of CHO—K1 hPD-L1/CHO-K1 cells, which can be
used in the future for the reliable evaluation of other PD—L1
targeted radiotracers. We conclude that the macrocyclic parent
peptides BMS71 and BMS78 show potential in inhibiting the
PD-1/PD—L1 interaction, but their low binding affinity towards
PD—L1 makes them unsuitable lead structures for the develop-
ment of PET radiotracers for the imaging of PD—L1.
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Table S1: Molecular formula and ESI-MS results for the compounds.

Compound Molecular Formula Calculated Mwg.mol* | ESI-MS (+) m/z
BMS71 CosH11sN16O1s5 1795.85 [M+2H"]* : 898.98
BMS78 Cs2H116N16O15S 1781.84 [M+2H]* : 891.92
NJMP1 C114H154N220275 2296.11 [M+2H]*: 1149.11
natGa-NJMP1 CusHiGaN20»5 2364.35 [M+2H+]*: 1182.58
WL12-DOTAGA C110H158N260295 2340.65 [M+2H]*: 1171.08
mtGa-WL12 CroHi56GaN260295 2408.05 [M+2H"]* : 803.36
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Figure S1: UV-HPLC/ESI-MS characterization of BMS71
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Figure S3: UV-HPLC/ESI-MS characterization of NJMP1.
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Figure 513: Co-crystal structure of BMS78/PD-L1. The position of the C-terminus Gly*-NH: (red
circle) is not involved in the hydrophobic interactions that constituted the main type of binding
to the PD-L1 pocket. Image reprinted with permission from the publisher Wiley-VCH [1].
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Figure S14: A) Stability curve of the radiopeptide NJMP1, B) Radio-HPLC of [*Ga]Ga-NJMP1 after
incubation with human serum at 37 °C ( t = 10 min and 100 min).
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Concluding Remarks

Developing a novel radiotracer is a multi-step process. Many efforts and strategies are implemented in
the various steps: from the initial identification of a promising biomolecule candidate, its synthesis,
radiolabeling, till its preclinical evaluation in vitro and in vivo. Nevertheless, unforeseen setbacks and
negative results often require iterative approaches that rely on multidisciplinary techniques. However,
pioneers of the field took on this challenge and investigated an important class of molecules (peptides)
targeting the immune checkpoint PD-1/PD-L1 as a potential radiotracer for PD-L1 imaging with PET
and SPECT.

In this work, the development of a PET/SPECT peptide-based radiotracer (NJMP1) targeting the
immune checkpoint ligand PD-L1 has been first met with some adversity in synthesizing its parent
peptide (BMS 71). The instability of multiple consecutive N-methylated amide bonds led to poor
synthesis yields. This was overcome by omitting methylation on one of the N-terminal amino acids
without affecting the overall binding affinity (ICso values were reported to still be in the nanomolar
range), leading to the synthesis of BMS 78. The macrocyclic peptide was successfully obtained in better
yields and higher stability. Further modifications were introduced to the parent peptide (BMS78) by
conjugating a universal chelator DOTA to its C-terminal Gly-NH.. In the evaluation of a novel PD-L1
radiotracer, the following steps to be taken consisted of establishing the radiosynthesis of the ®Ga-
labeled and *!In-labeled radiopeptides to optimize the specific molar activity while maintaining high

radiochemical yield (RCY) and purity.

During the radiolabeling experiments with the SPECT radionuclide **In, low radiochemical yields were
observed when the [*!In]InCl; stock solution was used for multiple radiolabelling reactions at different
time points. We identified, using an iTLC system, an unknown [**In]In-species in the stock solution
and the peptide-conjugates radiolabeling mixtures. DOTANOC was used as a valid test compound for
the !In labelling. Our investigations have distinguished between the radiocolloids and the formed
unknown [***In]In-species , confirming therefore the cause of the poor RCYs. The restoration of the
initial stock solution and the reactivity of In was made possible by reversing the reaction and
increasing the concentration of chloride ions in [**!In]InCl; in accordance with the Law of Mass Action.
Nevertheless, we proceeded with the radiolabeling experiments of NJMP1 with 8Ga out of convenience,

which gave a product of high radiochemical purity and yield.

The evaluation of both #™Ga-labeled NJMP1 in vitro relied on radioligand binding assays with CHO-
K1 hPD-L1 cells and fluorescence-based cellular assays (HTRF). The reported corresponding PD-L1
radiopeptide, WL12, was used as a reference compound for comparison. We found that the parent
peptide (BMS 78; without the chelator) exhibited a lower affinity towards PD-L1 than what was reported
in the BMS patent. Furthermore, an additional decrease of affinity was observed after the C-terminal

modification of the macrocyclic peptide with the chelator DOTA and after the metalation with "/%Ga,
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We tentatively ascribe this observation to the disturbance of the reported necessary hydrogen bonding
between PD-L1 and the C-terminal Gly*-NH,.

As the research in the field of PD-L1 targeting radiotracers expands, the validated in vitro test system
consisting of CHO-K1 hPD-L1 and CHO-K1 cells developed during this work is available to the
research community as a reliable tool to assess novel PD-L1 radiotracers. This system would allow the
community to generate well-grounded results and progress in promoting research with medium-sized

peptides and molecules.

Despite the low binding affinity of BMS 78 and the peptide conjugates, its potential to inhibit the
interaction between PD-1 and PD-L1 has been proven. Our findings would pave the path for the anti-
PD-L1 peptides in the pipelines. It lays the groundwork for further optimization of this class of
biomolecules, and their evaluation in a validated in vitro set-up. Moreover, investigating and overcoming
the formation of unknown radioactive [**In]In-species during the radiolabelling experiments with 1In
is a valuable discovery that can save time and efforts spent on troubleshooting. Instead, the focus would
be directed towards increasing radiochemical yields. Regardless of the discontinued development of a
novel PET /SPECT radiotracer, the conclusions of this doctoral thesis had no precedent and shall play
an essential role in the progress of research in the field of radiopharmacy, immune-oncology and drug

development.
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Abbreviations

=]

r

AA

Ac

Aqg.
BFCA

Bqg

BMS
CHO-K1
CNS

CT
DIPEA
DMF
DOTA
DOTAGA
DOTATE
DOTATOC
DTPA
EC
EDTA
e.g.
Equiv.
ESI

eV

FDA
FDG

Fmoc

HPLC
1Cs0
iTLC
IHC
Kb
Kon

Percentage

Degree Celsius

Micro

angstrom

Alpha

Beta

Gamma

Amino acid

Acetyl

Adqueous

Bifunctional chelating agent
Becquerel

Bristol Myers Squibb

Chinese hamster ovary cell

Central nervous system

Computed tomography
Diisopropylethylamine
Dimethylformamide
1,4,7,10-tetraazacyclododecane-1,4,7,10- tetraacetic acid
1,4,7,10-tetraazacyclododecane- 4,7,10-triacetic acid-1-[2-glutaric acid]
DOTA-(Tyr®)-octreotate
DOTA-(Phe!)-(Tyr®)-octreotide
Diethylenetriaminepentaacetic acid
Electron capture
Ethylenediaminetetracetic acid
Exempli gratia

Equivalent

Electrospray ionization

Electron volt

Food and Drug Administration
Fluorodesoxyglucose
9-fluorenylmethoxycarbonyl

Giga

High-performance liquid chromatography
Half maximal inhibitory concentration
Instant thin layer chromatography
Immunohistochemistry

Dissociation constant

Rate of association
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Kot
kDa
keV
LET
LogD

m/z
mADb
Me
MeOH
MRI
nat
NET
Ol
PD-1
PD-L1
PET
PK
RCY
RIT
RP
SAR
SPECT
SPPS
SST
Sv

us

ti
tBu
TFA
TIS
uv

Rate of dissociation

Kilo Dalton

Kilo-electronvolt

Linear energy transfer
Water/octanol distribution coefficient
Molarity

Mass to charge ratio
Monoclonal antibody

Methyl

Methanol

Magnetic resonance imaging
Natural

Neuroendocrine tumor

Optical imaging

Programmed cell death receptor 1
Programmed cell death ligand 1
positron emission tomography
Pharmacokinetic
Radiochemical yields
Radioimmunotherapy

Reversed phase
Structure-activity relationship
Single photon emission computed tomography
Solid phase peptide synthesis
Somatostatin

Sievert

Ultrasound

Half-life

tert-Butyl

Trifluoracetic acid
Triisopropylsilane

Ultraviolet
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