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Abstract

Novel therapeutic modalities such as immunotherapy and radioligand therapy (RLT) show

significant anti-cancer effects, yet a subset of patients demonstrates limited response. In

the context of immunotherapy, an immunosuppressive tumor micro-environment (TME)

contributes to absent efficacy, while targeted RLT is only beneficial for patients with cancers

revealing stable overexpression of the drug target. Within the scope of this thesis, we inves-

tigated chemokine receptors, for non-invasive imaging of the TME and for potential RLT.

Regarding molecular imaging of the TME, we aimed to exploit chemokine receptors (CCRs

e.g., CCR5) as predictive biomarker to quantify the leukocyte infiltration in tumors and as

biomarker for T cell activation (CXCR3) to monitor immunotherapy response. The third

pillar of this thesis is dedicated to CXCR4-directed imaging and therapy of B cell lymphoma.

In the first project, we aimed to quantify leukocyte infiltration by targeting CC chemokine

receptors using radiotracers based on the lead sequence RAP-103 (H₂N-ttnyt-OH). Although

developed radiotracers, such as monomeric [68Ga]Ga-DOTA-RAP-103 and its trimeric coun-

terpart [68Ga]Ga-TRAP-103, lacked specificity in vivo, we established two synthesis method-

ologies. The first method involved direct conjugation of unprotected chelators like DOTA to

peptides immobilized on 2CTC resin, successfully synthesizing radiotracer precursorsDOTA-

RAP-103 and CC-1 to CC-7. The second method allowed simultaneous purification and

formulation of peptide radiopharmaceuticals in physiologic solution using size exclusion

cartridges (G10, 700 kDa cut-off). Results demonstrated consistently high radiochemical

purities (>99%) for eluted tracers, even at increased elution volumes, with product recovery

higher than 85% for peptides with molecular weights ≥2 kDa.
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Abstract

CXCR3was explored as a biomarker forT cell activation during immune checkpoint inhibitor

(ICI) treatment. Therefore, C57BL/6 mice bearing MC38 tumors were treated with ICIs (α-

PD-1/α-CTLA-4). In-depth TME analysis by flow cytometry and immunofluorescence in

MC38 tumors revealed a significant increase of CXCR3⁺ T cells five days post-treatment. Two

radiotracer types, an antibody-based tracer ([64Cu]Cu-NOTA-α-CXCR3) and smallmolecular

weight radiotracers ([18F]FXC3-7 and [18F]FXC3-B7) were synthesized. The antibody-based

target validation showed specific radiotracer uptake in lymph nodes and spleen, but not in

tumors. However, systemic T cell activation in the spleen correlated with biomarker kinetics

found in the flow cytometry analysis.

The third project investigated corticosteroids influence on CXCR4 regulation in diffuse large

B-cell lymphoma (DLBCL) cells to understand their potential impact on CXCR4-directed RLT.

Treatment with dexamethasone and prednisolone led to cell line-dependent upregulation

of CXCR4 expression, notably in B lymphoma cell lines. Dexamethasone treatment in vivo

increased the uptake of [68Ga]Ga-PentixaTher in OCI-LY1 tumors, suggesting that corticos-

teroids can be administered in conjunction with CXCR4-targeted RLT. Furthermore, highly

potent ligands based on the L6-CPCR4 moiety were synthesized and characterized in vitro,

thereby expanding the scope of CXCR4-targeted applications towards [18F]AlF radiolabeling,

fluorescence imaging, and hybrid tracers, enabling both fluorescence and nuclear imaging.

Key words: Chemokine receptor imaging, tumor micro-environment, CCR5, CXCR3, CXCR4.
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Résumé

Les nouvelles modalités thérapeutiques telles que l’immunothérapie et la thérapie radio-

ligand (RLT) montrent des effets anticancéreux significatifs, mais un sous-ensemble de

patients présentent une réponse limitée. Dans le contexte de l’immunothérapie, un micro-

environnement tumoral (TME) immunosuppresseur contribue à une efficacité absente,

tandis que la RLT ciblée est uniquement bénéfique pour les patients présentant une surex-

pression stable de la cible du médicament. Dans le cadre de cette thèse, nous avons étudié

les récepteurs des chimiokines, pour l’imagerie non invasive du TME et pour la RLT poten-

tielle. En ce qui concerne l’imagerie moléculaire du TME, nous avons cherché à exploiter

les récepteurs des chimiokines (CCR, par exemple CCR5) comme biomarqueur prédictif

pour quantifier l’infiltration des leucocytes dans les tumeurs et comme biomarqueur de

l’activation des lymphocytes T (CXCR3) pour surveiller la réponse à l’immunothérapie. Le

troisième volet de cette thèse est consacrée à l’imagerie et à la thérapie dirigée par CXCR4

du lymphome B.

Dans le premier projet, nous avons cherché à quantifier l’infiltrationdes leucocytes en ciblant

les récepteurs des chimiokines CC à l’aide de radiotraceurs basés sur la séquence plomb

RAP-103 (H₂N-ttnyt-OH). Bien que les radiotraceurs développés, tels que le monomère

[68Ga]Ga-DOTA-RAP-103 et son homologue trimérique [68Ga]Ga-TRAP-103, manquaient

de spécificité in vivo, nous avons établi deux méthodologies de synthèse. La première mé-

thode impliquait la conjugaison directe de chélateurs non protégés comme le DOTA à des

peptides immobilisés sur de la résine 2CTC, permettant ainsi de synthétiser avec succès les

précurseurs de radiotraceursDOTA-RAP-103 etCC-1 àCC-7. La deuxième méthode permet-

tait la purification et la formulation simultanée des radiopharmaceutiques peptidiques dans

xi



Résumé

une solution physiologique en utilisant des cartouches d’exclusion de taille (G10, coupure de

700 kDa). Les résultats ont montrés des puretés radiochimiques élevées et cohérentes (>99%)

pour les traceurs éludés, même à des volumes d’élution accrus, avec un taux de récupération

du produit supérieur à 85% pour les peptides avec des poids moléculaires ≥2 kDa.

CXCR3 a été exploré comme biomarqueur de l’activation des lymphocytes T pendant le

traitement par inhibiteur des points de contrôle immunitaires (ICI). Par conséquent, des

souris C57BL/6 portant des tumeurs MC38 ont été traitées avec des ICI (α-PD-1/α-CTLA-4).

Une analyse approfondie du TME par cytométrie en flux et immunofluorescence dans les

tumeurs MC38 a révélé une augmentation significative des lymphocytes T CXCR3⁺ cinq jours

après le traitement. Deux types de radiotraceurs, un traceur à base d’anticorps ([64Cu]Cu-

NOTA-α-CXCR3) et des radiotraceurs de faible poids moléculaire ([18F]FXC3-7 et [18F]FXC3-

B7), ont été synthétisés. La validation de la cible à base d’anticorps a montré une captation

spécifique du radiotraceur dans les ganglions lymphatiques et la rate, mais pas dans les

tumeurs. Cependant, l’activation systémique des lymphocytes T dans la rate était corrélée

avec la cinétique des biomarqueurs trouvés dans l’analyse par cytométrie en flux.

Le troisième projet a étudié l’influence des corticostéroïdes sur la régulation de CXCR4 dans

les cellules de lymphome B diffus à grandes cellules (DLBCL) pour comprendre leur impact

potentiel sur la RLT dirigée par CXCR4. Le traitement par dexaméthasone et prednisolone a

entraîné une surexpression dépendante de la lignée cellulaire de CXCR4, notamment dans

les lignées cellulaires de lymphome B. Le traitement par dexaméthasone in vivo a augmenté

la captation de [68Ga]Ga-PentixaTher dans les tumeurs OCI-LY1, suggérant que les cortico-

stéroïdes peuvent être administrés conjointement avec laTRL ciblée par CXCR4. De plus, des

ligands hautement puissants basés sur la fraction L6-CPCR4 ont été synthétisés et caractéri-

sés in vitro, élargissant ainsi le champ des applications ciblées par CXCR4 vers le marquage

radiologique [18F]AlF, l’imagerie par fluorescence et les traceurs hybrides, permettant à la

fois la fluorescence et l’imagerie nucléaire.

Mots clés : Imagerie des récepteurs des chimiokines, micro-environnement tumoral, CCR5,

CXCR3, CXCR4.
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1 Introduction

1.1 Cancer, therapy and diagnostics

Cancer stands as a predominant epidemiological menace, globally claiming millions of lives

every year [1, 2, 3]. While the world health organization (WHO) anticipates increased cancer

incidence, successful cancer treatment remains challenging. Immunotherapy has emerged

as one of the most promising treatment strategies, comprising both cell-based therapy such

as chimeric antigen receptor (CAR)T cells [4] and immune checkpoint inhibitor (ICI) therapy

[5]. These therapies, exemplified by ipilimumab (target: cytotoxic T-lymphocyte-associated

protein 4 (CTLA-4), approved in 2011) and tisagenlecleucel as the first CART cell therapy (tar-

get: CD19, approved in 2017), aim to mount an efficient anti-tumor immunity via activated

T cells in the tumor micro-environment (TME). Notably, ICIs function by blocking immune

checkpoint proteins like CTLA-4 or programmed cell death protein 1 (PD-1), thus counteract-

ing immunosuppressive signaling by the tumor cells and immunosuppressive components

of the TME and reinvigorating tumor infiltrating lymphocytes (TILs) to eliminate cancer

cells. In contrast, exploiting cell-based therapies involve the injection of leukocytes which

are typically primed against tumor (neo)antigens and ultimately infiltrate into the TME and

exert their cytotoxic activity. These treatments have shown remarkable efficacy in the last

decade, significantly increasing survival rates of highly aggressive cancers such as melanoma
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or lung cancer [6, 7]. However, the recent success of immunotherapeutic approaches is not

universal. For certain cancer types response rates are low or absent [8, 9, 10]. Thus, the main

challenges associated with immunotherapies are, as in all cancer therapies, limited tumor

response rates and relapse. Both are predominantly related to an immunosuppressive TME.

The immunosuppressive TME is usually characterized by hypoxic conditions, the presence of

tumor promoting leukocytes (myeloid-derived suppressor cells (MDSCs), tumor associated

macrophages (TAMs), tumor associated neutrophils (TANs)) as well as by physical barriers

such as a stiff extracellular matrix and the prevalence of cancer associated fibroblasts (CAFs)

which limit T cell infiltration and create dysfunctional T cells [11]. Depending on the compo-

sition of the TME, tumors are commonly classified as immune infiltrated, immune excluded,

or immune desert phenotype, which is based on the location and spatial distribution of

immune cells. In all cases, cytokines play a role in establishing an immunosuppressive TME

which promotes immune evasion, cancer progression, and metastasis (see Figure 1.1) [12,

13]. Notably, the absence of CD8⁺ effector T cells correlates with unfavorable response to

ICI treatment, particularly in the immune desert phenotype [11, 13]. Again, depending on

the composition and dynamic changes within the TME, immunotherapies are highly potent

but require nuanced clinical decision-making prior to and during the treatment. Diagnostic

biomarkers allowing improved selection of patients for a given (combination) treatment or

monitoring the response early after drug administration are thus of great importance.

Typically, cancer localization and staging are conducted through non-invasive imaging

techniques such as magnetic resonance imaging (MRI) or positron emission tomography

(PET)/computed tomography (CT). PET harnesses molecular targets such as glucose trans-

porter (GLUT) (2-[18F]FDG), C-X-C chemokine receptor 4 (CXCR4) ([68Ga]Ga-PentixaFor)

or prostate-specific membrane antigen (PSMA) ([68Ga]Ga-PSMA-11) for cancer imaging

using specific radiotracers (see Figure 1.2). Following detection of cancer in a patient using

these techniques, assessments of the TME prior to initiating immunotherapy are crucial for

predicting treatment response. As presented in Figure 1.2, several predictive biomarkers

have been investigated, primarily using biopsy samples. These sampleswere analyzed ex vivo
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Figure 1.1: The tumor immune phenotypes [12, 13, 14]. From immune infiltrated (immune
cells infiltrate, but their effects are inhibited), to immune excluded (immune cells are present
but do not efficiently infiltrate), to desert (immune cells are absent from the tumor and its
periphery).

to provide the tumour mutational burden (TMB) [15], micosatellite instability (MSI) [16],

leukocyte infiltration (e.g., CD8⁺ T cells, regulatory T cells (Tregs), M1/M2 macrophages [17,

18]), programmed cell death ligand 1 (PD-L1) expression [19], or fibroblast activation pro-

tein (FAP) (expressed by CAFs) [20]. Although almost all predictive biomarkers have shown

significance, their predictive value might be limited as the reported studies were primarily

performed on single tumor biopsy samples per patient. In fact, previous studies exemplify

that inter- as well as intra-tumoral heterogeneity is widely observed in tumors [21, 22, 23,

19]. For example, biopsies from the same patient with no PD-L1 expression in the primary

tumor lesion showed substantial expression of the predictive biomarker in nodal metastasis,

allowing for selection of eligible patients for anti-PD-L1 therapy [19]. Thus, extensive tumor

sampling is advised to reduce the chance of potentially misleading analysis based on a single

tumor biopsy. Since this strategy, however, is neither ethically nor practically implementable,

molecular imaging represents a powerful alternative to invasive techniques.
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Molecular imaging using PET radiotracers offers several advantages over immunohisotchem-

istry (IHC) specimens. In contrast to IHC, PET imaging can provide information of the entire

tumor heterogeneity in a patient non-invasively and in real-time. Additionally, PET allows

for the quantification of radiotracer uptake through standardized metrics such as standard-

ized uptake value (SUV), facilitating objective assessment and comparison of data across

different imaging studies, while standardization of IHC from biopsy sampling to analysis is

challenging [24]. Given these advantages, molecular targets such as PD-1, PD-L1, or CD3

were investigated towards predictive characterization of the TME using PET radiotracers in

order to select the best therapy prior to treatment [25].

During immunotherapy treatment, it is highly important to verify the efficacy and to adapt

the treatment if necessary. Again, this requires repetitive TME assessments where non-

invasive imaging can be readily repeated multiple times to verify response to therapy. In this

context, MRI is used based on iRECIST protocols to assess the response to immunotherapy

[26]. However, with anatomical imaging, it takes up to three months to delineate real tumor

progression or hyperprogression from pseudo-progression, which is characterized by an

increased tumor volume through immune cell infiltration and proliferation [27]. There-

fore, molecular imaging targeting biomarkers of T cell activation is highly promising for

monitoring early immunotherapy response (see Figure 1.2). T cell activation biomarkers

such as granzyme B (GZB) [28], interferon gamma (IFN-γ) [29], and CD69 [30] have shown

encouraging preclinical results for early therapy-induced response monitoring using PET

radiotracers. Thus, exploring biomarkers (predictive, as well as responsive) for molecular

imaging to characterize the TME in vivo using molecular imaging is of high (pre-)clinical

interest to understand, improve and ensure the efficacy of novel immunotherapy treatment

modalities.
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Figure 1.2: Cancer imaging is typically performed with magnetic resonance imaging (MRI)
or positron emission tomography (PET). PET uses radiotracers for example targeting the
glucose transporter (GLUT, radiotracer: 2-[18F]FDG), somatostatin receptor 2 (SSTR2, radio-
tracer: [68Ga]Ga-DOTA-TOC), C-X-C chemokine receptor 4 (CXCR4, radiotracer: [68Ga]Ga-
PentixaFor), or prostate-specificmembrane antigen (PSMA, radiotracer: [68Ga]Ga-PSMA-11).
Predictive biomarkers are applied to select the best matching (combination) therapy reg-
imen prior to treatment start: leukocyte infiltration (e.g., CD8⁺ T cells infiltration); MSI,
microsatellite instability; TMB, tumor mutational burden; PD-1, programmed cell death
protein-1; PD-L1, programmed cell death ligand-1; FAP, fibroblast activation protein. In
contrast, responsive biomarkers can indicate/confirm response to immunotherapy: CD8⁺ T
cell infiltration, GZB, Granzyme B; CD69, cluster of differentiation 69; IL-2R, interleukin-2
receptor; IFN-𝛾, interferon-𝛾.
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1.2 Chemokine Receptors

Chemokine receptors play a crucial role in physiological as well as in pathological processes.

Their ligands, called chemokines, are small chemotactic cytokines with a size ranging be-

tween 8-12 kDa and are classified by their structure [31]. According to the number and

location of conserved N-terminal cysteines, ligands are classified into four subgroups (XC,

CC, CXC, CX₃C). To date, approximately 20 receptors and 50 ligands are known, with one

native chemokine oftentimes targetingmultiple chemokine receptors [31, 32]. Chemokine re-

ceptors are a family of seven-transmembrane spanningG-protein coupled receptors (GPCRs)

which are primilary expressed on migratory cells and, consequently, lead to chemotaxis of

these cells along a chemokine gradient towards sites of high chemokine concentration. In

analogy to their ligands, typical chemokine receptors are divided into XC-, CC-, CXC- and

CX₃C chemokine receptors [31, 33].

The seven-transmembrane receptors have dual roles in homeostasis and inflammation. A

prime example for a highly relevant homeostatic chemokine receptor is the CXCR4 which

plays an important role in blood cell homing in the bone marrow and serves essential

functions during organogenesis [33]. As opposed to other chemokine receptors, CXCR4

has one native ligand called CXCL12 (or SDF-1). A well-investigated representative is CC

chemokine receptor 5 (CCR5), which is mainly expressed on immune cells, such as anti-

gen presenting cells (APCs), T cells (effector and memory phenotype), or NK cells. This

receptor has inflammatory functions and binds several chemokine ligands such as CCL3,

CCL4 and CCL5 [31]. The CCR5-dependent recruitment of T cells towards mature dendritic

cells (DCs) allows the priming of naïve CD8⁺ T cells and the receptor is also involved in

the migration of APCs towards their site of inflammation [34, 35]. Interestingly, despite

their fundamentally different physiological roles and functions, both CXCR4 and CCR5, ap-

pear to be the two major co-receptors for the HIV entry into CD4⁺ leukocytes [31]. Over

the last decades, both receptors were therefore investigated as druggable HIV target. For

both receptors, food and drug administration (FDA) approved pharmaceuticals are on the
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market, both with different applications. Maraviroc, a CCR5 inhibitor, is approved for the

treatment of patients infected with CCR5-dependent (R5-tropic) HI viruses and plerixafor,

an antagonist of CXCR4, is used for stem cell mobilization. Due to its strong overexpres-

sion on hematological malignancies, CXCR4 has emerged as a highly relevant molecular

target for non-invasive imaging and radioligand therapy (RLT) during the last decades. In

addition, dedicated CXCR4-targeted radiopharmaceuticals, namely [68Ga]Ga-PentixaFor

[36], [99mTc]Tc-PentixaTec [37], and [177Lu]Lu-PentixaTher [38], have found their way into

clinical practice. Besides the undisputed value of CXCR4-targeted imaging and therapy for

oncological applications, CXCR4-targeted PET as well as single photon emission computed

tomography (SPECT) has gained considerable attention for the sensitive detection and quan-

tification of immune cell infiltration in inflammatory conditions, such as atherosclerosis,

stroke, myocardial infarction and myocarditis, amongst others [39]. At a fist glance, this also

suggests a potential role of these imaging modalities in TME imaging, since recruitment of

immune cells to the TME is strongly dominated by the CXCL12/CXCR4 axis. However, many

(solid) cancers also display strong CXCR4 expression on tumor cells, prohibiting selective

imaging of tumor-infiltrating immune cells via CXCR4 targeting.

This, however, is not a problem regarding immune-cell specific chemokine receptors, such

as CCR5 or the C-X-C chemokine receptor 3 (CXCR3). Both receptors are involved in the

inflammatory chemokine axis and play an important role for the infiltration and function of

TILs and in creating a tumor-suppressive environment [40, 41, 42]. Importantly, CXCR3, ex-

pressed on activatedT cells [43], is necessary for functionalT cells in the TME, while impaired

CXCR3 signaling has been shown to limit anti-PD-1 therapy [41, 44]. In contrast, circulating

CCR5⁺CCR2⁺ monocytes are recruited to the TME where these cells commonly differentiate

to TAMs (M2-polarized) promoting tumor progression [45]. Previous studies have reported

that blocking of the CCR5/CCR2 axis leads to a reduced number of TAMs, inciting better ther-

apy responses, [45], and CCR5-antagonism with maraviroc induces M1-like polarization of

tumor residing macrophages mediating tumor-suppression [46]. Another tumor promoting

signaling axis/pathway is elicited by CAF secreted CXCL12, restraining leukocyte infiltration
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Table 1.1: Overview of the three relevant chemokine receptors, their expression in leukocytes
and role in cancer. Abbreviations: CD#, cluster of differentiation; CCR, CC chemokine recep-
tor; CXCR, C-X-C chemokine receptor; DC, dendritic cell; Mo, monocyte; MΦ, macrophage;
NK, natural killer cell. Data taken from [31].

Receptor CD# Relevant leukocyte

subpopulations

Native ligands Major role in cancer

CCR5 CD195 MΦ, Mo, DC, NK

and T cells

CCL3, CCL4, CCL5 Macrophage and T

cell infiltration

CXCR3 CD183 NK and T cells CXCL9, CXCL10,

CXCL11

NK and T cell

infiltration

CXCR4 CD184 most leukocyte

subpopulations

CXCL12 Metastasis

[14]. The inhibition of CXCR4 using antagonist Peptide-R54 increases T cell infiltration in

tumors, potentiating the response to ICI treatment [47]. Collectively, these investigations

highlight the critical role of chemokine receptors in cancer biology and their emerging role as

druggable targets. A thorough understanding can be achieved by comprehensively analyzing

chemokine receptors both on cancer cells and in the TME. Nuclear imaging emerges as an

indispensable tool for elucidating chemokine receptors in vivo. Thus, this thesis focuses

on evaluating receptors from the CC and CXC families as potential targets for non-invasive

imaging of the immune cell populations in the TME (CCR5, CXCR3), but also explores new

routes towards optimized CXCR4-targeted radiopharmaceutcials and a better understanding

of CXCR4 regulation in cancer. An overview of the investigated receptors is summarized in

Table 1.1.

1.2.1 Exploiting CC-chemokine receptors as leukocyte infiltrationmarker

The chemokine network regulates immune cell trafficking, development, and progression.

CC chemokine receptors (CCRs) and their ligands play important roles in shaping the TME.

Some of the CC chemokine ligands (CCLs) bind to CCR5 (e.g., CCL4, CCL5) or CC chemokine

8



Introduction Chapter 1

receptor 2 (CCR2) (e.g., CCL2, CCL5) directing T cell migration in the tumor to deliver an

effective anti-tumor immune response [48, 40]. In contrast, CCL1 signaling contributes to

maintain a tumor-suppression activating CCR8 on Tregs [48]. Adding to the complexity,

most tumors shape their own chemokine network which contributes to a pro-tumorigenic

microenvironment by recruiting TAMs, MDSCs, TANs, and Tregs [48]. Thus, the same che-

mokine axis contributes to anti- and -protumorigenic immune responses.

Despite the reported ambiguity, CCRs share a restricted expression on almost all immune cell

subtypes [31]. These characteristics can be exploited for pan-immune cell imaging, present-

ing a robust strategy to target and quantify a wide array of immune cell types for the monitor-

ing of the overall immune cell infiltration allowing the delineation of tissue-specific leukocyte

infiltration. The utilization of a viral CCL-based radiotracer, namely [64Cu]Cu-DOTA-vMIP-II,

has demonstrated high sensitivity as a PET imaging probe in detecting immune cell recruit-

ment in a mouse model of atherosclerosis, targeting six different CC-chemokine receptors

[49]. For the quantification of T cell populationss, CD3 represents a more specific biomarker.

Studies have demonstrated the utility of 89Zr-DFO-anti-CD3 for the quantification of global

T cell infiltration [50], with Larimer et al. [51] establishing the prognostic value of global

CD3⁺ T cell infiltrate in predicting responses to ICI therapy. However, CD3-targeted imaging

intrinsically relies on the use of antibody-based tracers, with all associated disadvantages

concerning pharmacokinetics and dosimetry. In contrast, radiopharmaceutical develop-

ment for CCR targeting is facilitated by the availability of multiple small, high affinity lead

structures with inherently much more favorable pharmacokinetic profiles.

Extensive HIV-related studies [52, 53] have identified CCR5 as the best characterized repre-

sentative of the CC-receptor family. The GPCR comprises two transmembrane pockets (a

minor transmembrane site 1 and a major transmembrane site 2) where the small molecular

weight pharmaceutical maraviroc binds and blocks the interaction with the viral chemokine

analogue gp120 [54]. Notably, before maraviroc was discovered as an entry inhibitor of

R5-tropic HI viruses [55], the octapeptide D-ala peptide T-amide (DAPTA) was established

as a potent anti-retroviral agent in the early 90´s [56]. Based on the DAPTA sequence, a
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series of all-D pentapeptides, all of which showing surprisingly high activities on CCR5,

has been developed and patented as potent neuroinflammation antagonists [57]. Out of

these, the lead sequence, termed RAP-103 (H₂N-ttnyt-OH) shows excellent inhibitory activity

towards CCR5 (0.18pM [58]), CCR2 (4.2pM [58]) as well as CCR8 (7.7 fM [59]). The resulting

inhibition of microglial cell signaling of orally applied CCR-antagonist RAP-103 attenuated

neuropathic pain in rodents [58]. Overall, this data suggests that highly potent bindingmotifs

are available for developing high-affinity radiotracers for leukocyte targeting. That this is

a viable approach has been recently demonstrated by the evaluation of the DAPTA-based

sequence to synthesize the radiotracer [111In]In-DOTA-DAPTA that allowed sensitive and

specific detection of atherosclerotic plaque-related inflammation in mice [60]. Another

study of inflammation imaging, targeting CCR2, demonstrated that the peptide radiotracer

[64Cu]Cu/[68Ga]Ga-DOTA-ECL1i is capable of imaging heart- and lung inflammation [61,

62]. Both, these CCR5 and CCR2, targeting approaches exploited small peptide radiotracers

to effectively monitor inflammation and correlate it with leukocyte density. Again, the pen-

tapeptide RAP-103 and its analogous peptides are highly appropriate structural scaffolds to

target CCRs as they showhigh affinities tomultiple chemokine receptors such asCCR5, CCR2,

and CCR8, thereby targeting a large scope of immune cell subsets such as macrophages,

T cells or NK cells. This potentially allows a discrimination between a leukocyte rich (im-

mune infiltrated phenotype) and poorly infiltrated (immune desert phenotype) TME. To

date, no radiotracers utilizing these sequences are reported, but based on the available

data, they might have potential for monitoring immune cell infiltration in the context of

immuno-oncology and immunology. Consequently, the primary objective of this project was

to develop RAP-103-based radiotracers for non-invasive imaging of the leukocyte infiltrate

in cancer.

To this aim, we synthesized a small compound library using the lead compound Rap-103

and further reported pentapeptide sequences [57] as binding motifs. The binding motifs

were conjugated with aminohexanoic acid and 1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA). Since the trimerization of small targeted peptides has been shown to
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enhance apparent binding affinity and tracer uptake in the target tissue [63], this strategywas

also implemented in the CCR targeting strategy. Two different trimers (NO-Y-103 and TRAP-

103) were synthesized and evaluated in comparison to the respective monomeric tracers.

The trimers were radiolabeled either with 68Ga or 64Cu. Subsequently, binding affinities on

CCR5 and possible imaging properties were tested in vitro, and 68Ga-labeledDOTA-DAPTA,

DOTA-RAP-103 and TRAP-103were evaluated in vivo. The results of these evaluations are

summarized in chapter 4. In addition, two novel methodologies were developed: (1) a resin-

based synthesis of peptide radiotracer precursors using unprotected macrocyclic chelator,

and (2) a size exclusion purification method based on commercially available G10 cartridges

to directly obtain pure peptide radiotracers in a physiological solution (see chapter 7).

1.2.2 Exploiting CXCR3 as a biomarker of T cell activation

The efficacy of immunotherapies relies on the presence and activity of CD8⁺ T cells residing

in the TME [64, 65]. As anti-cancer effects are primarily triggered by the activation of these

T cells in the tumor milieu, T cell activation serves as a crucial parameter in assessing the

response to immunotherapy. Different T cell activation markers have been targeted for

non-invasive PET imaging so far, and various studies revealed a robust correlation between

T cell activation and therapy-related responses. These biomarkers were OX40 [66], CD69

[30], inducible T cell co-stimulator (ICOS) [67], IFN-γ [29], interleukin-2 receptor (IL-2R)

[68], GZB [69] as well as T cell metabolism [70]. Table 1.2 summarizes the preclinical PET

imaging studies performed with full-sized antibodies (OX40, CD69, ICOS, IFN-γ), proteins

(IL-2R), peptides (GZB) or small molecules (metabolism, deoxyguanosine kinase (dGK)).

All of these studies demonstrated that early response to therapy is detectable using the

proposed by the established radiotracers only few days post-treatment. Notably, T cell

activationmarkers follow distinct kinetics. For example, OX40, dGK, and ICOS demonstrated

early T cell activation only two days post-therapy initiation, with the signals of OX40 and

dGK returning to baseline level despite continuous immunotherapy [67, 66, 69]. In contrast,

other biomarkers (GZB, CD69, IFN-γ, IL-2R) were evaluated at least six days after therapy
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initiation showing all T cell activation, with GZB and CD69 facilitating the differentiation

between treatment responders vs treatment non-responders in the context of ICI therapy

[69, 30, 29, 68]. This data emphasizes the critical role of T cell activation in determining and

predicting treatment outcomes and suggests the potential utility of these imaging modalities

in clinical decision making.

Another relevant biomarker associated with T cell activation is CXCR3 [71, 42, 41]. CXCR3

was first reported for its important role in T cell recruitment and its exclusive expression on

activatedT cells [72]. Through its IFN-γ inducible ligandsC-X-C chemokine ligand 9 (CXCL9),

CXCL10, and CXCL11T cells and NK cells are directed to sites of inflammation [73]. Multiple

studies have demonstrated that the efficacy of cell-based and checkpoint inhibitor-based

immunotherapies depends on CXCR3-related T cell recruitment and activation [41, 44, 74,

75]. Furthermore, CXCR3 is indispensable for the response to ICI treatment involving T cell

activation, invasion and expansion in the TME. For example, Chow et al. [41] demonstrated

that CXCR3-expressing CD8⁺ T cells are required in the TME for effective anti-tumor activity,

while a CXCR3-knockout in mice dramatically reduced the anti-tumor response to anti-PD-1

therapy [41]. Iwai et al. [44] showed that blocking of CXCR3 signaling restrains T cell infil-

tration into the tumor tissue [44]. Based on these investigations, two central functions can

be attributed to the CXCR3 axis during ICI therapy: (a) T cell recruitment into the TME [44,

74, 76] and (b) T cell activation through APCs [41], as shown in Figure 1.3. Therefore, CXCR3

represents an interesting molecular target for nuclear imaging of T cell activation and infil-

tration in response to immunotherapy. Although this receptor has never been investigated

in the context of nuclear imaging during immunotherapy, two reports on CXCR3-targeted

inflammation imaging have been published. Both studies use inflammation models (allo-

graft rejection and atherosclerosis) for tracer evaluation and both radiopharmaceuticals

investigated, [¹²⁵I]I-CXCL10 [77] and an 18F-labeled small molecule CXCR3 inhibitor [78]

accumulated specifically in inflammatory regions infiltrated with CXCR3-expressing T cells.

Overall, respective PET signal was found to correlate well with CXCR3 related T cell infil-

12



Introduction Chapter 1

Table 1.2: Overview of recently investigated biomarkers for T cell activation in nuclear
medicine. Abbreviations: mAb,monoclonal antibody; ICOS, inducibleT cell co-stimmulator ;
IFN-γ, interferon-gamma; IL-2R, interleukin-2 receptor; GZB, granzymeB; dGK, deoxyguano-
sine kinase.

Biomarker Radiotracer Radiotracer class Reference

OX40 [64Cu]Cu-DOTA-AbOX40 mAb [66]

CD69 [89Zr]Zr-DFO-H1.2F3 mAb [30]

ICOS [89Zr]Zr-DFO-ICOS mAb [67]

IFN-γ [89Zr]Zr-anti-IFNy mAb [29]

IL-2R [18F]FB-IL-2 protein [68]

GZB [18F]AlF-mNOTA-GZP peptide [69]

dGK [18F]F-AraG small molecule [70]

tration. Based on these encouraging findings, we designed a proof-of-concept to validate

CXCR3 as a potential T cell activation marker during ICI therapy.

Monoclonal antibodies are characterized by intrinsic high binding affinities, which makes

them an ideal vector for preclinical target evaluations in nuclear medicine. Therefore, we

exploited an anti-mouse CXCR3 monoclonal antibody (mAb) (α-CXCR3) as a starting proof-

of-concept vector for the validation of CXCR3. The mAb was conjugated with the chelator

2,2,2-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) by a site specific conjugation

method [79] and subsequently radiolabeled with the radioisotope 64Cu. The affinity and

stability of the resulting radiotracer [64Cu]Cu-NOTA-α-CXCR3 was confirmed by in vitro

assays. To assess therapy-related CXCR3 upregulation within the TME in comparison to

baseline expression a MC38 syngeneic colon carcinoma model was used. MC38 tumors

are known to show a strong response to ICI therapy, based on a highly immune-infiltrated

TME [80, 81]. During this study, ICI therapy (anti-PD-1/anti-CTLA-4) was applied, and

the treatment-related changes in CXCR3 expression level were investigated in-depth by

flow cytometry as well as by immunohistochemistry and immunofluorescence of tissue

specimens. Ultimately, use CXCR3 targeting efficiency of the radiotracer [64Cu]Cu-NOTA-
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Figure 1.3: Proposed function of CXCR3 during immune checkpoint inhibitor therapy ac-
cording to Iwai et al. [44] and Chow et al. [41]. CXCR3 driven chemotaxis of activated T cells
towards dendritic cells and a directed migration for the tumor-specific infiltration during
immune checkpoint blockade, ultimately leading to a higher CXCR3⁺ T cell density in the
tumor micro-environment. Abbreviations: CTL, cytotoxic T lymphocyte; CXCR3, C-X-C
chemokine receptor 3; PD-1, programmed cell death protein-1; PD-L1, programmed cell
death ligand-1; CXCL9, C-X-C chemokine ligand 9; CXCL10, C-X-C chemokine ligand 10;
IL-2, interleukin-2; IFN-γ interferon-gamma; GZB, GranzymeB;mAb, monoclonal antibody;
DC, dendritic cell; MHCI, major-histocompatibility complex I .

anti-α-CXCR3was investigated in vivo, both via PET imaging and biodistribution studies

using different molar activities, antibody doses, and time points. These results have been

summarized in a publication (see manuscript section 5.2, which has been submitted to npj

Imaging). Additionally, to cross validate the in vivo results obtained with [64Cu]Cu-NOTA-

anti-α-CXCR3, smallmolecular weight 18F-labeled radiotracers ([18F]FXC3-7 and [18F]FXC3-

B7) based on a piperazinyl-piperidine binding motif [82] were synthesized. Additionally, the

small molecular weight radiotracer [18F]FXC3-7was evaluated in vivo using PET imaging.

This data is presented in section section 5.1.
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1.2.3 Exploiting CXCR4 for imaging and targeted radioligand therapy

CXCR4 is a key chemokine receptor which plays a role in stem cell homing, hematopoiesis,

and immune cell trafficking [31]. Its ligand, CXCL12 (also known as SDF-1), is highly ex-

pressed in various tissues and organs, including the bone marrow, lymph nodes, spleen, liver,

and sites of tissue injury [33]. Moreover, CXCR4-mediated signaling via CXCL12 can modu-

late immune cell function and distribution within the TME, leading to immunosuppression

and tumor immune evasion [83]. The finding that CAFs create an immunosuppressive TME

is based on CXCL12 secretion by CAFs [84]. CXCL12-mediated activation of CXCR4 inhibits

the chemotactic functions of immune cells, thereby compromising tumor infiltration of

multiple immune cells, rendering immunotherapies less efficient [85, 83]. Conversely, many

tumors highly express CXCR4 on the tumor cell surface, which is strongly assiciated with

promoting tumor growth, metastasis, and resistance to therapy [86]. CXCR4 facilitates tumor

cell migration, invasion, and angiogenesis, contributing to the formation of a supportive

niche for tumor progression in CXCL12 rich tissues such as lung, liver, brain, and bone

[86]. CXCR4 expression is particularly high in hematological malignancies such as multiple

myeloma or B cell lymphoma, correlating with advanced disease stage and poor prognosis

[87, 88, 89]. Consequently, tumoral upregulation of CXCR4 is linked to worse prognosis and

both the CXCR4 receptor expressed on tumor cells as well as its ligand CXCL12 secreted in

the TME are considered tumor promoting mediators.

Given the reported high expression of CXCR4 in various tumors, this chemokine receptor

is a relevant drug target for anti-cancer interventions [90, 47, 91] and imaging [92, 36].

Particularly, in hematologic malignancies, characterized by substiantally increased CXCR4

expression, cancer diagnosis and staging via CXCR4-targeted PET using [68Ga]Ga-PentixaFor

(see Figure 1.4) [36] plays an increasingly important role. Furthermore, the availability of the

therapeutic companion in the context of a theranostic concept, namely [177Lu]Lu/[90Y]Y-

PentixaTher, has opened up new perspectives for CXCR4-directed RLT [91].
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Figure 1.4: Structures of the PET imaging agent [68Ga]Ga-PentixaFor and the radiotracers
[177Lu]Lu/[90Y]Y-PentixaTher used as theranostic analogue for CXCR4-directed radioligand
therapy (RLT) [91].

In small cohorts of heavily pretreated patients with multiple myeloma, T-cell lymphoma,

acute myeloblastic leukemia and diffuse large B-cell lymphoma (DLBCL) encouraging re-

sponses to [177Lu]Lu/[90Y]Y-PentixaTher were observed [91, 38], leading to the initiation

of a prospective phase I/II study (COLPRIT trial; Eudra‐CT 2015‐001817‐28). Since the

majority of these patients suffer from advanced stages of their disease, [177Lu]Lu/[90Y]Y-

PentixaTher RLT was used as last-line therapy in the reported patient studies. To prevent

further tumor progression at this stage, concomitant or bridging chemotherapy between

the diagnostic imaging and RLT is required. These therapeutic regimens typically consist

of multiple chemotherapeutic drugs alongside with glucocorticoid treatment to manage

side effects of anti-cancer therapies. However, a recent clinical trial involving three multi-

ple myeloma (MM) patients revealed a significant downregulation of CXCR4 expression by

bridging chemotherapy, potentially compromising the efficacy of CXCR4-targeted radiophar-

maceuticals [93]. The dynamic (up and down) regulation of CXCR4 expression in response

to chemotherapy agents or glucocorticoid treatment has been observed previously in vitro

[94, 95].

In the clinical management of diffuse large B cell lymphoma (DLBCL), the conventional first-

line therapy, representing the established standard of care, involves the integration of CHOP

regimen (Cyclophosphamide, Doxorubicin,Vincristine, and Prednisone) with rituximab [96].

Second-line treatment regimen comprises DHAP (Dexamethasone, Cytarabine, Cisplatin)

[97]. Thus, patients suffering from DLBCL undergo these treatment protocols (CHOP or
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DHAP) typically entailing the use of glucocorticoids (Prednisolone or Dexamethasone).

Again, the reported treatment agents altered the CXCR4 expression from cancer patients

initially eligible for RLT with [177Lu]Lu/[90Y]Y-PentixaTher. To investigate the impact of

glucocorticoid treatment on CXCR4 regulation in B cell lymphoma, six different DLBCL cell

lines (Daudi, SUDHL-4, SUDHL-5, SUDHL-8, OCY-LY1) and the T cell lymphoma cell line

(Jurkat) were treated with glucocorticoids (Prednisolone 5µM [98] or Dexamethasone 0.5µM

[99]), and thekinetics of the receptor regulationwere investigated. Flowcytometry expression

analysis in conjunction with radioligand binding assays using [¹²⁵I]CPCR4.3 were conducted

in parallel, and CXCR4 expression and radioligand uptake were correlated. To elucidate the

effects of glucocorticoid therapy on CXCR4 expression in vivo, mice bearing DLBCL tumors

were treated with received glucocorticoids starting six days prior a biodistribution study

using high-affinity ligand [68Ga]Ga-PentixaTher. All results obtained in this study, that was

conducted in the context of a service contract with PentixPharm, were published in EJNMMI

Research as short communication and can be found in section 6.5.

In addition to investigating CXCR4 receptor regulation, we aimed to improve and expand

their current applications. Unfortunately, [68Ga]Ga-PentixaFor and its theranostic analogues,

[177Lu]Lu/[90Y]Y-PentixaTher, exhibit limited flexibility towards structural changes without a

substantial decrease in affinity [100, 101, 102] precluding the implementation of alternative

radiolabeling strategies. As shown by Osl et al. [101] and further implemented by Lorenz

Konrad [103], extended linker structures with specific amino acid sequences provide both

enhanced CXCR4 affinity and greatly improved structural flexibility towards even bulky mod-

ifications to CPCR4-based receptor ligands. Thus, based on the excellent in vitro and in vivo

characteristics of [99mTc]Tc-PentixaTec ([99mTc]Tc-N4-L6-CPCR4 [37]), the highly potent

L6-CPCR4 scaffold was exploited to generate novel CXCR4-targeted imaging agents for an ex-

panded set of applications such as 18F-PET, and ahybrid (fluorescent/radioactive) compound

for potential application as a preclinical imaging tool. This involved development of appro-

priate precursors for [18F]AlF-labeling (NOTA, NODA-GA) and sulfo-cyanine5 (SulfoCy5)

containing analogs as well as their non-radioactive AlnatF- and natGa-counterparts. Their
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affinity was assessed in vitro on human as well as on mouse CXCR4 expressing cell lines and

compared to the clinical gold standard [69Ga]Ga-PentixaFor. The results from the in vitro

evaluation can be found in section 6.1.
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2 Summary of results and contribu-

tions

2.1 Article 1: Validation of the C-X-C chemokine receptor 3

(CXCR3) as a potential biomarker for T cell activation

Authors: SebastianMartin, LennardWendlinger, Béatrice Zitti,Mehdi Hicham,Viktoriia

Postupalenko, LéoMarx, Greta Giordano-Attianese, Elisabetta Cribioli,Melita Irving,

Alexandra Litvinenko, Radmila Faizova,David Viertl,Margret Schottelius

Summary

The study aimed to evaluate CXCR3 expression as a potential T cell activation marker in

the tumor microenvironment (TME) during immune checkpoint inhibitor therapy with

α-PD-1/α-CTLA-4 antibody treated mice. Exploiting α-CXCR3-PE as well as ⁶⁴Cu-labeled

NOTA-α-CXCR3 antibody, T cell activation within MC38 tumors in B57BL/6 mice were ana-

lyzed by flow cytometry and biodistribution analyses. Flow cytometry analysis confirmed

a significant increase in CXCR3⁺ T cells five days post-immune checkpoint inhibitor (ICI)

treatment. These findings were in conjunction with immunofluorescence analysis of tu-

mor cryoslices. In vivo PET imaging utilizing [⁶⁴Cu]Cu-NOTA-α-CXCR3 demonstrated a

specific accumulation in secondary lymphoid organs. Specifically, at high molar activities
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(300GBqµmol−1), specificity was observed in lymph nodes and spleen. Spleen-to-liver ra-

tios indicated a time-dependent systemic immune response, exhibiting a steady increase

over multiple ICI cycles. The study concludes that in vivo imaging of CXCR3 upregulation

under immunotherapy using antibodies is feasible, provided by optimal conditions of high

molar activities and low antibody doses for sensitive detection in lymphoid organs. How-

ever, assessing therapy-induced alterations in CXCR3⁺ T cell populations within tumors was

not possible. Nevertheless, CXCR3 remains a promising candidate for response imaging,

with potential enhancements in sensitivity anticipated through the utilization of alternative

tracers with increased affinities (pM) and favorable pharmacokinetic properties.

Authors’ contributions

MS and SM were involved in the conceptualization and experimental design of this study.

BZ and SM performed the flow cytometry experiments. MH and SM carried out the Qupath

evaluations. EC and GGA were responsible for CXCR3 transduction of CHO cells. SM carried

out the radiotracer synthesis and in vitro evaluations. DV, AL, LW and SM carried out the

PET imaging and biodistribution studies. All authors read and approved the current version

of the manuscript.

2.2 Article 2: Influence of corticosteroid treatment on CXCR4

expression in DLBCL

Authors: Sebastian Martin, David Viertl, Anna Janz, Stefan Habringer, Ulrich Keller,

Margret Schottelius

Summary

The study investigated the influence of corticosteroids on CXCR4 regulation in diffuse large

B-cell lymphoma (DLBCL) cells, aiming to understand their impact on the efficacy of CXCR4-
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targeted radioligand therapy ([¹⁷⁷Lu]Lu/[⁹⁰Y]Y-PentixaTher). DLBCL cell lines and a T-cell

lymphoma cell line were treated with dexamethasone and prednisolone at different con-

centrations and time points. Results revealed a cell line-dependent upregulation of CXCR4

expression upon dexamethasone and predinsolone treatment, with notable increases ob-

served inB lymphomacell lines. Moreover, dexamethasone treatment in vivo led to enhanced

uptake of [⁶⁸Ga]Ga-PentixaTher in OCI-LY1 tumors, indicating elevated CXCR4 expression.

These findings suggest that corticosteroids, a crucial component of chemotherapy regimens,

may not adversely impact CXCR4 expression in DLBCL cells. Instead, they may potentially

enhance the efficacy of CXCR4-targeted radioligand therapy.

The short communication can be found in section 6.5.

Authors’ contributions

SM, DV and MS carried out the in vitro and in vivo experiments. AJ, SH, UK and MS designed

the study, and MS wrote the manuscript. All authors were involved in the analysis and

interpretation of the data and in revising the manuscript. All authors read and approved the

final manuscript.

2.3 Article 3: Conjugation of unprotectedmacrocyclic chelators

using solid-phase peptide synthesis

Authors: SebastianMartin, Tobias Stemler andMargret Schottelius

Summary

Peptide-based radiotracers exhibit clinical success due to unique properties: fast clearance,

low background accumulation, and renal excretion. They can be easily modified, allowing

precise tuning of receptor affinity and pharmacokinetics. A novel synthetic strategy was

developed, directly coupling unprotected macrocyclic chelators on peptides immobilized
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on 2CTC resin. This method, exemplified by the synthesis of PSMA-617, demonstrated

improved efficiency and yield compared to conventional approaches. The same strategy was

successful with NOTA as well as various peptide sequences. Overall, on-resin coupling of

unprotected chelators in aqueous solvent systems presents a straightforward strategy for

peptide radiotracer precursor synthesis.

Authors’ contributions:

MS and SM were involved in the conceptualization and experimental design of this study. TS

carried out the synthesis of the PSMAbindingmotif. SMcarried out the peptide synthesis and

method development. All authors read and approved the current version of the manuscript.

2.4 Article 4: Validation of a size exclusionmethod for

concomitant purification and formulation of peptide

radiopharmaceuticals

Authors: SebastianMartin, LennardWendlinger,Alexandra Litvinenko,Radmila Faizova,

Margret Schottelius

Summary

The study investigated an alternative purification method for radiometal-labeled peptide

radiotracers, comparing it to the standard reversed-phase solid phase extraction (RP-SPE)

technique. Sephadex G10 cartridges were utilized for purification of peptide radiotracers

with molecular weights exceeding 1 kDa. Results showed effective retention of unreacted

radiometal salts on the G10 cartridges, with high radiochemical purities (>99%) achieved

for eluted radiopeptides, even at increased elution volumes. Product recovery from the G10

cartridges was consistently >85% for peptides with molecular weights ≥2 kDa, albeit slightly

lower for [⁶⁸Ga]Ga-PSMA-617. Notably, the G10 cartridges maintained robust performance
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over multiple uses (up to 20 times) and were successfully integrated into automated ra-

diosynthesis procedures. Overall, size exclusion purification yielded excellent radiochemical

purities (>99%) for all investigated peptide radiotracers, without the use of organic solvents.

The original article can be found in section 7.2.

Authors’ contributions

SM, LW, AL and MS were involved in the conceptualization and experimental design of this

study. SM and LW carried out the labeling procedures, prepared the draft, collected, and

analyzed the data. SM, LW, AL, RF and MS contributed to the writing and revision of the

manuscript. All authors have read and agreed to the current version of the manuscript.

23





3 Materials and methods

All chemicals and solvents were of analytical grade and used without further purification.

Amino acids for the solid phase peptide synthesis were purchased from Iris Biotech (Mark-

trewitz, Germany), chelator derivatives were acquired from Chematech (Dijon, France) and

Fosfinos (Perucká, Czech Republic). Solvents and reactants for organic synthesis were or-

dered from Sigma-Aldrich (Buchs, Switzerland) andVWR (Nyon, Switzerland). Monoclonal

antibodies were purchased from Biolegend (San Diego, USA) and chemokine ligands from

Preprotech (London, UK). All procedures involving radioactivity were performed according

to Swiss radiation protection and safety regulations.

3.1 Mass spectrometry

Mass spectrometry (MS) was performed with electron spray ionization MS by using a Advion

Expression compact mass spectrometer (Ithaka, USA) including an additional thin layer

chromatography (TLC)/MS plate express. Liquid samples were manually injected using

0.3mLmin−1 flow of methanol (MeOH) containing 0.1% formic acid mobile phase.
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3.2 Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Bruker Avance IIWB (¹H 400 MHz, ¹³C 101 MHz) at 298 K.

NMR solvents was d₆-DMSO. Spectra were calibrated on solvent signals (2.54 ppm for d₆-

DMSO). Chemical shifts were given in parts per million (ppm) and reported relative to

trimethylsilane (TMS). Coupling constants are reported in hertz (Hz). The multiplicity of

the NMR signals is described as follows: s = singlet, d = duplet, t = triplet, q = quartet, m =

multiplet.

3.3 High performance liquid chromatography

Analytical and preparative high perfomance liquid chromatography (HPLC) was conducted

on a Shimadzu LC-40D equipped with a SPD-M40 DAD UV detector (UV detection at

220 nm) a DGU-405 degasing unit and a CTO-40C column oven (column temperature at

40 °C, A = 0.1%TFA in H₂O and B= 0.1%TFA in acetonitrile (ACN)).

For analytical HPLC a 150x4.6mm MultiKrom 100-5 C18 (CS-Chromatographie Service

GmbH, Langerwehre) column was used. Folliwing methods were used:

ANALYTICAL-10-90ACN: 0-15min 10-90% B, 15-16min 90% B, 16-18min 10% B, 18-20min

10% B at a flow rate of 1mLmin−1.

ANALYTICAL-5-40ACN: 0-1min 5% B, 1-25min 5-40% B, 25-26min 40-80% B, 26-28min

80% B, 28-29min 80-5% B, 29-32min 5% B at a flow rate of 1mLmin−1.

ANALYTICAL-10-40ACN: 0-15min 10-40% B, 15-16min 40% B, 16-18min 90% B, 18-19min

10% B, 19-22min 10 B at a flow rate of 1mLmin−1.

ANALYTICAL-15-25ACN: 0-15min 15-25% B, 15-16min 90% B, 16-18min 90% B, 18-19min

25% B, 19-22min 25 B at a flow rate of 1mLmin−1.
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Preparative HPLCwas conducted on a Shimadzu LC-40D equipped with a SPD-M40 DAD

UV detector (UV detection at 220 nm) and a DGU-405 degasing unit. For the purification

using a 250x10mmMultoKrom100-5C18 (CS-Chromato-graphie ServiceGmbH, Langwehre)

column following methods were used (A = 0.1%TFA in H₂O and B= 0.1%TFA in ACN):

PURIFICATION-5-20ACN-a: 0-1min 5%B, 1-15min 5-20%B, 15-16min 20-80%B, 16-18min

80% B, 18-19min 80-5% B, 19-22min 5% B at a flow rate of 5mLmin−1.

PURIFICATION-5-20ACN-b: 0-1min 5%B, 1-15min 5-20%B, 15-18min 20-23%B, 18-19min

23-80% B, 19-21min 80% B, 21-22min 80-5% B, 22-24min 5% B at a flow rate of 5mLmin−1

PURIFICATION-10-60ACN: 0-12min 10-60%B, 15-16min 80%B, 16-17min 80%B, 17-18min

10% B at a flow rate of 4mLmin−1.

PURIFICATION-10-25ACN: 0-30min 15-25% B, 30-31min 25-90% B, 31-34min 90% B, 34-

35min 15% B, 35-38min 15% at a flow rate of 5mLmin−1.

PURIFICATION-15-45ACN 0-25min 15-45% B, 25-26min 45-90% B, 26-28min 90% B, 28-

29min 15% B, 29-30min 15% at a flow rate of 5mLmin−1.

PURIFICATION-10-45ACN 0-30min 10-45% B, 30-31min 45-90% B, 31-34min 90% B, 34-

35min 10% B, 35-38min 10% at a flow rate of 5mLmin−1.

PURIFICATION-10-30ACN: 0-15min 10-30%B, 15-16min 80%B, 13-14min 10%B, 14-16min

10% B at a flow rate of 4mLmin−1.

For crude crudepurificationusing a 250x20mmMultoKrom100-5C18 (CS-Chromatographie

Service GmbH, Langwehre) column, semi-preparative HPLC settings were used as follows

(A = 0.1%TFA in H₂O and B = 0.1%TFA in ACN): PURIFICATION-30-80ACN: 0-15min 30-80%

B, 15-16min 80-30% B, 16-18min 30% B at a flow rate of 9mLmin−1.

Samples were lyophilized using a Christ Alpha 1-2 LD plus lyophilizer.
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Radio-HPLCwas performed on a Shimadzu LC-20AT equipped with a SPD-M20A UV-ViS

detector and a Elysia Raytest γ-ray detector. For analytical radio-HPLC of the radiolabeled

CC-peptides method a 150x4.6mm MultiKrom 100-5 C18 (CS-Chromatographie Service

GmbH, Langerwehre) was used (A = 0.1%TFA in H₂O and B= 0.1%TFA in ACN). Gradient

setting RADIO-5-50ACN: 0-7min 5-50% B, 7-8min 50-80% B, 8-9min 80% B, 9-10min 80-5%

B, 10-12min 5% B at a flow rate of 1mLmin−1.

For analytical radio-HPLC of the trimers analytical measurements using method RADIO-

Chromo-10-70ACN a Chromolith Perfomrance RP-18e 100-4.6mm (Merck, Darmstadt)

HPLC column was used (A = 0.1% TFA in H₂O and B= 0.1% TFA in ACN). Gradient setting

RadioChromo-10-70ACN: 0-5min 10-70% B, 5-6min 70-10% B, 6-8min 10% B at a flow rate

of 2mLmin−1.

For the in process and quality control of compound [18F]FXC3-7 and [18F]FXC3-B7 system

was connected to a Thermo Electron Corporation BDS HYPERSIL C18 RP 5µm column

(Thermo Scientific), 250x4.6mm. The solvent composition was A = 0.1%TFA in H₂O; B = 0.1%

TFA in ACN.

Gradient setting RADIO-20-60ACN: 0-10min 20-60% B, 10-11min 60-90% B, 11-13min 90%

B, 13-14min 90-20%, 14-17min 20% B at a flow rate of 1mLmin−1.

The work-up of 18F-labeled radiotracers was conducted on a XBridge C18 BEH, 130Å, 250x10

mm (Waters, USA). Gradient setting Tracer-PURIFICATION-20-60ACN: 0-10min 20-60% B,

10-11min 60-90% B, 11-13min 90% B, 13-14min 90-20%, 14-17min 20% B. The purification

was performed at a flow rate of 4mLmin−1.
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3.4 General Procedures

3.4.1 GP01: Peptide synthesis

The starting amino acid (AA) Fmoc-AA-OH (1.5 eq.) was immobilized on 2-chlorotrityl resin

(200-400mesh, Iris Biotech) inDCMsupplementedwithN,N-diisopropylethylamine (DIPEA)

(1.25 eq). Another 2.5 eq DIPEA were added after 5min of shaking. The resin was caped after

120minwithMeOH(1mLg−1) for 10minand thenwashed (2x eachdichloromethane (DCM),

N,N-dimethylformamid (DMF), MeOH). Next, the resin was dried in-vacuo and weighed for

the calculation of the resin load according to the formula below:

resin-load [mmol/g]=
(𝑚2−𝑚1)×1000

(𝑀𝑤−36.461 [g/mol])×𝑚2
(3.1)

m1=mass of the net resin before coupling [g]

m2 = mass of the dried resin after coupling in [g]

Mw =molecular weight of the Fmoc-OH in [g/mol]

3.4.2 GP02: Coupling cycles

Theresin-boundFmoc-AAwas treatedwith 20%piperidine inDMF (v/v) for 10min and a sec-

ond time for 5min. After the resin was washed (5x with DMF) the subsequent Fmoc-AA-OH

was activated using 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluorobo-

rate (TBTU) (1.5 eq), hydroxybenzotriazole (HOBt) (1.5 eq) and DIPEA (4.5 eq) in DMF. The

resin was then shaken for 2.5 hours and washed 5-times with DMF.
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3.4.3 GP03: Peptide cleavage and deprotection

Amixture of trifluoroacetic acid (TFA), triisopropyl silane (TIPS), water (95:2.5:2.5, v/v/v) was

added to the resin to cleave the peptide. After 60min of incubation at room temperature (RT)

the peptide was precipitated in 45mL–50mL of cold diethylether (DEE). The precipitated

peptidewas centrifuged (3min, 3000 rcf). Next, the crudewas dried in vacuo and redissolved

in HPLC eluent or MeOH for the work-up by preparative HPLC.

3.4.4 GP04: Radiolabeling using 68Ga-labeling

Radiotracer precursor (10nmol–25nmol) was added into a 10mL glass reaction vial contain-

ing NaOAc buffer (0.2N, pH= 4.0, 1mL–2mL). 68Ga was manually eluted from a 68Ge/68Ga

generator (Eckert & Ziegler GalliaPharmTM, Berlin) using 0.1N hydrochloric acid. A volume

of 0.5mL–1.5mL 0.1N of the active fraction were added to the reaction vial. The labeling

took place for 15min at 95 °C. The reactionmixture was aspirated in a shielded 20mL syringe

and passed through an C18 SepPak light cartridge (Waters, 120mg sorbent) which was equi-

librated with 5mL ethanol and 5mLwater. After adding the crude mixture, the column was

washed with 1mL of water. The radiotracer was eluted with 1.5mL ethanol. Subsequently,

the organic solvent was evaporated at 95 °C under nitrogen flow and the dried product was

redissolved in PBS for in vitro or 0.9% NaCl for in vivo studies. Quality control by Radio-TLC:

Buffer solution: 1M NH4OAc in MeOH 1:1, pH= 7.0; retention factor (Rf) of free and colloidal
68Ga: 0-0.3; Rf radiotracer: 0.8-1.0.

3.4.5 GP05: PET/CT scans

PET/CT images were acquired on an Albira PET/SPECT/CT (Bruker Biospin Corporation,

Woodbridge, CT, USA). A volume of 100µL of radiotracer in 0.9% NaCl was injected into the

tail vein (1MBq–3MBq, 10pmol–250pmol). Blocking was carried out by co-injection of a

1000-fold excess of cold tracer analogue. The images were acquired 60min–90min post-

injection. The animals were anesthetized using isoflurane (1.5% alveolar concentration)
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during the static scans (20min, 32x32 0.5mm) or dynamic scans (60min, 32×32 0.5mm).

Followed by a 10min CT scan. During the whole imaging procedures, the body tempera-

ture and respiration rate was monitored. Reconstruction was performed by using Albira

reconstructor (version NMI3.3) and the images were processed by PMOD (V6.3.4, Bruker).

3.5 Synthesis of CCR-targeted radiotracers

3.5.1 Method-M1: Conjugate synthesis using DOTA in solution

Route A1 was performed according to the literature [104]. Briefly, DOTA (4 eq), NHS (5 eq)

and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (5 eq) were dissolved in water,

and DIPEA (8 eq) is added. After 15min the respective peptide (1 eq.) was added in an

equal volume of water. Progress of the coupling reaction is monitored using HPLC. If the

conversion was incomplete another equivalent of DOTA, N-hydroxysuccinimide (NHS) and

EDCI was added. Upon completion of the reaction (approximately 1 hour), the solvents are

evaporated in vacuo.

CompoundDOTA-DAPTA (DOTA-D-Ala-Ser-Tre-Tre-Tre-Asn-Tyr-Tre-OH) MS m/z (%): cal-

culated forC51H83N14O +
22 [M+H]⁺ 1243.58, found1243.5 (85%); calculated forC51H82N14O22Na+

1265.56, found 1265.6 (100%). Retention time (Rt) (analytical HPLC, method ANALYSIS-5-

40ACN): 7.95min, > 99% purity. Yield: 5.41mg (42%).

3.5.2 Method-M2: Conjugate synthesis using DOTA-tris(tert-butyl)ester

DOTA-tris(tert-butyl)ester (1.5 eq) was activated with TBTU (1.5 eq), HOBt (1.5 eq) and

DIPEA (4.5 eq) in DMF. The resin was then shaken for 2.5 hours and washed 5-times in DMF.

Compound CC-8 (DOTA-Glu-D-Tre-D-Trp-D-Tyr-D-Ser-OH) MS m/z (%): calculated for

C54H78N11O +
19 [M+H]⁺ 1184.55, found 1184.3 (85%); cald for C54H77N11O19Na+ 1120.51, found
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1120.4 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 14.20min, 96.6% purity.

Yield: 3.28mg (7%).

3.5.3 Method-M3: Conjugate Synthesis using unprotectedmacrocyclic

chelators on 2CTC resin

Macrocyclic chelator NOTA (2 eq) or DOTA (2 eq) was added to 400µL of MilliQ water and

was dissolved in an ultrasonic bath. The resin with the immobilized peptide was pre-soaked

in tetrahydrofuran (THF) for at least 5minutes in 3mL THF. To this suspension, pentaflu-

orophenol (PFP) in THF (1mgµL−1, 2.5 eq) was added. EDCI (2.5 eq) was dissolved in a

reaction tube with water 100µL, followed by adding 100µL THF. Next, DIPEA (10 eq) was

added to the EDCI solution. This solution was added to the suspension while vigorously

stirred. Subsequently, the clear reaction solution was added to the resin (1 eq) and mixed for

2 hours. The resin was washed two times each in THF, DMF and MeOH followed by drying

in vacuo and cleavage in TFA/water/TIPS (95:2.5:2.5).

Compound CC-1 (DOTA-Ahx-D-Ser-D-Ser-D-Tre-D-Tyr-D-Arg-OH) MS m/z (%): calcu-

lated for C47H78N13O +
18 [M+H]⁺ 1112.59, found 1112.4 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 8.37min, > 99% purity. Yield: 10.12mg (18%).

Compound CC-2 (DOTA-Ahx-D-Tre-D-Tre-D-Ser-D-Tyr-D-Tre-OH) MS m/z (%): calcu-

lated for C46H75N10O +
19 [M+H]⁺ 1071.52, found 1071.4 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 9.74min, 96.5% purity. Yield: 9.73mg (15%).

Compound CC-3 (DOTA-Ahx-D-Asn-D-Tre-D-Arg-D-Tyr-D-Arg-OH) MS m/z (%): calcu-

lated for C51H86N17O +
17 [M+H]⁺ 1208.64, found 1208.5 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 8.20min, 91.8% purity. Yield: 4.14mg (7%).

Compound CC-4 (DOTA-Ahx-D-Ile-D-Asp-D-Asn-D-Tyr-D-Tre-OH) MS m/z (%): calcu-

lated for C49H78N11O +
19 [M+H]⁺ 1124.55, found 1124.3 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 13.31min, > 99% purity. Yield: 8.95mg (13%).
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Compound CC-5 (DOTA-Ahx-D-Asn-D-Tre-D-Ser-D-Tyr-D-Arg-OH) MS m/z (%): calcu-

lated for C48H79N14O +
18 [M+H]⁺ 1139.57, found 1139.5 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 8.32min, > 99% purity. Yield: 8.67mg (17%).

Compound CC-6 (DOTA-Ahx-D-Ile-D-Asn-D-Asn-D-Tyr-D-Tre-OH) MS m/z (%): calcu-

lated for C49H79N12O +
18 [M+H]⁺ 1123.56, found 1123.5 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 13.01min, > 99% purity. Yield: 4.24mg (13%).

CompoundCC-7 (DOTA-Ahx-D-Asn-D-Tre-D-Ser-D-Tyr-Gly-OH)MSm/z (%): calculated for

C44H70N11O +
18 [M+H]⁺ 1040.49, found 1040.5 (100%). Rt (analytical HPLC, method ANALYSIS-

5-40ACN): 8.40min, > 97.9% purity. Yield: 8.23mg (26%).

CompoundDOTA-RAP-103 (DOTA-Ahx-D-Tre-D-Tre-D-Asn-D-Tyr-D-Tre-OH) MS m/z (%):

calculated for C47H76N11O +
19 [M+H]⁺ 1098.53, found 1098.5 (80%); calculated for

C47H74N11O19Na+ 1120.51, found 1120.4 (100%). Rt (analytical HPLC, method

ANALYSIS-5-40ACN): 9.54min, > 99% purity. Yield: 12.43mg (19%).

Compound PSMA-617 MS m/z (%): calculated for C49H72N9O +
16 [M+H]⁺ 1042.50, found

1042.2 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 18.7min, > 97.9% purity.

Yield: 2.56mg (21%).

CompoundNOTA-617 (MS m/z (%): calculated for C45H65N8O +
14 [M+H]⁺ 941.45, found 941.2

(100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 19.4min, > 95.5% purity. Yield:

2.22mg (18%).

3.5.4 Synthesis of compound RAP-103y

5-Hexynoic acid (1.5eq) was coupled to the resin-bound binding motif RAP-103 (H₂N-D-Tre-

D-Tre-D-Asn-D-Tyr-D-Tre-2CTC resin) applying GP02. After the peptide cleavage (GP03),

the curde was purified using method PURIFICATION-10-60ACN (Rt = 5.7min).
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Compound RAP-103yMS m/z (%): calculated for C31H45N6O12⁺ [M+H]⁺ 693.30, found 693.2

(50%). Rt (analytical HPLC, method ANALYSIS-10-90ACN): 5.01min, 95.5% purity. Yield:

26.75mg (18%).

3.5.5 Synthesis of compound RAP-103-Hx-N3

6-Azido-hexanoic acid (1.5eq) was coupled to the resin-bound binding motif RAP-103 (H₂N-

D-Tre-D-Tre-D-Asn-D-Tyr-D-Tre-2CTC resin) applying GP02. After the peptide cleavage

(GP03), the curde was purified using method PURIFICATION-10-60ACN (Rt = 6.5min).

CompoundRAP-103-Hx-N3MS m/z (%): calculated for C31H48N9O12⁺ [M+H]⁺ 737.33, found

737.3 (30%). Rt (analytical HPLC, method ANALYSIS-10-90CN): 7.3min, 97.1% purity. Yield:

6.75mg (15%).

3.5.6 Synthesis of compound TRAP-103

An aqueous solution ofTRAP-Triazide (Fisfinos s.r.o., Czech Republic) was prepared in MilliQ

water (0.1mgµL−1, 1 eq, 0.007mmol). The alkyne RAP-103y (3.3 eq, 0.022mmol) which has

been dissolved in 720µL 1:1 DMF/MilliQ water (v/v) was added into a 5mL Eppendorf

reaction tube. Subsequently, an aqueous solution of L-ascorbic acid (50mM, 50 eq) was

added. A solution of CuSO4 (110mM, 1.2eq) in water was added and the reaction mixture.

The mixture was heated in an oil bath at 60 °C for 30-60min without stirring. The product

formation was verified by analytical HPLC. In case of the presence of unreacted azide, a

second aliquot of copper (1.2 eq) was added, and the reaction mixture was heated again for

30min. Subsequently, NOTA (20 eq.) dissolved in 1mL MilliQ was added, and the reaction

mixture was heated again for 2 hours at 60 °C. The compound was purified using the method

PURIFICATION-10-60ACN.
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Compound TRAP-103 MS m/z (%): calculated for C120H184N33O45P3²- [M-2H]²- 1450.13,

found 1450.5 (45%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 13.8min, 90.3%

purity. Yield: 9.30mg (46%).

3.5.7 Synthesis of compound NO-Y

1,4,7-Triazacyclononane (1 eq., 50mg, 0.21mmol) was dissolved in dry ACN and K2CO3

(15 eq., 435mg, 3.2mmol). Propargylchlorid (2.9 eq, 44.1µL) which had been diluted in

1mL ACN was added dropwise and the reaction mixture was strirred at RT for 10 hours.

Subsequently, the solventwas evaporated, redissolved inMeOHandfilterd through a 0.22µm

filter (Ministart RC 4, Sartorius). The work up was conducted using method PURIFICATION-

10-60ACN Rt 7.5min.

CompoundNO-Y (1,4,7-tri(prop-2-yn-1-yl)-1,4,7-triazonane) MS m/z (%): calculated for

C15H22N3⁺ [M+H]⁺ 244.17, found 244.1 (100%). Rt (analytical HPLC, method ANALYSIS-5-

40ACN): 16.6min, 98.9% purity. Yield: 4.85mg (4%).

3.5.8 Synthesis of compound NO-Y-103 and NO-Y-Hx

The alkyne NO-Y (1 eq) was dissolved in DMF to obtain a solution of 0.1mgµL−1. Next,

the azide RAP-103-Hx-N3 (3.3 eq, 0.009mmol) or 5-Hexynoic acid (3.3 eq, 0.005mmol)

dissolved in 1:1 MilliQ water/DMF was added. Subsequently, an aqueous solution of L-

ascorbic acid (50mM, 50 eq) was added. A solution of CuSO4 (110mM, 1.2 eq) in MilliQ

water was added and the reaction mixture and was heated in an oil bath at 60 °C for 30-

60min without stirring. The product formation was verified by analytical HPLC. In case of

the presence of unreacted alkyne, a second aliquot of copper (1.2 eq) was added, and the

reaction mixture was heated again for 30min. Subsequently, NOTA (20 eq.) dissolved in

1mLMilliQ water was added, and the reaction mixture was heated again for 2 hours at 60 °C.

The compounds were purified using the method PURIFICATION-10-60ACN.
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Compound NO-Y-HxMS m/z (%): calculated for C33H55N12O +
6 [M+H]⁺ 715.43, found 715.5

(15%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 16.6min, 98.9% purity. Yield:

2.07mg (65%).

Compound [64Cu]Cu-NO-Y-Hx MS m/z (%): calculated for CuC33H56N12O6²⁺ [M+2H]²⁺

389.68, found 389.0 (55%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 14.5min,

94.5% purity. Yield: 1.19mg (35%).

CompoundNO-Y-103MS m/z (%): calculated for C108H160N30O36²- [M-2H²-] 1226.6, found

1227.0 (40%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 14.9min, 77.2% purity.

Yield: 1.99mg (36%).

Synthesis of natGa and natLu complexes

Non-radioactive reference compounds were prepared with GaNO3 or LuCl3. A stock solution

(0.032mmol/mL) was prepared in 0.1N hydrochloric acid. 500µL sodium acetate buffer

(NaOAc, pH= 4.5, 0.2mmol) was given into an Eppendorf tube (1.8mL). Next, the precursor

was added. The stock solution of the trivalentmetal ionswas added to themixture andheated

for 10 minutes at 95 °C. Meanwhile, a SepPak C18 light cartridge (120mg sorbents) was

equilibrated using ethanol (5mL) and water (10mL). After equilibration to RT the reaction

mixture was slowly passed through the equilibrated cartridge and rinsed with water (2mL).

The labeled compound was eluted with ethanol (5mL). The product was freeze-dried and

weighed.

Compound [natGa]Ga-CC-1MS m/z (%): calculated for C47H75N13O18Ga+ [M+H]⁺ 1178.46,

found 1178.4 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 8.33min, 95.9%

purity. Yield: 2.32mg (80%).

Compound [natGa]Ga-CC-2MS m/z (%): calculated for C46H72N10O19Ga+ [M+H]⁺ 1137.42,

found 1137.3 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 9.76min, 98.3%

purity. Yield: 1.91mg (75%).
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Compound [natGa]Ga-CC-3-GaMSm/z (%): calculated forC51H83N17O17Ga+ [M+H]⁺ 1274.54,

found 1174.4 (87%); calculated for C51H83N17O17Ga2+ [M+2H]²⁺ 637.77, 637.8 (100%). Rt

(analytical HPLC, method ANALYSIS-5-40ACN): 8.33min, 95.9% purity. Yield: 2.10mg (78%).

Compound [natGa]Ga-CC-4-GaMSm/z (%): calculated forC49H75N11O19Ga+ [M+H]⁺ 1190.45,

found 1190.3 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 13.52min, 97.9%

purity. Yield: 1.60mg (65%).

Compound [natGa]Ga-CC-5MS m/z (%): calculated for C48H76N14O18Ga+ [M+H]⁺ 1205.47,

found 1205.2 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 8.45min, 95.1%

purity. Yield: 1.75mg (65%).

Compound [natGa]Ga-CC-6MS m/z (%): calculated for C49H76N12O18Ga+ [M+H]⁺ 1189.47,

found 1189.3 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 13.21min, 97.1%

purity. Yield: 1.33mg (57%).

Compound [natGa]Ga-CC-7MS m/z (%): calculated for C44H67N11O18Ga+ [M+H]⁺ 1106.39,

found 1106.2 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 8.47min, 97.3%

purity. Yield: 2.11mg (80%).

Compound [natGa]Ga-CC-8MS m/z (%): calculated for C54H75N11O19Ga+ [M+H]⁺ 1250.45,

found 1250.1 (90%); calculated for C54H76N11O19Ga +
2 [M+2H]²⁺ 625.73, found 625.8 (100%).

Rt (analytical HPLC, method ANALYSIS-5-40ACN): 14.35min, 94.1% purity. Yield: 1.35mg

(60%).

Compound [natGa]Ga-DOTA-RAP-103MS m/z (%): calculated for C47H73N11O19Ga+ [M+H]⁺

1164.43, found 1164.4 (100%). Rt (analytical HPLC, method ANALYSIS-5-40ACN): 9.63min,

> 99% purity. Yield: 2.37mg (85%).

Compound [natGa]Ga-DOTA-DAPTAMS m/z (%): calculated for C51H80N14O22Ga+ [M+H]⁺

1309.48, found1309.3 (50%); calculated forC51H79N14O22GaNa+ 1331.46, found1331.4 (100%).
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Rt (analytical HPLC, method ANALYSIS-5-40ACN): 7.53min, > 99% purity. Yield: 1.83mg

(75%).

Compound [ⁿatLu]Lu-DOTA-DAPTAMS m/z (%): calculated for C51H80N14O22Lu+ [M+H]⁺

1415.50, found 1415.4 (70%); calculated for C51H79N14O22LuNa+ 1437.48, found 1437.3 (100%).

Rt (analytical HPLC, method ANALYSIS-5-40ACN): 8.18min, 98.5% purity. Yield: 2.03mg

(80%).

Compound [natGa]Ga-TRAP-103MSm/z (%): calculated forC120H189N33O45P3Ga³⁺ [M+3H³⁺]

990.39, found 990.9 (100%); calculated for C120H188N33O45P3Ga²⁺ 1485.59, found 1486.1 (80%).

Rt (analytical HPLC, method ANALYSIS-5-40ACN): 12.9min, 92.2% purity. Yield: 1.5mg

(70%).

3.6 Iodinating proteins using Iodogen

The recombinant protein was dissolved in PBS and aliquots were created using low bind

Eppendorf tubes. 10µg–20µg of recombinant protein were dissolved in 100µL TRIS buffer

(25mMTRIS, 0.4M NaCl, pH 7.5). Addidtionally, 5µLDMSO were added. The mixture was

transferred to an Eppendorf reaction tube precoated with 50µg of Iodogen. Upon addi-

tion of Na¹²⁵I (20MBq–25MBq (Hartmann Analytic, Braunschweig) the radiolabeling was

performed for 15min at RT. Next, the liquid was purified by a PD MidiTrap G-25 (Cytiva, Up-

psala) column which was saturated by 1mL BSA (20 gL−1). The purification was performed

according to the manufacturer’s protocol. 10% (v/v) ethanol were added to the final product

to prevent radiolysis.

3.7 Iodinating proteins using the Bolton-Hunter reagent

The iodination was performed according to the general procedures recommended by Fisher

Scientific (protocol no. 0476.1). In brief, 0.5mg of the Bolton-Hunter reagent (N -succin-

imidyl-3-[4-hydroxyphenyl]propionate, #cat: 27710)were dissolved in 1mLDMSO.A volume
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of 2µL of this solution were added to the labeling buffer (50mM sodium phosphate buffer,

pH 7.5 containing 25MBq of Na125I). Immediately, chloramine T (100µg in 50µL of labeling

buffer 50mM sodium phosphate buffer, pH= 7.5) was added. After 15 seconds the reagent

was extracted by the addition of 100µL of benzene and 5µL DMF. The organic phase was

collected and dried in a V-shaped glass vial with a gentle steam of nitrogen gas. 250ng of

the protein (human recombinant CXCL10, Preprotech, #Cat: 300-12) which was dissolved

in ice-cold sodium borate buffer (50mM, pH= 8.5) before were added in a volume of 2.5µL

and allowed to react for 2 hours at RT. The reagents were dissolved in 500µL of PBS and

purified using a PD MidiTrap G-25 (Cytiva, Uppsala) column which was saturated by 1mL

BSA (20 gL−1). The purification was performed according to the manufacturers’ protocol.

3.8 Synthesis of piperazinylpiperidine based radiotracers

3.8.1 Synthesis of compound XC3-1a

5,6-Dichloronicotinic acid (1 eq, 9.33mmol) was dissolved in dry 12mL of dry DMF:DCM

(3:1). Propargylamide (1.5 eq, 14mmol), EDCI (1.5 eq, 14mmol) and Triethylamine (1.6 eq,

14.9mmol) were added and the reactants were stirred for 16 hours at RT. The solvent was

removed under reduced pressure at 50 °C. The residue was dissolved in DCM (50ṁL) and

washed with 1M HCl (50mL) and water (50mL). The organic layer was collected, dried over

MgSO4, filtered and concentrated under vacuum. Column chromatography was performed

(eluent: ethylacetate (EtOAc)/Petrol ether, 1:1) to give the product as yellowish solid.

Compound XC3-1a (5,6-dichloro-N -(prop-2-yn-1-yl)nicotinamide) MS m/z (%): calculated

for C9H5Cl2N2O [M-H-] 227.0, found 226.8 (100%). Rt (analyticalHPLC,methodAnalytical-10-

90ACN): 9.2min, > 99% purity. Yield: 488.2mg (23%). ¹H-NMR: 9.292 (t, JHz = 5.2, 1H), 8.801

(d, JHz = 2.20, 1H), 8.497 (d, JHz = 2.20, 1H), 4.100 (dd, JHz = 2.60, 2H), 3.200 (t, JHz = 2.51,

1H). ¹³C-NMR: 150.472, 147.352, 138.617, 130.451, 129.734, 80.927, 74.011, 29.179.
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3.8.2 Synthesis of compound XC3-2a

Compound XC3-1a (1.05 eq, 2.44mmol), (S)-1-Boc-2-ethylpiperazine (1 eq, 2.33mmol) and

K2CO3 (3 eq) were stirred at 85°C in 5mL DMF (anhydrous) overnight. The DMF was evapo-

rated under reduced pressure. Then the residue was dissolved in DCM (3mL) and washed

with water (30mL) two times. The organic layer was dried overMgSO4, and the DCM was

evaporated under reduced pressure. The yellowish oil was dissolved in 5mL DCM/TFA (3:2)

for 5min. The solvents were again removed under reduced pressure. The residue was dis-

solved in 25mL DCM and washed with 1M NaOH (25mL) and a second time with water

(25mL). The collected organic layer was dried over MgSO4, filtered and concentrated under

reduced pressure. Column chromatography was applied to gain the product as yellowish

oil. The crude was purified by means of column chromatograph. Gradient: EtOAc/triethy-

lamine (TEA) (99:1) to EtOAc/MeOH/TEA (80:20:1).

Compound XC3-2a ((S)-5-chloro-6-(3-ethylpiperazine-1-yl)-N -(prop-2-yn-1-yl)nicotin-

amide) MS m/z (%): calculated for C15H20ClN4O [M+H]⁺ 307.8, found 307.0 (100%). Rt

(analytical HPLC, method Analytical-10-90ACN): 6.0min, > 99% purity. Yield: 373mg (52%).

3.8.3 Synthesis of compound XC3-3

Piperidin-4-one (1 eq, 10.10mmol), 1-chloro-4-(chloromethyl)benzene (2.5 eq, 25.25mmol)

and Triethylamine (3 eq, 30.3mmol) were stirred for 48 hours at 60 °C in dichlorethane

(DCE). The solvent was removed in vacuo and column chromatography was applied using

EtOAc/TEA (99:1) to obtain the product as brownish oil.

Compound XC3-3 (1-(4-chlorobenzyl)piperidine-4-one) MS m/z (%): calculated for

C12H14ClNO [M+H]⁺ 224.1, found 224.0 (80%). Rt (analytical HPLC, method Analytical-

10-90ACN): 6.0min, > 99% purity. Yield: 373mg (52%). ¹H-NMR: 7.373 (s, 4H), 3.587 (s, 2H),

2.657 (t, 4H), 2.335 (t, 4H).
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3.8.4 Synthesis of compound XC3-6

CompoundXC3-2a (1 eq, 0.23mmol) andcompoundXC3-3 (2 eq, 0.46mmol)weredissolved

in THF (anhydrous) and heated to 50 °C for 3 h. After agitation at RT NaBH(OAc)3 (1.9 eq,

0.48mmol) was added stepwise. After 16 hours of stirring, the solvent was evaporated in

vacuo and the residue was dissolved in EtOAc (30mL). After washing the organic phase with

1M NaOH and water, the combined organic phases were dried with MgSO4, filtered and

evaporated under reduced pressure. The crude was redissolved in MeOH for the work-up by

semi-preparative HPLC using method PURIFICATION-30-80ACN.

CompoundXC3-6 ((S)-5-chloro-6-(4-(1-(4-chlorobenzyl)piperidine-4-yl)-3-ethylpiperazine-

1-yl)-N -(prop-2-yn-1-yl)nicotinamide) MS m/z (%): calculated for C27H33Cl2N5O [M+H]⁺

514.5, found 514.2 (100%). Rt (analytical HPLC, method Analytical-10-90ACN): 7.1min,

> 98.5% purity. Yield: 67.7mg (57%).

3.8.5 Synthesis of compound XC3-1b

3-amino-5,6-dichloro-N -methylpyrazine-2-carboxamide (1.22mmol, 1.05 eq), K2CO3 (3.5

mmol, 3 eq) and (S)-1-Boc-2-ethylpiperazine (1.17mmol, 1 eq) were stirred in DMF (anhy-

drous) at 85 °C for 16 hours. After evaporation of theDMFunder reducedpressure at 50 °C the

residue was dissolved in 25mLDCM and washed with 1M NaOH (25mL) and water (25mL)

one time. After evaporation of the organic phase, amixture of 9mLMeOH/water/THF (6:2:1)

was added to the yellowish oil. Next, LiOH (4 eq) was added and stirred for 16 hours at RT.

The solvent was removed in vacuo and the residue was dissolved in EtOAc, washed with

water two times, dried over MgSO4. Subsequently, the organic solvent was removed under

reduced pressure. The lyophilized product was used without further purification.

Compound XC3-1b ((S)-3-amino-5-(4-(tert-butoxycarbonyl)-3-ethylpiperazine-1-yl)-6-

chloropyrazine-2-carboxylic acid) MS m/z (%): calculated for C16H25ClN5O4 [M+H]⁺ 386.9,
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found 386.1 (100%). Rt (analytical HPLC, method Analytical-10-90ACN): 12.5min, 69.7%

purity. Yield: 250mg (56%).

3.8.6 Synthesis of compound XC3-2b

Compound XC3-1b (0.13mmol, 1 eq) was dissolved in DCE. Propargylamine (0.28mmol,

2.2 eq), TEA (0.78mmol, 6 eq) was added, and the mixture was cooled to 0 °C. The acid was

activated by addition of thionyl chloride (0.76mmol, 6 eq) at 0 °C. Subsequently, the mixture

was stirred for 15min at RT. The solventwas removedunder reducedpressure and the residue

was redissolved in EtOAc (30mL). The organic phase was washed with saturated NaHCO3

and wate one time each. After rotary evaporation of the organic phase, silica gel column

chromatography was applied with EtOAc/TEA (99:1). The organic solvent of the collected

fractions was removed in vacuo. Subsequently, the Boc protection group was removed by

addition of 5mL of DCM/TFA (3:2) for 5minutes. Rotary evaporation and lyophilization

resulted in compound 2a as a yellow oil.

Compound XC3-2b ((S)-3-amino-6-chloro-5-(3-ethylpiperazine-1-yl)-N -(prop-2-yn-1-yl)-

pyrazine-2-carboxamide) MS m/z (%): calculated for C14H23ClN7O [M+NH4⁺] 340.8, found

340.1 (25%). Rt (analytical HPLC, method Analytical-10-90ACN): 7.0min, 70.2% purity.

Yield: 32.6mg (78%).

3.8.7 Synthesis of compound XC3-B6

Compound XC3-2b (0.31mmol, 1 eq) and compound XC3-3 (0.46mmol, 2 eq) were dis-

solved in THF (anhydrous) and heated to 50 °C for 3 h. After agitation to RT NaBH(OAc)3

(0.59mmol, 1.9 eq) were added stepwise. After 16 hours of stirring, the solvent was evapo-

rated in vacuo and the residue was dissolved in EtOAc (30mL). After washing the organic

phase with 1M NaOH and water, the EtOAc was dried with MgSO4, filtered and evaporated

under reduced pressure. The crude was redissolved in MeOH for the work-up by semi-

preparative HPLC using method PURIFICATION-30-80ACN.
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CompoundXC3-B6 ((S)-3-amino-6-chloro-5-(4-(1-(4-chlorobenzyl)piperidine-4-yl)-3-ethyl-

piperazine-1-yl)-N -(prop-2-yn-1-yl)pyrazine-2-carboxamide) MS m/z (%): calculated for

C26H34Cl2N7O[M+NH4⁺] 530.22, found530.4 (100%). Rt (analyticalHPLC,method10-90ACN):

7.8min, 90.1% purity. Yield: 34.6mg (21%).

3.8.8 Synthesis of compound [natF]FXC3-5

The synthesis of compound [natF]FXC3-5 (2-Fluoroethylazide) was conducted according to

Glaser et al. [105]. In brief, 2-fluoroethyl-4-toluenesulfonate (0.24mmol, 1 eq) was dissolved

in 0.5mLDMF (anhydrous). Sodium azide (0.73mmol, 3 eq) was added and the suspension

was stirred for 24 hours at RT. The undissolved residues were centrifuged, and the super-

natant was filtered through a 0.2µm filter (Sartorius RC 4 minisart). The filter was further

rinsed with 200µLDMF. TLC using EtOAc as eluent was applied to monitor of the reaction.

3.8.9 Synthesis of compound [natF]FXC3-7

Compound XC3-6 (0.03mmol, 1 eq) was dissolved in 5mL DMF. First, 328µL (0.13mmol,

4.5 eq) of a freshlyprepared stock solutionof L-Ascorbic acid (100mg/mL inwater)was added.

Subsequently, 328µL (0.13mmol, 4.5 eq) of a CuSO4x5H2O stock solution (100mg/mL in

water). Finally, compound XC3-5 (0.08mmol, 2.7 eq) in 200µL DMF was added under

vigorous stirring. The reaction mixture was stirred for 15minutes at RT. The solution was

then diluted with 40mLwater and 10mL saturated NaHCO3, and subsequently extracted

three times with 50mL EtOAc. The organic phase was collected, dried over MgSO4 and

evaporated under reduced pressure. The residue was redissolved in MeOH for the work-up

by semi-preparative HPLC using method PURIFICATION-30-80ACN.

Compound [natF]FXC3-7 ((S)-5-chloro-6-(4-(1-(4-chlorobenzyl)piperidine-4-yl)-3-ethyl-

piperazine-1-yl)-N -((1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)methyl)nicotinamide) MS m/z

(%): calculated for C29H38Cl2FN8O [M+H]⁺ 603.25, found 603.1 (100%). Rt (analytical HPLC,

method 10-90ACN): 7.0min, > 99% purity. Yield: 3.3mg (18%).
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3.8.10 Synthesis of compound [natF]FXC3-B7

Compound XC3-B6 (0.03mmol, 1 eq) was dissolved in 0.5mLDMF. First, 359µL (0.2mmol,

7 eq) of a freshly prepared stock solutionof L-Ascorbic acid (100mgmL−1 inwater)was added.

Subsequently, 328µL (0.13mmol, 4.5 eq) of a CuSO4x5H2O stock solution (100mg/mL in wa-

ter). Lastly, compound XC4-5 (0.08mmol, 2.7 eq) in 200µLDMF was added under vigorous

stirring. The reaction mixture was stirred for 15minutes at RT. The solution was then diluted

with 40mLwater and 10mL saturated NaHCO3, and subsequently extracted three times with

550mL EtOAc. The organic phase was collected, dried over MgSO4 and evaporated under

reduced pressure. The residue was redissolved in MeOH for the work-up by semi-preparative

HPLC using method PURIFICATION-30-80ACN.

Compound [natF]FXC3-B7 ((S)-3-amino-6-chloro-5-(4-(1-(4-chlorobenzyl)piperidine-4-

yl)-3-ethyl-piperazine-1-yl)-N -((1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)methyl)pyrazine-

2-carboxamide) MS m/z (%): calculated for C28H38Cl2FN10O [M+H]⁺ 619.26, found 619.1

(100%). Rt (analytical HPLC, method 10-90ACN): 7.3min, > 99% purity. Yield: 2.64mg

(14%).

3.8.11 Synthesis of compound [18F]FXC3-5

The protocol was performed according to Zhou et al. [106]. Briefly, 18F-fluoride (500MBq)

was added into a septum-screw-capped 10mLV-vial and azeotropically dried in the presence

of K2CO3 (2mg) and kryptofix (K₂₂₂, 0.8mg)withACN (3 × 1mL) under nitrogenflowat 105 °C.

Tosylate precursor 2-azidoethyl-4-toluenesulfonate (0.35mg, 1.5µmol) in ACN (0.2mL) was

added to the dried vial while the reaction took place at 80 °C–90 °C for 10min. Subsequently,

10mL water was added to quench the reaction. By pressurising the vessel the mixture was

passed through a C18 plus (Waters, 5404 Baden) and an Oasis HLB (Waters, 5404 Baden)

solid phase extraction (SPE) column which had been assembled in series. Before use, the

cartridges were activatedwithMeOH (10mL) andwater (10mL).The reaction vial was rinsed

one more time with water (10mL), followed by air (20mL) ro remove the residual water from
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the cartridges. For in-process control, the residing activity on the HLB cartridge containing

compound [18F]FXC3-5 (2-[18F]Fluoroethyl azide) was measured (120MBq–160MBq).

3.8.12 18F-click labeling to obtain compound [18F]FXC3-7 and [18F]FXC3-B7

The radiolabeling using C18 plus (waters, USA) and HLB cartridges (waters, USA) in series

was performed according to [106]. A solution of the alkyne substrate XC3-6 or XC3-B6 in

DMF (0.4mg, 450µL) and 50µL of the Cu(I) reagent (mixture of 5mg of CuSO4 in 50µLwater,

15mg sodiumascorbate in50µLwater, and6mgbathophenanthrolinedisulfonate (BPDS) in

100µL 4:1 water/DMF) were loaded slowly onto the 2-[18F]fluoroethyl azide containing HLB

cartridge. The eluate during the loading was discarded. The reaction was allowed to proceed

for 10min at RT (compound XC3-6) or 10min (XC3-B6) at 60 °C. Acetonitrile (0.5mL) was

used to elute the reaction mixture followed by water (up to 2mL–3mL). The crude was

purified by radio-HPLC using method Tracer-Purification-10-60ACN. Subsequently, the

solvents were evaporated under nitrogen flow at 100 °C until dryness.

Compound [18F]FXC3-7: Rt (analytical radio-HPLC, method Radio-20-60ACN): 8.1min.

Compound [18F]FXC3-B7: Rt (analytical radio-HPLC, method Radio-20-60ACN): 8.5min.

3.9 Synthesis of CXCR4-targeted ligands

Starting material was the L6-CPCR4 building block Cyclo(D-Tyr-NMe-D-Orn(D-Dap(Boc)-

D-Arg(Pbf)-D-Ala-4-Abz)-Arg(Pbf)-2-Nal-Gly) which was commercially purchased (Senn

Chemicals AG, Dielsdorf). The synthesis of the final products was carried out based on

previously published protocols [37]. After the deprotection (GP-03), the products were

purified by means of preparative HPLC. Method PURIFICATION-10-25ACN:NODAGA-L6-

CPCR4 (Rt: 25.7min), NOTA-L6-CPCR4 (Rt: 26.8min); method PURIFICATION-15-45ACN:

SulfoCy5-L6-CPCR4 (Rt: 14.6min); method PURIFICATION-10-40ACN: SulfoCy5-Ahx-

dap(DOTA)-L6-CPCR4 (Rt: 19.5min).
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The labeling of NODAGA-L6-CPCR4 and NOTA-L6-CPCR4was performed in NaOAc buffer

(0.5M, pH= 4). A solution of 8mM AlF in NaOAc labeling buffer was added to obtain a final

concentration of 2mM concentration. The labeling conducted at 95 °C for 20min.

Compound NODAGA-L6-CPCR4: MS m/z (%): calculated for C70H98N20O17 [M+H]¹⁺ 1492.7,

found 1491.7 (20%), 745.9 [M+2H]²⁺ (100%). Rt (analytical HPLC, method ANALYTICAL-15-

25ACN): 10.4min, purity 98.4%.

Compound Al-NODAGA-L6-CPCR4: MS m/z (%): calculated for C70H98N20O17Al [M+H]¹⁺¹⁺

1518.66, found1538.7 (25%), 758.7 [M+2H]²⁺ (30%). Rt (analyticalHPLC,methodANALYTICAL-

15-25ACN): 10.5min, purity 95.3%.

CompoundNOTA-L6-CPCR4: MS m/z (%): calculated for C67H94N20O15 [M+H]¹⁺¹⁺ 1419.61,

found1420.6 (100%), found710.4 [M+2H]²⁺ (40%). Rt (analyticalHPLC,methodANALYTICAL-

15-25ACN): 11.0min, purity 96.7%.

Compound [natF]AlF-NOTA-L6-CPCR4: MSm/z (%): calculated forC67H94N20O15AlF [M+H]¹⁺

1466.6, found 732.4 [M+2H]²⁺ (30%). Rt (analytical HPLC, method ANALYTICAL-15-25ACN):

10.5min, purity 84.1%.

Compound SulfoCy5-L6-CPCR4: MS m/z (%): calculated for C87H111N19O17S2 [M+H]¹⁺

1759.08, found 880.6 [M+2H]²⁺ (80%). Rt (analytical HPLC,method ANALYTICAL-15-45ACN):

13.8min, purity >99%.

Compound SulfoCy5-dap(DOTA)-L6-CPCR4: MS m/z (%): calculated for C112H154N26O26S2

[M+H]¹⁺ 2344.10, found 1172.9 [M+2H]²⁺ (12%), 782.7 [M+3H]³⁺ (5%). Rt (analytical HPLC,

method ANALYTICAL-10-40ACN): 12.0min, purity 95.4%.

3.10 Serum protein binding

Todetermine the ratioofproteinbound radiotracer, 20µL–50µLof the radio-labeledmolecule

in PBS was added directly into preheated human serum (1000µL, 37 °C). Triplicates were
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generated. The incubation took place in a cell-incubator (37∘C) for 1 hour. The samples were

centrifuged utilizing centrifuge filters (molecular cutoff 30 kDa) at 10,000 rcf for 5minutes

at 4 °C. The filters were further rinsed twice using cold PBS buffer (100µL). A subsequent

gamma counting was applied to determine the counts per minute of the filters and the liquid.

The percentage of protein bound ratio was calculated.

3.11 Stability in human serum

To a volume of 500µL of human serum, 50µL–100µL of radiotracer were added. The mixture

was incubated at 37°C. Analyses were undertaken after 24 and 48 hours of incubation. Before

the analysis 100µL of the sample were passed through a 0.2µm filter before the radio-HPLC

analysis.

3.12 Distribution coefficient

Distribution coefficient (Log D) determinations were performed in the two-phase system

n-octanol (500µL) and PBS buffer (490µL, pH 7.4). Radio-labeled compound (10µL) was

added to the mixture, thoroughly mixed and incubated in a shaker for 1 hour at room tem-

perature. The two-phase system was centrifuged at 4xG for 5minutes. Triplicates of both

phases were prepared. 100µL of each phasewas taken for the gamma counting and common

logarithm was applied to calculate the n-octanol/PBS distribution coefficient Log D.

3.13 In vitro experimentation

3.13.1 Cell culture

Cells were maintained in a 5% CO2 humid atmosphere at 37°C either using RPMI GlutaMAX

media (HEK293, Jurkat, MDA-MB231 X4, 4T1, MC38) or Ham’s F-12 Nutrient Mix (CHO). The

cell culture media was supplemented with 10% fetal bovine serum and 1% penicillin/strep-
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tomycin. Transiently transfected HEK293 cells were cultured in GlutaMAX containing 10%

fetal bovine serum, 1% penicillin/streptomycin, and 1mg/mL geneticin (G418).

3.13.2 Cell transfection

HEK293 cells were transfected according to the instructions of the manufacturers protocol

for the TransIT® -293 transfection reagent. Therefore, one million cells were transfected with

the plasmide of one of the six Chemokine recepors (human CCR2, -5, -8 or murine CCR2,

CCR5, or CCR8). Positive selection was performed by addition of 1mg/mL geneticin (G418)

at day two post-transfection.

3.13.3 Flow cytometry

The cells were washed twice with cold flow cytometry buffer (1% fetal bovine serum in PBS).

For the staining, triplicates of 1x10⁶ cells were prepared and incubated 30min on ice using a

concentrationof 1µgmL−1 of antibodyusing PE anti-humanCCR2 (BioLegend, #Cat: 357205,

Clone K036C2), PE anti-human CCR5 (BioLegend, #Cat: 359105, Clone: J418F1), PE anti-

human CCR8 (BioLegend, #Cat: 360603, Clone: L263G8), PE anti-mouse CCR2 (BioLegend,

#Cat: 150609, Clone: SA203G11), PE anti-mouse CCR5 (BioLegend, #Cat: , Clone: SA203G11),

PE anti-mouse CCR8 (BioLegend, #Cat: 150311, Clone: SA214G2), PE anti-mouse CXCR3

(BioLegend, #Cat: 126505, Clone: CXCR3-173), PE anti-human CXCR4 (BioLegend, #Cat:

306506, Clone: 12G5), or PE mouse IgG, κisotype Ctrl (BioLegend, #Cat: 400212, Clone:

MOPC-173). The freshly prepared staining dilution (100µL in flow cytometry buffer) was

added to the cells. The cells were spun down at 300xg after the incubation and the staining

agent was discarded. Subsequently, the cells were washed twice and resuspended in 500µL

of cold FACS buffer. In addition, DAPI was added to each sample shortly before the analysis

to yield a final concentration of 0.5µgmL−1. The flow cytometry analyses were conducted on

the same day on a Beckman Coulter Gallios flow cytometer. The acquired data were analyzed

with FlowJo v10.7.1. Control of the surface expression was realized by flow cytometry and its
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specific phycoerythrin (PE)-mAb (Biolegend, London). HEK293-hCCR2: 49.7% positive cells;

HEK293-hCCR5: 88.6% positive cells; HEK293-hCCR8: 67.9% positive cells; HEK293-mCcr2:

13.6% positive cells; HEK293-mCcr5: 53.7% positive cells; HEK293-mCcr8: 56.7% positive

cells.

3.13.4 IC50 determinations on CXCR4-expressing cells

Binding experiments were performed on Jurkat (human CXCR4) and transfected HEK293

(murine CXCR4) cells. The cell suspension was washed three times and 106 cells were added

to each γ-counter tube (V-shape, 4.5mL) in 200µL assay buffer (HBSS, supplemented with

1% BSA). The competitors were added in concentrations ranging form 10−11 to 10−4 M (n =

3 per concentration) in a volume of 25µL. Next, the radioliligand [125I]I-FC131 (Jurkat) or

[125I]I-CPCR4.3 (HEK293) was added in a volume of 25µL in assay buffer. Specific binding of

the radiolioligands [125I]I-FC131 (Jurkat) or [125I]I-CPCR4.3 (HEK293) was at 5-15% without

competitor. The samples were incubated at RT for 1 hour. Subsequently, the cells were for 3

min at 400 rcf and the supernatant was removedwith a pipette and placed in a corresponding

emptyγ-counter tube (V-shape, 4.5mL) with the pipette tip used. The cells werewashedwith

200µL of assay buffer and spun down again. The supernatant was added to the previously

removed fraction, again with the respective pipette tip. The γ-counter tubes were analyzed

using a Perkin ElmerWizard 3. The corresponding supernatant of each sample was used to

determine the percentage of binding.

3.13.5 Cell-based radioligand binding assay on CCR transfected cells

To conduct binding experiments on the transfected (CCR2, CCR5, CCR8) HEK293 cells, the

number of cells used per γ-counter tube (V-shape, 4.5mL) were tested between 2x105 to

1x106 cells per vial, aiming to obtain 5–15% specific binding of the added radioactive ligand.

The Assay buffer was prepared freshly as follows: RPMI medium supplemented with 0.5-5%

BSA or HBSS supplemented with 0.5-5% BSA. Using 10pM–50pM 125I-labeled recombinant
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protein (e.g., murine [125I]I-CCl5) in 225µL assay buffer). The inhibitor was titrated in 25µL

(0.1nM–1nM). The γ-counter tubes were analyzed using a Perkin ElmerWizard 3. Specific

binding was determined comparing transfected and blocked cells as well as looking at total

activity added.

3.13.6 Radioligand binding assay using 68Ga-labeled DOTA-DAPTA

500,000 cells of human CCR5 transected HEK293 cells were added in a volume of 200µL of

assay medium (HBSS suppl. with 1% BSA). Non-transfected HEK293 cells were used for

unspecific binding per tube. 25µL of either HBSS or a 1mM Dapta stock solution in HBSS

was supplemented to the cell suspension. Freshly radiolabled [68Ga]Ga-DAPTA-DOTA in a

stock solution of 10nM. The incubation took place either at RT or at 37 °C. After one hour

the cells were spun down at 1300 rcf, washed one time with ice-cold HBSS. Subsequently, a

gamma-counting of the collected supernatants Perkin ElmerWizard 3 and the corresponding

cells was performed and the specific binding was determined.

3.13.7 Membrane binding assay

The membrane binding assay was carried out according to Schottelius et al. [107] using

commercially available membrane preparations (DiscoverX, France) and 125I-labeled radi-

oligands (Perkin Elmer ([125I]I-MIP-1α, #Cat: NEX298005UC or Chelatec, [125I]I-CXCL10).

Briefly, the radioligands were dissolved in a volume of 1.5mL of binding buffer (Binding

Buffer contained 50mM HEPES, 5mM MgCl2, 1mM CaCl2 and 0.2%BSA, pH 7.4.). 5µL of

CCR5 or CXCR3 cell membrane preparation (1 unit per well, Eurofins) were added to a flat-

bottom 96-well polystyrene plate. Wash buffer contained 50mM HEPES, pH = 7.4, 500mM

NaCl, 0.1% BSA. The competitor was titrated in a volume of 10µL. To each well 10µL (approx.

1.22 kBq per well, 0.15nM final assay concentration in 100µL) of reconstituted radioligand

in binding buffer. All wells were brought to a final volume of 100µL) using binding buffer

and incubated for 90min at RT. After the incubation the liquid was spun down a centrifuge
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for 30 sec at 100-150 rcf and the liquid was transferred on the filter mat using the Cell Har-

vester. The filter mat was preconditioned with 0.33% polyethylenimine for 30min and then

washed 7x times with 150µLwash buffer using the Cell Harvester (Perkin Elmer, USA). The

dry filter membrane was cropped with a scissors and the corresponding wells were counted

in γ-counter tubes using a γ-counter (Perkin ElmerWizard 3).

3.14 Internalization assay

Oneday before the experiment,MCF-7 cellswere plated in a 24-well plate (200.000 cells/well).

Freshly 68Ga-radiolabeledSulfoCy5-dap([68Ga]Ga-DOTA)-L6-CPCR4wasmixedwith [125I]I-

FC131 obtain a 1mM solution of both radiotracer in HBSS, 1% BSA. The plated cells were

washed one time using 200µL of HBSS, 1% BSA. To the cells 200µLHBSS 1% BSA and 25µL

of the radiotracer preapartion were added and incubated for 15min–90min at 37 °C. At each

time point (n = 3), the supernatant was removed and added in the corresponding wells. The

cells were washed with 300µL of ice-cold PBS and both fractions were pooled, representing

the unbound radioligand. Next the cells were washed with 250µL of sodium acetate buffer

(0.02M, pH= 5, 0.9% NaCl) which represented the cell bound fraction. The cells were lysed

with 300µL of NaOH (1M) and washed again with 300µL of PBS. Both collected fractions

represented the internalized radiotracer. The tubes were analyzed in a γ-counter (Perkin

ElmerWizard 3) to determine the activity of 68Ga on the same day of the experiment. The

next day, the activity of the added internal standard [125I]I-FC131 was determined.

3.15 In vitro fluorescencemicroscopy

MDA-MB-231 X4 cells expressing eGFP-CXCR4 were seeded on glass coverslips in a 24-well

plate (200.000 cells/well). The cells werre incubated for 72 hours at 37 °C. The plated cells

were washed one time using 200µL of HBSS, 1% BSA. After adding 200µL of HBSS, 1% BSA

the cells were incubated for 30min at 4 °C. Next, either25µL of HBSS, 1% BSA or the hybrid

compound SulfoCy5-dap([natGa]Ga-DOTA)-L6-CPCR4 (250mM in HBSS, 1% BSA) were
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added. Blocking was conducted with 25µL of AMD3100 (1mM, in water). The final assay

volume was 250µL. The cells were incubated for 5, 15, 30 and 60min at 37 °C. After the

respective incubation time, the cells were washed two times with cold HBSS, 1% BSA. Cell

nuclei were stained using 300µL of DAPI (300nM) for 3min. The cells were washed again

two times and mounted on the coverslips with mounting medium (ProLong Antifade Glass).

3.16 In vivo experiments

3.16.1 Mousemodels

Animal experimentations were conducted according to the protocols approved by theVet-

erinary Authorities of the CantonVaud and in concordance with the Swiss AnimalWelfare

Act. Six to eight-week old female C57Bl/6 or Balb/C mice were purchased from Charles River

Laboratories (France, L’Arbresle). The MC38 tumors cell line was engrafted (2x106 cells) on

the right flank of female C57Bl/6 mice. The 4T1 tumor cells (1x105) were injected into the 5th

mammary fat pad of female Balbc mice. Tumor size was monitored by applying following

formula: tumor size= 1
2 × length×width2

3.16.2 Immunofluorescence cryoslides

Immunofluorescence stainings were conducted on acetone fixed slices. The tissues were

blocked with donkey and goat serum (10%) for 20min. After washing the samples in 0.3%

triton in PBS the primary antibodies (1:50, diluent DAKO S3022) were incubated 60 min, RT.

After another wash step the staining was completed with the fluorescent antibody (1:500,

diluent DAKO S3022) for 30min at room temperature. DAPI (Sigma, #Cat: D9542, 1:3000

dilution in PBS) was used as control color. After the slices had been rinsed with distilled

water, the slices were treated with fluorescent mounting medium (DAKO S3023). Negative

controls were carried out by using fluorescent antibodies only.
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3.16.3 Biodistribution assay

At a tumor size between 400-800mm2 the radiotracer preparation was injected in a volume

of 100µL i.v. and blocking was performed by the coinjection of a 1000-fold molar excess of

cold compound or DAPTA for [68Ga]Ga-DOTA-DAPTA. The animals were sacrificed 1 hour

post-injection and the organs were harvested. The collected organs were analyzed by a

Wizard 3 γ-counter (Perkin Elmer, Schwerzenbach) and the corresponding tissue weight was

determined. Tail vein correction was applied and the data are expressed in %IA/mL tissue

(mean± SD).

3.17 Data analysis

All data were evaluated using GraphPad Prism version 9.1.0 forWindows, GraphPad Software,

San Diego, California USA.
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4 Investigating CC-chemokine recep-

tors

Exploiting CCRs to image lymphocyte infiltration has been thoroughly investigated in recent

preclinical studies [108, 61, 49]. The goal of the present investigation was to translate this

approach to quantify global leukocyte infiltration in tumors using peptide radiotracers. In

theory, this concept should allow to distinguish between the immune infiltrated vs immune

desert cancer phenotype. The recently reported all-D pentapeptides based on the RAP-103

sequence all showed high activity on CCR2, CCR5 and CCR8 in functional binding assays

[57, 59]. Of note, the sequence RAP-103 (H₂N-ttnyt-OH) was investigated more thoroughly,

revealing extremely low half-maximal inhibitory concentrations (IC50s) (< 1nM [58, 59])

which makes them ideal candidates for binding vectors of peptide radiotracers. Since CCR5

is one of the best-characterized receptors within the CC-family, we focused the validation on

this receptor to assess the presence in the TME and affinity of the synthesized compounds.

4.1 Characterization of the tumormicroenvironment

Several preclinical tumor models, notably the syngenic tumors MC38, CT27, and 4T1 are

highly infiltrated by leukocytes [80]. Of these, the MC38 tumor model was selected for its

particularly high immune cell infiltration, andMC38 tumor cryoslideswas characterizedwith

respect to immune cell infiltration. The presence of CCR5 expressing cells in the inner and
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Figure 4.1: Immunofluorescence evaluation of MC38 tumors. Detection of CD68⁺ T cells
(red) and CCR5⁺ cells (green). DAPI in blue.

outer rim of the tumor indicated substantial leukocyte infiltration (Figure 4.1). Moreover,

the CCR5 signal partly co-localized with CD68 expressing cells confirming the presence

of CD68⁺CCR5⁺ macrophages in these tumors . This motivated us to proceed with the

development and characterization of potential radiotracers to ultimately image leukocyte

infiltration in these tumors.

4.2 Synthesis of CCR-targeted peptide radiotracers

The reported all-D pentapeptides with the lead sequence RAP-103 (H₂N-ttnyt-OH) showed

high activity on CCR2, CCR5 and CCR8 on functional binding assays [57, 59, 58]. Based on

this promising data, a first set of pentapeptides was synthesized using solid phase peptide

synthesis (SPPS) (GP01-GP03) and an additional aminohexanoic acid was used as spacer

moiety, followed by the chelator DOTA to complete the radiotracer precursor. Additionally,

the reported CCR5-specific radiotracer precursor DOTA-DAPTA [60] was synthesized as a

reference compound. All peptide sequences investigated are summarized in Table 4.1.

To conjugate the terminal building block DOTA on the peptides Method-M1 was used which

wasperformedaccording to apreviously reportedprotocol [104]. Thismethodwasperformed

using unprotected DOTA and the cleaved and purified peptides in solution and yielded

compoundDOTA-DAPTA in a yield of 42% for this reaction step. However, the coupling of

HO-ttnyt-Ahx-NH2 revealed high amounts of side products and low product yields (<30%).

In contrast, the developed method (Method-M3) aims to couple unprotected DOTA directly
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Table 4.1: Sequences of all DOTA-conjugated radiotracer precursors. DOTA: 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid; Ahx: amminohexanoic acid.

Compound Chelator Linker Binding sequence𝑎

CC-1 DOTA Ahx H₂N-sstyr-OH𝑏

CC-2 DOTA Ahx H₂N-ttsyt-OH𝑏

CC-3 DOTA Ahx H₂N-ntryr-OH𝑏

CC-4 DOTA Ahx H₂N-idnyt-OH𝑏

CC-5 DOTA Ahx H₂N-ntsyr-OH𝑏

CC-6 DOTA Ahx H₂N-innyt-OH𝑏

CC-7 DOTA Ahx H₂N-ntsyg-OH𝑏

CC-8 DOTA Ahx H₂N-etwys-OH𝑏

DOTA-RAP-103 DOTA Ahx H₂N-ttnyt-OH𝑐

DOTA-DAPTA𝑑 DOTA - H₂N-aSTTTNYT-CONH2
a Small letters indicate D-amino acids, capital letters indicate L-configuration.
b Binding sequences taken from Ruff [57]
c Binding sequence RAP-103 taken from Noda et al. [59]
d Compound DOTA-DAPTA reported fromWei et al. [60]

on 2CTC-bound peptides providing compound CC-1 - CC-7 and DOTA-RAP-103. The

corresponding method development for this reaction is summarized in section 7.1.

To expand the library, a trimerization approach was tested with the aim to potentially am-

plify the specific uptake to the target cells. This was recently shown by several studies using

RGD-peptides [109, 63]. Therefore, resin bound sequence RAP-103 (Resin-tyntt-NH2) was

prolonged using 5-Hexynoic acid acid (GP02-GP03) to obtain the alkyne RAP-103y. Using

commercially available TRAP-Triazide, the pre-purified alkyne derivative RAP-103y was

coupled via Cu(I)-catalyzed azide-alkyne cycloaddition yielding compound TRAP-103. The

synthesis was performed similarly to Baranyai et al. [110]. However, the coupling was com-

monly incomplete and prolonged reaction times with heating at 60 °C did not yield in higher

product formation. We found that the addition of an additional aliquot of CuSO4 was re-
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quired to obtain almost complete conversion of the educts obtaining product TRAP-103 in

satisfactory yields (46%).

Additionally, an alternative chelator construct was synthesized (NO-Y) to allow trimerization

similarly to the concept of TRAP-based molecules.The scaffold of the synthesized trimers

(NO-Y-103 and NO-Y-Hx-OH) are based on the design of the 1,4,7-tris((1H-imidazol-2-

yl)methyl)-1,4,7-triazonane (NOTI)-chelator [63] with the difference that the imidazol-arms

were replaced by the triazide-arms. Compared to the TRAP scaffold, these chelators are

chemically easier to synthesize which is one of the major advantages. Noteworthy, the re-

ported NOTI chelator shows excellent complexation properties on both radionuclides 68Ga

as well as 64Cu [111, 63]. Using Propargylchlorid and 1,4,7-triazacyclononane (TACN) in

ACN/K2CO3 allowed the alkylation on all three secondary amines of the macrocycle. Sur-

prisingly, the product yields of compound NO-Y were below 5% after the work-up with

semi-preparative HPLC. However, this one-step synthesis allowed us to proceed directly with

the trimer synthesis. To obtain the final trimer, a cycloaddition using NO-Y and either com-

mercially available 6-azido-hexanoic acid or Rap-103-Hx-N3was performed on the three

alkynes using CuSO4 and L-ascorbic acid at 60 °C. This resulted in product NO-Y-Hx and

NO-Y-103. Both compounds were used to conduct preliminary radiolabeling and stability

experiments using relevant radioistoptes 68Ga and 64Cu for imaging. Radiolabeling with 68Ga

(GP04) showed no complexation of the trivalent metal-ion. In contrast, radiolabeling using

divalent 64Cu revealed complete incorporation of the radiometal to compound NO-Y-Hx as

well asNO-Y-103. This was not surprising since cold 63Cu-complexes of compoundNO-Y-Hx

were identified and isolated after the cycloaddition using Cu(I), followed by the transchela-

tion with NOTA. Stability of [64Cu]Cu-NO-Y-Hx was confirmed in vitro by incubation in

human serum for 24 hours at 37 °C. The in vivo biodistribution was assessed by injecting

[64Cu]Cu-NO-Y-Hx (3MBq, 300pmol) in a healthy BALB/C mouse. The PET/CT image was

acquired 24 hours post-injection (p.i.) and revealed a high abdominal uptake showing a

liver uptake of 15.5%IA/mL. Likely, the triazide-arms are not or very weakly involved in

the metal complexation, leading to an incomplete coordination of the radiometal. Thus,
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exclusively the trimer based on the well-established TRAP scaffold (compound TRAP-103)

was included in further evaluations since it offers excellent complexation of 68Ga with high

molar activitys (MAs) and in vivo stability [112, 113]

4.3 In vitro evaluations

The 68Ga-labeled radiotracers were characterizations in vitro by a LogD determination

and binding to human serum. A comprehensive table is represented in Table 4.2. The

lead compound [68Ga]Ga-DOTA-RAP-103was completely stable after 1 hour and 2 hours

incubation in human serum at 37 °C. The LogD value was ranging from -4.41 ([68Ga]Ga-

DOTA-RAP-103) for the monomer to 2.41 ([68Ga]Ga-TRAP-103) for the trimer. The CC-

peptide series showed all serum protein binding below 5%, while the trimer revealed a

significantly higher serum protein binding of roughly 50%. Affinity data was required to

facilitate the selection of the best candidates. Therefore, six different CCR-transfected strains

(murine/human CCR2, CCR5, CCR8) were kindly provided and characterized by the research

group of Professor Melita Irving (Ludwig institute of cancer, Epalinges). We performed

first cellular experiments with 125I-radiolabeled ligands using the Iodogen method and the

transfected HEK293 cells expressing either CCR2 or CCR5. Although, the binding assay was

performed similarly as reported in the literature [114, 115, 116, 117] a specific binding of

the iodinated radioligand (mouse/human CCL2, CCL3 or CCL5 using the Iodogen method)

was not achieved. Flow cytometry based cell sorting of transfeted mouse CCR5-expressing

cells was conducted to sort exclusively CCR5high expressing HEK cells. Unfortunately, a

radioligand binding assay was unsuccessful using the sorted cells with freshly iodinated

mouse CCL5 as well as CCL3, also known as MIP-1α, using the Iodogen iodination method.

Other iodinated proteins such as murine [125I]I-CCL2 to CCR2-transfected HEK cells showed

the same results. Furthermore, we performed a cell assaywhichwas designed similarly toWei

et al. [60], utilizing the human CCR5 transfected cells and the published compound DOTA-

DAPTA [108]. Modifications were as follows: 68Ga instead of 111In was used as radionuclide,

the assay concentration was adjusted from 0.27nM to 1nM and in the final assay volume of
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Table 4.2: Overview of radiotracers tested in vitro characterization.

Compound LogD SPB [%]𝑎 Rt [min]𝑏 Purity [%]𝑐

[natGa/68Ga]Ga-DOTA-RAP-103 -4.41 ± 0.69 1.77 ± 0.66 9.63 >99

[natGa/68Ga]Ga-TRAP-103 2.41 ± 0.04 49.12 ±

1.10

12.9 92

[natGa/68Ga]Ga-CC-1 n/a 2.7 8.3 95.9

[natGa/68Ga]Ga-CC-2 n/a 3.2 9.8 98.3

[natGa/68Ga]Ga-CC-3 n/a 2.6 8.3 95.9

[natGa/68Ga]Ga-CC-4 n/a 2.9 13.5 97.9

[natGa/68Ga]Ga-CC-5 n/a 1.4 8.5 95.1

[natGa/68Ga]Ga-CC-6 n/a 2.7 13.2 97.1

[natGa/68Ga]Ga-CC-7 n/a 3.7 8.5 97.3

[natGa/68Ga]Ga-CC-8 -3.87 ± 0.35 2.5 14.4 94.1

[natGa/68Ga]Ga-DOTA-DAPTA n/a 1.1 7.5 >99
a SPB, serum protein binding
b Rr, retention time analyzed with analytical HPLC method Analytical-5-40ACN
c Purity of the natGa-labeled complexes by analytical HPLC.

250µLwas used including 5x10⁵ cells. Thebinding assaywas performed at room temperature

and at 37 °C. However, specific binding for the radiolabeled molecule [68Ga]Ga-DOTA-

DAPTAwas lacking.

Since the binding assays with the transfected cells and the freshly iodinated radioligands

failed, binding assays based on membrane preparations were performed. To conduct the

assay, commercially available human [125I]I-MIP-1α and human CCR5 membrane prepara-

tions were used, while murine CCR5 membranes were not commercially available. Using

a cell harvester, IC50 determinations were successfully established with homologous com-

petitor human CCL3 (IC50 = 0.1nM) which was used as positive control in all assays. The

binding curves of the investigated compounds are presented in Figure 4.2. Both reported

lead sequences RAP-103 and DAPTA show extremely high affinities on CCR5 (< 1nM [58, 59,
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Figure 4.2: IC50 evaluation on CCR5 membrane preparations of the reference ligand MIP-
1α(CCL3) and the cold complexes [natGa]Ga-DOTA-DAPTA (IC50 = n/a), [natGa]Ga-DOTA-
RAP-103 (IC50 = 747µM), [natGa]Ga-TRAP-103 (IC50 = 925µM).

118]). In addition, all reported binding determinations of these peptides were performed

on cell-based assays. Surprisingly, the reference compound [natGa]Ga-DOTA-DAPTA-101

showed no activity on the CCR5 membranes. An IC50 using natGa-DOTA-RAP-103 exhibited

a value of 747µM, whereas the trimeric counterpart [natGa]Ga-TRAP-103 showed a lower

affinity (IC50 = 925µM). The unexpectedly high IC50 values of these molecules prompted us

to conduct a preliminary drug screening of the whole set of synthesized compounds includ-

ing compound [natGa]Ga-CC-1-[natGa]Ga-CC-8, [natGa]Ga-DOTA-RAP-103 and [natGa]Ga-

DOTA-DAPTA-101 to isolate potentially high affinity molecules (see Figure 4.3). Using

competitor concentrations of 10µM and 100µM, respectively. At a concentration of 10µM
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Figure 4.3: Inhibitor screening on CCR5 membranes. Inhibition is indicated relative to
[125I]I-MIP-1α binding on CCR5 membranes at an inhibitor concentration of 10µM. The
compounds were plated in duplicates on a 96-well plate containing [125I]I-MIP-1α (0.15nM)
as radiotracer.

only compound [natGa]Ga-DOTA-RAP-103 (11%), [natGa]-CC-1 (10.6%), [natGa]Ga-CC-2

(7.9%), [natGa]Ga-CC-5 (9.8%), [natGa]Ga-CC-7 (23.9%) showed activity on the receptor. In

contrast, the approved CCR5 inhibitor maraviroc showed more than 85% inhibition in both

concentrations in this drug screening.

The cell-freemembrane binding assays showed low activity of all the synthesized compounds.

For example, investigations showed CCR5 specific uptake on CD4⁺CCR5⁺ cells using the

radiotracer [111In]In-DOTA-DAPTA [60]. The membrane binding assay showed no activity

on isolated CCR5⁺ membranes using [natGa]Ga-DOTA-RAP-103. However, the reported

compound [111In]In-DOTA-DAPTA reveals uptake on inflammation sites in mice [60], which

motivated us to confirm the specificity ideally in MC38 tumors which showed considerable

leukocyte infiltration of CCR5⁺ cells, notably on macrophages. Another aim was to confirm

specificity at least in lymphoid organs such as the spleen and the lymph nodes, since many

CCR-expressing leukocytes are present in these tissues [119, 120].
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4.4 In vivo radiotracer evaluation

Previous studies have shown that immune cell imaging is feasible in mice through CCR-

targeting [60, 61]. Despite the readout on human CCR5 membranes, the reported compound

[111In]In-DOTA-DAPTA was already successfully established as CCR5-specific radiotracer to

monitor atherosclerotic inflammation in mice [60]. This motivated us to show that possible

targeting of multiple CCRs can in principle lead to a specific binding in vivo (e.g., tumor,

spleen or lymph node). As previously demonstrated using the 111In-labeled peptide DOTA-

DAPTA [60], we investigated the identical 68Ga-labeled peptide radiotracer with the same

sequence named [68Ga]Ga-DOTA-DAPTA-101 in this study. A wild-type C57Bl/6 mouse

modelwas selectedbearingMC38 tumors on the right flank. Adose of 200pmolof radiotracer

[68Ga]Ga-DOTA-DAPTA-101 (15GBqµmol−1, n = 3)was injected. Thebiodistribution results

are presented in Figure 4.4. Surprisingly, tracer specificity remained unconfirmed in the

spleen and lymph nodes as well as in the tumor. Although a trend was visible for [68Ga]Ga-

DOTA-DAPTA-101 showing reduced tumor-to-blood ratios (1.41 ±0.28 control vs. 1.05

±0.22 blocking) and spleen-to-blood ratios (0.42 ±0.16 control vs. 0.30 ±0.05 blocking),

an unambiguous confirmation of tracer specificity with P-values < 0.05 was not possible.

Thus, we decided to investigate one of the monomers bearing an all-D-pentapeptide as

binding vector. Since the binding motif RAP-103 of molecule DOTA-RAP-103 is already

thoroughly investigated in the literature, showing extremely potent affinities on functional

binding assays on several chemokine receptors (<1nM [59, 58]), wewanted to investigate the

behavior of the compoundmore thoroughly. Despite limited activity onhumanCCR5 in vitro,

a biodistribution assay would bring more clarity of eventual binding on multiple murine

CCRs resulting in specific uptake in at least large lymphoid organs. As for compoundDOTA-

DAPTA-101, a dose of 200pmol of radiotracer [68Ga]Ga-DOTA-DAPTA-103 (15GBqµmol−1,

n = 5) was injected in a mice beraing MC38 tumors. Interestingly, a competition with 1000-

fold excess of cold [natGa]Ga-DOTA-RAP-103 (n = 3) showed the same trend as observed for

the radiotracer [68Ga]Ga-DOTA-RAP-103 by creating tumor-to-blood ratios (2.77 ±0.75 vs.
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1.75 ±0.89). However, no significant differences in the tumor, pancreas or lymph nodes for

this radiotracer were detected during target blocking with cold compound.

Additionally, PET/CT images were recorded to show the complete biodistribution in vivo

and to obtain more details of the pharmacokinetics of the radiotracers. Illustrated in Fig-

ure 4.4C shows a rapid renal elimination of the small, hydrophilic radiotracer. Aiming to

show at least 2-fold reduction during competition with cold compound PET/CT images were

acquired 1 hour p.i. (n = 2). The tumor uptake of radiotracer [68Ga]Ga-DOTA-DAPTA-101

and [68Ga]Ga-DOTA-RAP-103was at 0.32 ±0.09%IA/mL and 0.32 ±0.04%IA/mL, respectively.

Target saturation exhibited no substantial decrease of the signal (0.23 ±0.08%IA/mL for

[68Ga]Ga-DOTA-DAPTA-101 and 0.44 ±0.049%IA/mL for [68Ga]Ga-RAP-103. Showing rapid

tracer elimination, we decided to change the radiotracer strategy by exploiting the properties

of the trimer TRAP-103.

Despite the lower IC50 of the trimer, the TRAP-based molecule [68Ga]Ga-TRAP-103 entails

two major advantages for imaging over the DOTA-based monomeric counterpart [68Ga]Ga-

DOTA-RAP-103. First, the higher protein binding of approximately 50% offers slower elim-

ination favoring target accumulation and second the higher molar activities which can

be readily achieved with the TRAP-scaffold [112] can avoid target saturation of unlabeled

radiotracer, especially when target expression is scarce. So that, the dose of radiotracer

[68Ga]Ga-TRAP-103was reduced 20-times compared to its DOTA-counterpart and 10pmol

(300GBqµmol−1) were injected while the injected activity remained identical (3MBq) to

the DOTA-based monomeric structure. An initial PET/CT imaging on MC38 bearing mice

showed similar results compared to [68Ga]Ga-DOTA-RAP-103. Both cohorts (n = 2) showed

similar uptake (0.35 ±0.03 vs. competition 0.34 ±0.04%IA/mL). Showing a tumor uptake

similar to the monomer, the animal model was changed from a subcutaneous MC38 tumor

model to an orthotopic 4T1 tumor model using Balb/C mice which is also characterized

by high leukocyte infiltration [80]. A biodistribution assay (n = 5) showed no significant

differences between the control and blocking cohort. The radiotracer uptake in the tumor

(0.84 ±0.18 control vs. 0.69 ±0.11%IA/g blocking) as well as in the spleen (0.84 ±0.40 control
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vs. 0.39 ±0.15 blocking) was reduced in the blocked cohort. Additionally, spleen-to-blood

ratios showed small differences (1.33 ±0.45 vs. 1.20 ±0.57) but not tumor-to-blood ratios

(1.32 ±0.17 vs. 2.10 ±0.63).

Overall, themonomers [68Ga]Ga-DOTA-RAP-103, [68Ga]Ga-DOTA-DAPTA-101and [68Ga]Ga-

DOTA-RAP-103 as well as the trimer [68Ga]Ga-TRAP-103 showed a fast renal elimination

and target specificity remained unconfirmed for the investigated radiotracers in vivo. Unex-

pectedly, the specificity in lymph nodes or spleen remained unconfirmed by blocking with

1000-fold molar excess of cold compound or DAPTA. The D-pentapepide based radiotracers

[68Ga]Ga-RAP-103 and the trimer [68Ga]Ga-TRAP-103 lacked specificity in lymphoid organs

as well. Showing improved pharmacokinetic properties, the trimer [68Ga]Ga-TRAP-103 ex-

hibited higher uptake in the spleen compared to the blocked cohort but this result remained

statistically insignificant. Therefore, tracer optimization is required to obtain molecules

with higher plasma protein binding for slower elimination and higher affinities to ultimately

increase the specific uptake in leukocyte infiltrated tissues. Using [111In]In-DOTA-DAPTA

investigators demonstrated specificity exclusively at inflammatory sites, exhibiting low spe-

cific uptake values in conjunction with small animal cohorts [60]. However, to increase the

credibility of preclinical studies in immunology, the inclusion of blocking cohorts would be

highly appreciated which involves large lymphoid organs confirming radiotracer specificity.

This strategy was pursued by exploiting CXCR3 as a biomarker for T cell activation which is

described in more detail in chapter 5.
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Figure 4.4: In vivo evaluation of CC-chemokine receptor specific radiotracers. (A) PET/CT
acquisitions 1 h p.i. on B57Bl/6 mice bearing MC38 tumors; (B) Biodistribution assay of
[68Ga]Ga-DOTA-DAPTA-101 (McC38 tumormodel, n=5 unblocked, n=3 blocking), [68Ga]Ga-
DOTA-RAP-103 (n=5 per group, MC38 tumor model), [68Ga]Ga-TRAP-103 (n=5 per group,
4T1 tumor model); (C) Dynamic PET/CT of [68Ga]Ga-DOTA-RAP-103 (60min).
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5 Exploiting CXCR3 as target for T cell

activation imaging

Two different radiotracer types were prepared simultaneously. A radiotracer based on a

monoclonal antibody [64Cu]Cu-NOTA-α-CXCR3was prepared as well as small 18F-labeled

radiotracers which were based on a piperazinylpiperidine scaffold similar to highly potent

CXCR3 inhibitors reported by Jenh et al. [82] were synthesized. A comprehensive target char-

acterization was performed in vivo using the radiotracer [64Cu]Cu-NOTA-α-CXCR3 using

a thoroughly characterized MC38 mouse model treated with ICIs, and the corresponding

manuscript is currently under revision in npj Imaging (see section 5.2).

5.1 Synthesis and characterization of small

piperazinylpiperidine-based radiotracers

Through organic synthesis two radiotracer precursors XC3-6 and XC3-B6 were synthe-

sized. Compound XC3-3was produced at first by heating piperidine-4-one and 1-chloro-

4-(chloromethyl)benzene under basic conditions. This compound was further used for a

reductive amination as a final reaction in both synthesis routes. To obtain compound XC3-

6, 5,6-dichloronicotinic acid was used as starting material and conjugated with propargyl

amine. The aromate of the resulting compound XC3-1awas subsequently substituted by

(S)-1-Boc-2-ethylpiperazine. The Boc protection group was removed under acidic condi-
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Figure 5.1: Radiotracer synthesis using click chemistry

tions and the resulting compound XC3-2awas next reacted with with compound XC3-3. To

obtain compound XC3-B6 commercially available starting material 3-amino-5,6-dichloro-

N-methylpyrazine-2-carboxamide was utilized. Compound XC3-1b was synthesized by

aromatic substitution using (S)-1-Boc-2-ethylpiperazine. Under basic conditions with LiOH

the methyl ester was hydrolized. Since the resulting carbocylic acid is unreactive most likely

through a hydrogen bond with the neighbouring amine, a mild conjugation using EDCI

and propargylamine was unsuccessful. Therefore, the carbocylic acid of comopund XC3-1b

was activiated by thionylchloride prior conjugation to the alkyne. The last step included

compound XC3-2b and XC3-3 to obtain the final radiotracer precursor XC3-B6. Using both

precursorsXC3-6 andXC3-B6, cold compounds [19F]FXC3-7 and [19F]FXC3-B7were synthe-

sized by click chemistry with freshly produced 2-fluoroethylazide (compound [19F]FXC3-5)

using CuSO4 and ascorbic acid in a mixture of DMF/water at 60 °C.

To produce the radiotracers a dual-column concept was applied by combining a C18 and a

HLBcartridge [106]. Thecombinationallowed thedirect isolationof the2-[18F]fluoroethylazide

for the on-site click reaction on the HLB cartridge (see Figure 5.1). However, only compound

[18F]FXC3-7 was obtained at room temperature, while the click reaction for compound

[18F]FXC3-B7 and 2-[18F]fluoroethylazide (compound [18F]FXC3-5) required elevated tem-
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Table 5.1: Preliminary evaluation of [18F]FXC3-7 and [18F]FXC3-B7. Rt: retention time of
the γ-ray detector, gradient: RADIO-20-60ACN.

Compound Rt [min] %RCC LogD Serum protein binding [%]

[18F]FXC3-7 8.1 45.6±5.1 (n=3) 1.45±0.07 98.3±0.38
[18F]FXC3-B7 8.5 71.6 (n=1) 1.43±0.03 94.9±1.21

perature of 60 °C. Applying this dual column synthesis strategy, the radiotracers [18F]FXC3-7

and [18F]FXC3-B7were isolated by means of radio-HPLC.

5.1.1 In vitro characterization of small molecular weight radiotracers

The radiotracers were further evaluated in vitro according to their lipophilicity and serum

protein binding. Both radiotracers showed a high lipophilicity with LogD values of 1.45±0.07

([18F]FXC3-7) and 1.43±0.03 ([18F]FXC3-B7), respectively. The serum protein binding of the

radiotracers was at 98.3±0.38 for compound [18F]FXC3-B7 and at 94.9±1.21 for compound

[18F]FXC3-7. Binding assays based on membrane preparations were carried out. Due to

the discontinuation of [125I]I-CXCL10 (#Cat: NEX348) by the provider, an IC50 study with

the cold compounds [18F]FXC3-7 and [18F]FXC3-B7 could not be performed according

to specifications of the recommended protocol (Eurofins, France). A membrane binding

assay with freshly iodinated CXCL10 using the Iodogen method as well as the corresponding

Bolton-Hunter iodinated ligand did not provide any specific membrane binding of the

radioiodinated chemokines. Hence, we decided to purchase a customized manufactured

[125I]I-CXCL10 (Chelatec, France) with identical specifications to the previous product (MA

of 81.4TBqmmol−1, 185MBqmL−1, 185 kBq). Although the product showed an identical

specification to the radioligand suggested in the original assay protocol (Eurofins, France)

and identical assay conditions were used as for the successfully established CCR5-based

membrane binding assay (see chapter 4), CXCR3-specific binding of the radiotracer to the

membranes could not be observed. However, to provide first vivo data of the radiotracers,

non-invasive PET/CT imaging using [18F]FXC3-7was carried out.
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5.1.2 PET/CT imaging using [18F]FXC3-7

For pilot PET/CT imaging, C57Bl/6 mice bearing MC38 tumors were used. The radiotracer

[18F]FXC3-7 was selected due to higher yields in the precursor synthesis, a more robust

click synthesis on the HLB cartridge as well as better synthetic accessibility of [19F]FXC3-7

as blocking agent. The blocking was carried out by co-injection with an 1000-fold excess

of cold [18F]FXC3-7. Two C57Bl/6 mice of each cohort (control vs blocking) bearing a

MC38 tumor on the right flank were injected i.v. with 0.1nmol of radioligand for the PET/CT

imaging. Of note, the initial MA of the injected radiotracer preparation was (19.22±0.53)

GBqµmol−1 (n=3) and the purity of the isolated radiotracer was >99%. The reconstructed

images showed a high uptake in the liver and intestines as well as an uptake in the brown

adipose tissue (BAT) (see Figure 5.2). The liver uptake was at 20.1 ± 7.3%IA/mL (blocking 23.8

± 4.4%IA/mL), in the spleen 13.1± 1.4%IA/mL (blocking: 17.2 ± 4.3%IA/mL), the BAT 10.0 ±

0.8%IA/g (blocking: 12.4 ± 3.9%IA/mL), and the kidneys 16.9 ± 1.6%IA/mL (blocking: 19.9

± 2.4%IA/mL). The tumor uptake was 2.9 ± 1.1 %IA/mL, while the blocking was marginally

higher (3.3 ± 1.3%IA/mL).

Overall, the acquired PET images were in concordance with the recently published study

by Alluri et al. [78] using the CXCR3 specific radiotracer [18F]1 with a similar structure. Our

data confirmed significant abdominal uptake of the lipophilic radiotracer (logD= 1.5), lead-

ing to a considerable first-pass effect in the liver. Both lipophilic radiotracers [18F]FXC3-7

investigated in this study and [18F]1 [78] showed a similar uptake in the BAT of roughly

10%IA/mL and 20%IA/mL in the liver. However, in comparison to the findings using com-

pound [18F]1 [78] we could not confirm a decrease in BAT uptake by coinjection of cold

ligand (blocking). This suggests predominant non-specific accumulation of [18F]FXC3-7 in

fat tissue due to the high lipophilicity of the radiotracer. Of note, specific (blockable) radio-

tracer uptake was exclusively observed during the validation of the mAb-based radiotracer

[64Cu]Cu-NOTA-α-CXCR3which showed specificity in spleen and lymph nodes. In contrast,

the small-molecular weight radiotracer [18F]FXC3-7 did not show specific uptake in these

70



Exploiting CXCR3 as target for T cell activation imaging Chapter 5

Figure 5.2: Maximum intensity projections of radiotracer [18F]FXC3-7 (injected activity:
2MBq; injected dose: 0.1nmol). Blocking was performed with co-injection a 1000-fold
molar excess of [natF]FXC3-7. Images were acquired 1 hour post-injection. BAT: brown
adipose tissue.

highly T cell infiltrated tissues. Noteworthy, the radiotracer preparation showed a 15-fold

reduced MA compared to the 64Cu-mAb which is likely contributing to this observation. In

addition, affinity data was lackingwhich is a relevant criterion to obtain sufficient radiotracer

uptake as reported for [64Cu]Cu-NOTA-α-CXCR3 (KD = 3.3nM). Due to the absence of affin-

ity data and the results of the 64Cu-mAb evaluations, which demonstrated the challenges

associated with in vivo imaging of CXCR3, further investigations were omitted.

Taken together, we propose a refinement of the small molecular weight radiotracers to

achieve satisfactory biodistribution for non-invasive imaging using radiotracer preparations

with increased MA and optimized pharmacokinetics (LogD -1 to -3), ideally showing pi-

comolar affinities on CXCR3, to overcome the addressed challenges of imaging the TME

discussed in section 8.2.
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5.2 Validation of the C-X-C chemokine receptor 3 (CXCR3) as a

target for PET imaging of T cell activation

This article was submitted to EJNMMI Research in May 2024.
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Abstract 

Purpose: CXCR3 is expressed on activated T cells and plays a crucial role in T-cell 

recruitment to the tumor microenvironment (TME) during cell-based and immune 

checkpoint inhibitor (ICI) immunotherapy. This study utilized a 64Cu-labeled NOTA-α-

CXCR3 antibody to assess CXCR3 expression in the TME and validate it as a potential T 

cell activation biomarker in vivo. 

Procedures: CXCR3+ cells infiltrating MC38 tumors (B57BL/6 mice, untreated and 

treated with αPD-1/αCTLA-4 ICI) were quantified using fluorescence microscopy and 

flow cytometry. A commercial α-CXCR3 mAb was site-specifically conjugated with 

2,2,2-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) and radiolabeled with 

64Cu. Saturation binding of [64Cu]Cu-NOTA-α-CXCR3 was investigated using CHO cells 

stably transfected with murine CXCR3. Biodistribution and PET imaging studies both at 

baseline and after 1 to 3 cycles of ICI, respectively, were carried out using different molar 

activities (10 GBq/µmol to 300 GBq/µmol) of [64Cu]Cu-NOTA-α-CXCR3. 

Results: Flow cytometry analysis at baseline confirmed the presence of CXCR3+ T-cells 

in MC38 tumors, which was significantly increased at day five after ICI (treated 33.8±17.4 

vs control 8.8±6.2 CD3+CXCR3+ cells/mg). These results were qualitatively and 

quantitatively confirmed by immunofluorescence of tumor cryoslices. In vivo PET 

imaging of MC38 tumor bearing mice before, during and after ICI using [64Cu]Cu-NOTA-

α-CXCR3 (Kd = 3.3 nM) revealed a strong dependence of CXCR3-specificity of tracer 

accumulation in secondary lymphoid organs on molar activity. At 300 GBq/µmol (1.5 µg 

of antibody/mouse), a specific signal was observed in lymph nodes (6.33±1.25 control vs 

3.95±1.23 %IA/g blocking) and the spleen (6.04±1.02 control vs 3.84±0.79 %IA/g 
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blocking) at 48 hours p.i. Spleen-to-liver ratios indicated a time dependent systemic 

immune response showing a steady increase from 1.08±0.19 (untreated control) to 

1.54±0.14 (three ICI cycles). 

Conclusions: This study demonstrates the feasibility of in vivo imaging of CXCR3 

upregulation under immunotherapy using antibodies. However, high molar activities and 

low antibody doses are essential for sensitive detection in lymph nodes and spleen. 

Detecting therapy-induced changes in CXCR3+ T cell numbers in tumors was challenging 

due to secondary antibody-related effects. Nonetheless, CXCR3 remains a promising 

target for imaging T cell activation, with anticipated improvements in sensitivity using 

alternative tracers with high affinities and favorable pharmacokinetics. 

Introduction 

Generally, the success and therapeutic efficacy of immunotherapies intrinsically rely 

on the presence and activity of T cells in the TME. Both for ICI as well as cell-based 

immunotherapies (adoptive tumor infiltrating lymphocyte (TIL) and chimeric antigen 

receptor T cell (CART cell)), no or negligible anti-tumor responses are observed, when 

CD8+ effector and CD4+ helper T cells are sparse or absent from the TME or if they are 

inactive due to immunosuppressive signaling in and by the tumor and TME [1-3]. 

Unfortunately, tumor biopsies can only provide spatial and temporal spotlight 

information on the composition of the TME in a given cancer lesion and do not capture 

the dynamics of the immune cell infiltrate over time and in response to therapy. In 

contrast, nuclear imaging methods such as positron emission tomography (PET) and 

single photon emission computed tomography (SPECT) allow the longitudinal non-

invasive whole-body visualization of distinct cell populations. Fueled by the 

development of dedicated, highly specific radiopharmaceuticals in recent years, the 
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non-invasive quantification of tumor infiltration with distinct immune cell subsets, e.g. 

CD8+ cytotoxic T cells [4], is now rapidly entering clinical practice, providing crucial 

information for patient selection and on early response to immune checkpoint blockade. 

Furthermore, ongoing efforts are directed towards not only visualizing the presence, 

quantity and localization of T cells in the TME, but on imaging their activation state, 

which may represent a more robust predictor for the success of immunotherapies than 

T cell presence alone [5]. Various molecular targets have been investigated as 

biomarkers for T cell activation in recent years. These include OX40 [6], CD69 [7], 

inducible T cell costimulator (ICOS) [8, 9], interleukin-2 receptor (IL-2R) [10, 11], 

interferon gamma (INF-γ) [12], Granzyme B [13], and T-cell metabolism [14]. In 

preclinical PET imaging studies using specifically designed targeted tracers, ranging 

from full-sized antibodies (OX40, CD69, ICOS, INF-γ) over proteins (IL-2) and 

peptides (Granzyme B) to small molecules (metabolism), all these targets were found 

to be relevant molecular markers for T-cell activity, with the accumulation of the 

respective targeted tracer in the tumor or site of inflammation (pre and/or post-therapy) 

closely correlating with the presence of activated T cells in the tissue of interest and 

with therapy response [6-14]. Of these, both the metabolic tracer [18F]F-AraG 

(NCT04726215, NCT05096234) as well as the human Granzyme B targeted [68Ga]Ga-

NOTA-human-GZP (NCT04169321) have recently been translated into clinical 

studies.  

Another highly interesting cell surface marker associated with Tell activation is the 

CXCR3 [15]. CXCR3 directs the temporal and spatial migration of activated T cells 

and natural killer cells towards sites of high expression of its native ligands, the INF-γ 

inducible proteins, C-X-C chemokine ligands 9 (CXCL9), CXCL10, and CXCL11 [16, 
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17] creating an inflammatory environment. Both in the context of ICI and of TIL-

therapies, the CXCR3-chemokine axis was identified as a key player in the efficient 

recruitment of T cells to the TME as well as their expansion in the TME and their 

antitumor-activity [15, 18, 19]. Thus, CXCR3 represent a highly promising target for 

nuclear imaging, possibly allowing the visualization of T-cell distribution, homing and 

activation in the immunotherapy setting, both as a pretherapeutic prognostic marker as 

well as for assessing response to treatment. To date, only two reports on CXCR3-targeted 

nuclear imaging have been published, both of which use inflammation models (allograft 

rejection, atherosclerosis) for tracer evaluation [20, 21]. However, both 

radiopharmaceuticals investigated, [125I]CXCL10 [20] and an 18F-labeled small 

molecule CXCR3 inhibitor [21] accumulated specifically in inflammatory regions 

infiltrated with CXCR3-expressing T cells, and the respective signal intensity correlated 

with CXCR3+ T cell density. 

Based on these encouraging findings, we designed the present study to validate CXCR3 

as an imaging target in the TME and as a potential biomarker for therapy control and 

the prediction of therapy outcome in the immunotherapy setting. For the initial 

quantification of target expression at baseline and after several cycles of 

immunotherapy (anti-programmed cell death protein 1 (αPD-1)/anti-cytotoxic T-

lymphocyte-associated protein 4 (αCTLA-4)) in a MC38 syngeneic colon cancer model 

via CXCR3-targeted PET, we used a commercially available anti-mouse CXCR3 

antibody (α-CXCR3). The monoclonal antibody (mAb) was site-specifically conjugated 

with a 2,2,2-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) chelator using 

the AbYlink™ technology and radiolabeled with 64Cu. 
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Methods 

Antibody conjugation and characterization 

Upon buffer exchange using an Amicon 50 kDa centrifugal filter, a commercially available 

anti-mouse CXCR3 mAb (clone: CXCR3-173, #Cat: BE0249, BioXcell) was site-

specifically conjugated with NOTA according to a previously published protocol 

conjugated with (AbYlinkTM, Debiopharm) [22]. The average degree of conjugation (DoC) 

was determined by mass spectrometry analysis operating in protein mode (Sion, EPFL) and 

the final antibody concentrations were determined by a NanoDrop One/One 

spectrophotometer (Thermo Fisher).  

 

Radiolabeling 

A solution of 64Cu dichloride in 0.1 N HCl was obtained from ARRONAX  (Saint 

Herblain, France). To a defined volume of the 64CuCl2 solution supplied by the 

manufacturer, 1/10 (v/v) of metal free sodium acetate 2.5 M (pH 8.5) was added. Then, the 

radiolabeling precursor (30-80 μg) in acetate buffer (0.1 M, pH 5.5) was added. After 30 

min incubation at 40°C, 1 mM ethylenediaminetetraacetic acid (EDTA) (pH 7.0, Sigma 

Aldrich, St. Quentin Fallavier, France) was added to obtain a final concentration of 0.01 

mM to complex free 64Cu2+. 

 

Size exclusion chromatography  

Size exclusion chromatography (SEC) was performed on a Shimadzu (LC20AT, SPD-

M20A) system using a XBridge protein BEH 200A SEC 3.5um, 7.8 x 300mm 

(Waters,Baden-Dättwil, Switzerland) size exclusion column and phosphate buffer (pH 

6.8, 0.1 M) containing 342 mM NaCl at a constant flow of 1 mL/min as mobile phase. UV 
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detection was performed at 220, 254 and 280 nm, and the radioactivity signal was detected 

using a GABI well-type scintillation detector (Elisa-Raytest). Unconjugated α-CXCR3: 

Rt (retention time) 8.5 min, purity 99.2%; NOTA-α-CXCR3: Rt 8.5 min, purity 98.8%; 

[64Cu]Cu-NOTA-α-Cxcr3: Rt 8.6 min, radiochemical purity (RCP) >99%. 

 

Stability in human serum 

To a volume of 500 µL of human serum, 50 µL of radiotracer were added. The mixture 

was incubated at 37°C. SEC analyses were carried out after 24 and 48 hours of incubation. 

Before injection, 100 µL of the sample were passed through a 0.2 µm filter.  

[64Cu]Cu-NOTA-α- CXRCR3: Rt = 8.6 min, RCP after 24 and 48 hours >95%. 

 

Instant thin layer chromatography (iTLC) 

In-process reaction controls were performed using iTLC. The radiochemical yield (RCY) 

of [64Cu]Cu-NOTA-α-CXCR3 was determined by instant thin layer chromatography 

(iTLC) using dried iTLC-SG Glass microfiber chromatography paper impregnated with 

silica gel (Agilent Technologies, Folsom, CA 95630) as stationary phase and citrate buffer 

(0.1 M, pH 4.5) as eluent. For iTLC evaluation, a Scan-RAM radio-TLC scanner 

(LabLogic) and Laura software (LabLogic, Version 6.0.3) were used.  

[64Cu]Cu-EDTA, Rf = 1; [64Cu]Cu-NOTA-α-CXCR3, Rf = 0.  

 

Saturation binding assay 

Transfected CHO-CXCR3 cells were maintained and expanded using Ham's F-12 

Nutrient Mix cell culture media (Thermo Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin in a cell incubator at 37°C, 5% CO2. 
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2x106 CHO-CXCR3 cells were seeded in in a 6-well plate one day before the experiment. 

On the day of the experiment, the growth medium was removed and the cells were washed 

once with cold assay buffer (0.5% BSA in PBS). Then, 800 µL of assay buffer were added 

into each well, and the radiolabeled antibody (100 μL, increasing concentrations, n=3 per 

concentration) was added. Additionally, 100 µL assay buffer were added to the wells to 

reach a final volume of 1 mL. Final concentrations of [64Cu]Cu-NOTA-α-CXCR3 were 

as follows: 25, 10, 1, 0.5, 0.25, 0.125 and 0.063 nM (n=3 per radioligand concentration). 

To determine non-specific binding at each radioligand concentration, radioligand binding 

was also investigated in the presence of a 100-fold excess of unlabeled α-CXCR3. Here, 

100 µL of α-CXCR3 antibody in assay buffer was added to the well to reach a final volume 

of 1 mL (n=3 per radioligand concentration). Plates were incubated for 2 hours at 4 ◦C. 

The supernatant was removed and combined with 1 mL of assay buffer using for washing 

the cells. The cells were then lysed with 1 M NaOH. The cell lysate was then combined 

with 1 mL of assay medium using for washing the wells. Both the activities in the 

supernatants and the respective lysates were quantified using a y-counter (Wizzard 3, 

Perkin Elmer). Non-specific binding and total binding were analysed by GraphPad prism 

version 9.1.0. 

 

Animal experiments 

Animal experiments were conducted according to the protocols approved by the 

Veterinary Authorities of the Canton Vaud (license VD 3781) and in accordance with the 

Swiss Animal Welfare Act. Six to eight week-old female Bl57/6 mice were purchased from 

Charles River Laboratories (France, L’Arbresle). MC38 cells were maintained in RPMI 

1640 GlutaMAXTM cell culture media (Thermo Fisher Scientific) supplemented with 10% 
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FBS and 1% penicillin/streptomycin in a cell incubator at 37°C, 5% CO2. Tumor 

engraftment and the subsequent treatment schedule were conducted as described 

previously [23]. Briefly, MC38 tumors were engrafted on the right flank by subcutaneous 

injection of 2x106 cells in 100 uL PBS. The first treatment with immune checkpoint 

inhibitors (ICIs) was initiated at day 7 post-engraftment. The checkpoint inhibitor 

combination consisted of 200 g αCTLA-4 (clone: 9D9, #Cat: BP0164, BioXCell) and 

200 g αPD-1 (clone: 29F.1A12, #Cat: BE0273, BioXCell) and was injected i.p. in a total 

volume of 100 µL of sterile PBS. Additional treatments were administered on day 10 and 

on day 13 after tumor inoculation. At day 10 (untreated and 1xICI treated) and day 12 

(2xICI treated) post-inoculation, MC38 tumors were dissected for flow cytometry, 

immunofluorescence, or immunohistochemistry analysis. Tumor size was monitored 

using caliper measurements and by applying the following formula to calculate the tumor 

volume: tumor volume = (length/2) ∗width2. 

 

Flow cytometry 

After harvesting the MC38 tumors, single cell suspensions were immediately generated 

by cutting the tumor in small pieces and incubating the tissue in 1 mL FBS containing 

collagenase IV (0.2 mg/L) and DNAse I (2 µg/L). Upon incubation at 37 ◦C for 20 minutes, 

the tissue was passed through a cell strainer and the cell suspension was washed two times 

with cold PBS. The stainings were carried out at room temperature for 25 minutes in flow 

cytometry buffer (PBS suppl. with 1 mM EDTA, 1% FBS). Control stainings and FMO 

stainings were performed on splenocytes. The following antibodies were utilized: Fc block 

(clone: 93, #Cat: 101302, Biolegend), DAPI (Invitrogen), CD45 (clone: 30-F11, #Cat: 

103132, Biolegend), CD3 (clone: 145-2c11, #Cat: 100306, Biologend), CD4 (clone: Gk-
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1.5, #Cat: 552051, Biolegend), CD8: (clone 53-6.7, #Cat: 100712, Biolegend), CXCR3 

(clone: CXCR3-173, #Cat: 126502, Biolegend). The antibody concentrations were 1 

μg/mL in flow cytometry buffer. DAPI was added to each sample to yield a final 

concentration of 0.5 µg/mL and the cells were washed once. The cells were fixed with 2% 

PFA in PBS on ice. Precision count beads (#Cat: 424902, Biolegend) were added to each 

tumor sample and compensation beads were used (#Cat: 01-3333-42, Thermo Scientific) to 

set up the panel. The analysis was performed on a BD FACSymphony A5 Flow Cytometer 

on the same day. The data was evaluated using FlowJo V10.7.1. 

 

Immunofluorescence  

Immunofluorescence stainings were performed using acetone fixed tissue slices. The 

tissues were blocked with donkey and goat serum (10%) for 20 min. After washing the 

samples in 0.3% triton in PBS, tissues were incubated with the primary antibodies (1:50, diluent 

DAKO S3022) for 60 min at RT. After another washing step, the staining was completed by 

incubation with the respective fluorescent secondary antibody (1:500, diluent DAKO 

S3022) for 30 min at room temperature. DAPI (Sigma, #Cat: D9542, 1:3000 dilution in 

PBS) nuclear staining was used as control color. After the slices had been rinsed with 

distilled water, the slices were coverslipped with water-based mounting media (DAKO 

S3023). Negative controls were incubated with the fluorescent secondary antibodies only. 

For fluorescence microscopy image evaluation, the QuPath version 0.3.2 software for digital 

pathology image analysis was used by applying a trained object classifier for the positive 

cell annotation [24]. 

 

Immunohistochemistry 

Immunohistochemistry stainings were performed on acetone fixed slices. The tissues were 
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blocked with goat serum (10%) for 20 min. After washing the samples in 0.3% triton in 

PBS, tissues were incubated with the respective primary antibodies (1:200, diluent DAKO 

S2022) at room temperature for 40 min. After another washing step, the staining was 

completed by incubating the slices with the secondary antibody (HRP-conjugated anti-

rabbit, DAKO K4003) for 30 min at room temperature. After another washing step, the 

staining was completed by DAB chromogen revelation (DAKO K3468). Harris Gill II was 

applied as control color. Subsequently, the slides were dehydrated in xylol and covered 

with permanent mounting. Negative tissues were stained with the secondary anibody 

(HRP anti-rabbit) only. 

 

Autoradiography 

Autoradiography experiments were performed on a BeaQuant S real time autoradiography 

instrument (ai4R, Nantes). The radiotracer [64Cu]Cu-NOTA-α-CXCR3 (2-3 MBq, 3 µg, 

containing 50 μg polyclonal Armenian hamster IgG (BioXCell, #BE0091)) was injected, 

and at 24h p.i., the spleens were harvested and transferred to optimal cutting temperature 

compound (O.C.T. Tissue-Tek, Sakura Finetek). Spleens were immediately frozen on dry 

ice. Slices (8 µm) were cut and left to dry on the glass plate for 2 hours at RT. The 

autoradiography measurement was performed overnight for 24 hours. Images were 

analyzed using BEAMAGE (v3.3.X) software. 

 

Biodistribution study 

ICI treated MC38 tumor bearing mice were injected intravenously into the tail vein with 

1.5 μg (3 MBq) or 15 g (1 MBq) [64Cu]Cu-NOTA-α-CXCR3 in 100 µL sterile 0.9% 

NaCl on day 9 (untreated and 1xICI treated) and on day 12 (2xICI treated) post-
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inoculation. To reduce Fc-mediated non-specific tracer accumulation, mice were 

coinjected with 50 µg polyclonal Armenian hamster IgG (BioXCell, #BE0091). To 

quantify CXCR3-specific tracer accumulation, an additional group of mice (n = 3-5) was 

coinjected with a 100-fold excess of unconjugated α-CXCR3. The animals were sacrificed 

24 hours (15 µg, 1 MBq injected activity) or 48 hours (1.5 µg, 3 MBq injected activity) 

post-injection of the 64Cu-labeled antibody, and the organs of interest were dissected. The 

activity in the weighed tissue samples was quantified using a Wizard 3 y-counter (Perkin 

Elmer, Schwerzenbach). Data are expressed in %IA/g tissue (mean ± SD) and are 

corrected for residual injection-related activity in the tail.  

 

PET/CT imaging 

PET/CT images were acquired at 24 h p.i. on an Albira PET/SPECT/CT scanner (Bruker 

Biospin Corporation, Woodbridge, CT, USA) Mice were injected intravenously with 

[64Cu]Cu-NOTA-α-CXCR3 (3 MBq, 1.5 µg) in saline. As described for the 

biodistribution study, CXCR3-specificity of tracer accumulation was determined by 

coinjection of a 100-fold excess of unlabeled α-CXCR3 mAb. During image acquisition 

(static scan, 20 min, 32x32 0.5 mm, followed by a 10 min CT scan), the animals were 

anesthetized using isoflurane (1.5% alveolar concentration). During imaging, the body 

temperature and respiration rate was constantly monitored. Image reconstruction was 

performed by using Albira reconstructor (version NMI3.3), and the images were analyzed 

using PMOD software (V6.3.4, Bruker). 

 

Statistical analysis 

All data were evaluated using GraphPad Prism version 9.1.0 for Windows, GraphPad 
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Software, San Diego, California USA. A two-way Anova test followed by a Tukey’s 

multiple comparisons test was applied to determine the significance (P<0.05) between the 

respective cohorts of the flow cytometry and biodistribution experiments. A one-way 

Anova test followed by a Tukey’s multiple comparisons test was applied to determine the 

significance (P<0.05) of the organ/liver or organ/blood ratios. 
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Results 

Confirmation of therapy dependent infiltration of MC38 tumors with CXCR3+ cells 

To confirm and quantify the infiltration of subcutaneous MC38 syngeneic colon cancer 

tumors with CXCR3-expressing T cells both at baseline and after ICI therapy (α-PD-

1/α-CTLA-4 combination treatment) in a sufficient number for imaging, the following 

cohorts were investigated using imunohistochemistry (IHC) and immunofluorescence 

(IF) methods: (1) an untreated control group, (2) a treated group receiving one cycle of 

ICI therapy and (3) a treated group receiving two cycles of ICI therapy at days 7 and 

10 post tumor inoculation, respectively. IHC of untreated tumors and tumors treated 

with only one dose of ICI showed weak CD3+ cell infiltration that was restricted to the 

outer rim of the tumor (Figure 1A). In contrast, after two therapy cycles, the tumors 

showed an increased and more homogeneous infiltration with CD3+ T cells. 

Immunofluorescence staining for CXCR3 revealed the presence of CXCR3-expressing 

T cells both in untreated and in treated tumors as well as in the control tissues spleen 

and lymph nodes. The corresponding annotated tissue slides are shown in Figure 1A-

D. While only 3.4±1.9% CXCR3+ cells were detected in the untreated MC38 tumor 

tissues, two cycles of therapy cycles led to a significant increase in CXCR3+ cells 

(9.7±2.8%). This observation is in accordance with the findings in CD3+ IHC. Again, 

treated tumors show increased and more homogenous infiltration than untreated 

tumors, where CXCR3+ cells are mainly localized on the outer rim of the tumor. 

Furthermore, more CXCR3+ cell clusters were detected in the interior of the tumors 

which received two treatment cycles (Figure 1C). 
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Figure 1  (a) CD3 immunohistochemistry of MC38 tumors treated with either 

one (1xICI) or 2 cycles of αPD-1/αCTLA-4 ICI (2xICI); (b) Fluorescence microscopy 

of MC38 tumor slices. Cells (DAPI in blue, CXCR3 in green) were annotated and 

counted using Qupath; (c) Overlap regions of MC38 cryoslices from 

immunohistochemistry (CD3) and immunofluorescence (CXCR3) images; (d) 

Baseline CXCR3 immunofluorescence in untreated lymphoid tissues (left), with 

negative controls (stained without primary antibody) on the right; (e) Flow cytometry 

analysis of MC38 tumors treated either with one or two cycles of ICI. 

 

To further corroborate the above data from the tissue analysis via IHC and IF, we 

additionally performed an in-depth analysis of the composition of the TME by flow 

cytometry, with lymphocytes being gated using CD45 as global immune cell marker. 

The tumors of the cohort which had received two therapy cycles showed a significant 

increase in CD3+ T cells as well as in the CD8+ T cell fraction (see Figure 1E). This 
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cohort also exhibited a global increase in CXCR3+ lymphocytes (8.7± 6.6 vs 41.7±20.5 

CXCR3+ cells/mg). This and a significant increase in CD3+CXCR3+ T cell numbers 

(8.8±6.2 vs 33.8±17.4 CD3+CXCR3+ cells/mg) confirmed the observation from the IF 

analysis. After one treatment cycle, however, no changes in immune cell infiltration 

were observed three days after therapy. As demonstrated, T cell infiltration in the 

MC38 tumors was robust and up to threefold enhanced after ICI therapy, and therefore 

the chosen MC38 tumor model seemed appropriate for subsequent imaging studies.  

 

Antibody conjugation and radiolabeling 

The Fc-specific conjugation of the commercially available α-CXCR3 mAb with the 

NOTA chelator using the AbYlinkTM technology (see Suppl. Figure S 1) [22] proceeded 

efficiently, yielding NOTA-α-CXCR3 in 98.8% purity and with a final average degree 

of conjugation (DoC) of 1.5, as determined by mass spectrometry (Suppl. Figure S 2). 

Of note, NOTA-α-CXCR3 was found to remain fully stable for > 12 months at 4 ◦C in 

labeling buffer (NaOAc, 0.1 M, pH 5.5). Since high molar activities (MAs) are 

indispensable for sensitive target detection at comparably low expression levels, the 

same amount of NOTA-α-CXCR3 (31.3 µg, 0.2 nmol) was labeled with increasing 64Cu 

activities (10 to 50 MBq). The maximum achievable MA for [64Cu]Cu-NOTA-α-

CXCR3 under the used standard labeling conditions was 690 GBq/µmol, with a 

radiochemical yield (RCY) of 96.8% (Suppl. Figure S 3). For preparations with lower 

MA, RCYs of > 99% were consistently obtained (see Figure 2A). 

 

In vitro characterization of [64Cu]Cu-NOTA-α-CXCR3  

The binding affinity (KD) of the radiolabeled mAb was determined by a saturation 
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binding assay using CHO cells stably transfected with CXCR3 (see Figure 2B and 

Suppl. Figure S 4). The antibody showed specific binding to the transfected cells with 

a KD of 3.26 nM and a Bmax of 8.8 fmol CXCR3 receptors per 106 cells (5280 receptors 

per cell). Additionally, [64Cu]Cu-NOTA-α-CXCR3 was found to be stable in human 

serum for 48 hours at 37 ◦C (Suppl. Figure S 5). 

 

Figure 2:  (a) Radio-SEC chromatogram of [64Cu]Cu-NOTA-α-CXCR3 (Rt = 8.6 

min, RCP > 99%); (b) Saturation binding of [64Cu]Cu-NOTA-α-CXCR3 to murine 

CXCR3 (stably transfected CHO cells).  

 

In vivo characterization of [64Cu]Cu-NOTA-α-CXCR3 in tumor-free mice 

To evaluate the general biodistribution of the 64Cu-labeled antibody in vivo, orienting 

PET/CT imaging was performed 48 hours p.i. in a tumor-free WT mouse (see Figure 3A). 

This preliminary image demonstrated a potentially CXCR3-mediated radiotracer 

accumulation in the spleen and cervical lymph nodes as well as excretion-related uptake 

in the liver. To investigate whether a systemic activation induced by ICI treatment could 

be detected in healthy mice, an initial autoradiography experiment (see Figure 3B) was 

performed. Spleens from an untreated control and an ICI treated mouse were dissected 

and snap-frozen, and tissue slices were prepared. Quantitative real-time autoradiography 

revealed a significant increase in activity, from 0.36±0.002 (control) to 0.45±0.01 (2xICI) 
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counts per second (cp/s), was observed, hinting towards an increase in CXCR3-expression 

in the spleen due to systemic T-cell activation by ICI treatment. However, to prove 

CXCR3-specificity of [64Cu]Cu-NOTA-α-CXCR3 uptake in lymphoid tissues, detailed 

biodistribution and imaging studies were performed in MC38 tumor bearing mice. 

 

Biodistribution of [64Cu]Cu-NOTA-α-CXCR3 in MC38 bearing mice 

The biodistribution of [64Cu]Cu-NOTA-α-CXCR3 in C57BL/6 mice bearing 

subcutaneous MC38 tumors at 24 hours p.i. was first investigated using an antibody dose 

of 15 µg (MA = 10 GBq/µmol) per animal (Suppl. Figure S 6). To evaluate CXCR3-

specificity of tracer binding to secondary lymphoid organs (lymph nodes, spleen), mice 

were either injected with tracer only (control group) or coinjected with a 100-fold molar 

excess of unlabeled antibody (blocking). Under these conditions, no CXCR3-specific 

tracer accumulation was observed in the target organs. Since target expression was 

assumed to be comparably low at baseline (no treatment), the presence of relatively high 

amounts of unlabeled antibody in the low-molar-activity-preparation of [64Cu]Cu-NOTA-

α-CXCR3 was thought to be responsible for already blocking all available binding sites, 

even in the control group. Thus, and due to the relatively high blood concentration of 

[64Cu]Cu-NOTA-α-CXCR3 at 24 hours post-injection (p.i.), a second set of biodistribution 

studies was performed at 48 hours p.i. and at a ten-fold lower antibody dose (1.5 µg, MA 

= 300 GBq/µmol) (Table 1). Under these conditions, specific binding of [64Cu]Cu- 

NOTA-α-CXCR3 to CXCR3-expressing cells in spleen and lymph nodes was confirmed 

(control vs control blocking: P = 0.005 and 0.007, unpaired Student’s T test).  
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Table 1:  Biodistribution of [64Cu]Cu-NOTA-α-CXCR3 in MC38 tumor bearing 

C57Bl/6 mice at 48 hours p.i.. Uptake values are expressed as %IA/g (%-injected activity 

per gram of tissue) and are means ± SD (n=5 mice per group). Groups include untreated 

mice (Control), mice treated with 1 cycle of ICI (1xICI), mice treated using 3 cycles of ICI 

(3xICI). Blocking of 3xICI treated and blocking of untreated control mice was conducted 

using a 100-fold molar excess of α-CXCR3 antibody. 

Organ Control 
Blocking 

(untreated 
control) 

1xICI 3xICI 
Blocking 
(3xICI) 

Blood 19.3±2.1 19.96±2.36 16.69±1.37 16.30±4.29 20.10±1.56 

Heart 4.62±0.45 5.31±1.64 4.62±0.95 5.14±1.86 6.27±1.03 

Lungs 7.30±0.94 8.91±2.61 6.10±0.63 6.85±3.58 7.21±0.53 

Liver 5.62±0.39 5.85±1.30 5.79±0.28 4.46±1.44 5.34±0.41 

Pancreas 1.85±0.14 1.82±0.47 1.69±0.22 2.59±0.57 2.55±0.91 

Spleen 6.04±1.02 3.84±0.79 6.48±0.45 6.19±2.11 3.51±0.99 

Kidneys 5.22±0.26 5.65±1.08 5.45±0.46 5.01±1.35 6.08±0.80 

Intestines 2.09±0.36 1.54±0.78 2.06±0.25 1.78±0.46 1.99±0.22 

Stomach 1.97±0.16 1.92±0.35 1.69±0.38 1.82±0.68 1.95±0.23 

Bone 2.38±0.33 1.83±0.54 2.14±0.38 1.91±0.78 2.08±0.08 

Muscle 0.89±0.08 1.16±0.18 0.90±0.14 1.09±0.20 1.10±0.38 

Tumor 11.45±1.77 10.67±2.85 13.86±3.10 9.42±3.68 10.85±2.39 

Lymph nodes 6.33±1.25 3.95±0.73 5.50±1.07 4.78±1.40 2.51±1.23 

 

Unexpectedly, no CXCR3-specific activity accumulation was observed in the MC38 

tumors at baseline. To investigate the in vivo effects of ICI therapy on CXCR3 in the TME 

as well as systemic effects, two therapy cohorts receiving either one (1xICI) or three 

(3xICI) cycles of checkpoint inhibitor treatment (α-PD1/α-CTLA-4) were investigated. 

Previous experiments in our lab using flow cytometry and IF had revealed that therapy 

response in the TME can be visualized earliest at five days post-treatment. Thus, 

[64Cu]Cu-NOTA-α-CXCR3 was injected on day five post-therapy for the cohort which 

received two treatment cycles. Of note, a third treatment cycle was applied on day 13 post-

inoculation (i.e. during the circulation time of the radiotracer) to ensure the therapy 

effectiveness and sustained T cell activation over this period (see Suppl. Figure S 6). Since 

the absolute organ uptakes both in reference organs such as blood or liver and in the target 

organs (tumor, spleen, lymph nodes) were found to vary between mice in the respective 
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cohorts, uptake ratios (spleen/liver, spleen/blood, tumor/liver, tumor/blood) were 

calculated for intra-individual normalization and better comparability. Interestingly, the 

spleen-to-liver ratio (SLR) increased steadily from 1.08±0.19 (untreated cohort) to 

1.12±0.09 (1xICI), and 1.54±0.14 (3xICI) during treatment and was the lowest in the 

blocking cohorts (0.66±0.083 control blocking and 0.65±0.15 3xICI blocking), 

demonstrating CXCR3-specificity of [64Cu]Cu-NOTA-α-CXCR3 uptake in these tissues. 

Although differences between spleen-to-blood ratios (SBRs) were less significant, they 

showed identical trends. In contrast, a substantial increase in tracer accumulation (from 

0.42±0.20 (control) to 0.77±0.47 (1xICI) to 1.13±0.35 (3xICI) %IA/g, see Suppl. Figure 

S 8) was observed for the lymph-node-to-liver ratio but not for the lymph node-to-blood 

ratio. Unfortunately, this treatment-dependent increase in tracer uptake was not observed 

for the MC38 tumors. Although tumor-to-liver ratios were marginally higher in treated 

mice, this increase was not significant. 

In vivo [64Cu]Cu-NOTA-α-CXCR3 PET/CT imaging in MC38 bearing mice 

To validate the findings from the biodistribution studies and to investigate the sensitivity 

of [64Cu]Cu- NOTA-α-CXCR3 for detecting the observed ICI treatment effects in the 

secondary lymphoid organs, small animal [64Cu]Cu-NOTA-α-CXCR3 PET/CT 

imaging at 24 hours p.i. was also performed (Figure 3). SLRs obtained from the 

representative PET/CT scans confirmed the results from the biodistribution experiment 

(see Suppl Figure S 7). Figure 3C summarizes the imaging results obtained for 

representative mice (n = 1 per condition) taken from the respective cohorts used for the 

biodistribution study at 48 hours p.i. (see previous section). 
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Figure 3:  (a) PET/CT of a healthy C57Bl/6 mouse 48 p.i. of [64Cu]Cu-NOTA-α-

CXCR3 (b) Autoradiography of spleens of healthy mice, either untreated (control, 

n=1) or treated with 2 cycles of ICI (2xICI, n=1)); (b) Representative [64Cu]Cu-NOTA- 

α-CXCR3 PET/CT images (maximum intensity projections, MIP) of mice bearing 

MC38 tumors on the right flank at 24 hours p.i. Images show an untreated control 

mouse (left), a mouse having received 3 cycles of ICI (middle) and a mouse which 

received 3 cycles of ICI, coinjected with an 100-fold excess of α-CXCR3 mAb 

(blocking, right) (c) Spleen-to-liver, spleen-to-blood and tumor-to-liver ratios for the 

different cohorts as determined via the biodistribution study (Table 1). 
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Discussion 

As already demonstrated in the literature [15, 25], T cell function as well as infiltration 

into the tumor is strongly dependent on CXCR3. High CXCR3 expression on activated 

T cells has not only been shown to be a robust predictor for the success of cell-based 

immunotherapies [19] but may also be upregulated in tumor-resident T cells due to 

immune checkpoint inhibition-induced T cell activation. [15, 19]. 

This effect was also observed in the pilot experiments in this study in which a 

progressive, ICI-induced increase in CXCR3+ T cell numbers and an improved tumor 

infiltration with these cells was observed in MC38 tumors by IF as well as by flow 

cytometry after two ICI treatment cycles. These data were also in accordance with 

results from CD3 immunohistochemistry stainings of MC38 tumor slices, which in 

turn confirmed data from the literature [23]. An additional factor of high relevance for 

targeted imaging of immune-cell targets in the TME are the kinetics of T cell activation 

and expansion. In this study, flow cytometry analysis indicated that a single treatment 

cycle (three days post-treatment) did not yet have a detectable effect on activation and 

thus CXCR3 expression on tumor-infiltrating T cells, but was only observed after 2 cycles 

of checkpoint inhibition five days post-treatment. This is a highly interesting finding 

and underlines the importance of characterizing the kinetics of the up- (and 

down)regulation of individual T cell activation markers in response to therapy. For 

example, another  T cell activation marker, OX40 [26], was found do display very 

distinct kinetics compared to CXCR3. For OX40, imaging of early response at two 

days post-treatment was feasible, whereas at nine days post-treatment, the signal 

returned to baseline level.  

Motivated by the sufficient baseline infiltration and increasing number of CXCR3+ T 

Chapter 5 Exploiting CXCR3 as target for T cell activation imaging

94



 

cells in the TME observed for the MC38 tumors under ICI therapy, the major aim of 

this study was to validate CXCR3 as an imaging target for T cell activation in the TME 

using the radiotracer [64Cu]Cu-NOTA-α-CXCR3. Being the largest lymphoid organ, 

the spleen inherently showed a comparably high density of CXCR3+ cells in the initial 

IF experiments (Figure 1D). Consequently, during the subsequent in vivo evaluation of 

[64Cu]Cu-NOTA-α-CXCR3, the spleen was considered as a positive control to verify 

the specificity of the radiotracer. Interestingly, even in this positive control tissue, low 

molar activities of the injected [64Cu]Cu-NOTA-α-CXCR3 and thus the comparably 

high amount of coinjected, unlabeled antibody (15 µg) precluded CXCR3-specific 

tracer accumulation (Suppl. Figure S 7). Apparently, at this antibody dose, available 

CXCR3 receptors on splenic lymphoid T cells are already saturated by the excess of 

unlabeled antibody present in the radiopharmaceutical preparation. This observation is 

fully in line with previous results, where imaging of PD-1 expression was only feasible 

when small doses (2 µg) of the respective 64Cu-labeled PD-1 targeted antibody were 

used [27]. To circumvent these drawbacks, the following adjustments were 

implemented: (1) A 10-fold reduction of the injected dose to 1.5 µg per mouse, based 

on an optimized molar activity of  [64Cu]Cu-NOTA-α-CXCR3 (300 GBq/µmol vs 10 

GBq/µmol), and (2) a later time point for the ex vivo biodistribution study (48 hours 

p.i.) to allow more efficient tracer clearance and CXCR3-mediated accumulation. 

These adjustments resulted in specific and therapy-dependent radiotracer uptake 

observed in the spleen and lymph nodes (Table 1 and Figure 3C-D), both of which 

highly express CXCR3 tissues according to IF.  

Despite significant therapy-induced changes in specific uptake of [64Cu]Cu-NOTA-α-

CXCR3 in the spleen and lymph nodes, limitations were encountered with respect to 
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imaging changes in CXCR3+ T cell infiltration or CXCR3 upregulation on tumor-

resident T cells. Under the chosen experimental conditions, no significant therapy-

related change in tumor uptake of [64Cu]Cu-NOTA-α-CXCR3 was observed. We 

propose two possible explanations for this observation. First, the relatively low quantity 

of CXCR3+ expressing cells in the TME, even after 2 cycles of ICI treatment, limits 

the maximal achievable specific signal. For example, in the MC38 tumor model used 

in this study, a 6.7-fold increase in CXCR3+ T cell density was observed after ICI 

therapy. However, the cellular densities determined in the flow cytometry experiment 

ranged from 1524±579 CXCR3+ T cells/tumor (untreated control) to 9979±6369 

cells/tumor (2xICI treated). This very low number of target-expressing cells as well as 

a probably low expression level per cell are insufficient to obtain a CXCR3-specific 

signal using [64Cu]Cu-NOTA-α-CXCR3. With its affinity in the low nanomolar region 

(KD = 3.3 nM), [64Cu]Cu-NOTA-α-CXCR3 aligns well with other radiolabeled 

antibodies used for imaging [28], but this affinity is not sufficient to sensitively detect 

low-level CXCR3 expression in the TME. Here, dramatically enhanced CXCR3-

affinity (ideally in the pM region) would be required to obtain the desired sensitive 

signal such as for radiotracers based on e.g. pembrolizumab [29]. Second, the inherent 

pharmacokinetic properties of the full-sized antibody radiotracer lead to high 

background uptake in tumor tissue. On the one hand, the EPR effect and Fcγ receptor-

mediated uptake, which is well documented for antibody-based tracers [29, 30] 

contributes to significant non-specific accumulation of the [64Cu]Cu-NOTA-α-CXCR3 

macromolecule in the tumor tissue. This, as observed in the present study, may mask 

small, but significant differences of in CXCR3-mediated radiotracer uptake by 

CXCR3-positive T cells in the TME. On the other hand, as an inverse effect, efficient 
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extravasation of macromolecules such as full-size antibodies into the tumor tissue is 

limited [31], and thus, [64Cu]Cu-NOTA-α-CXCR3 may be unable to reach the T cells 

residing in the TME. Thus, the present antibody-based approach for imaging T cell 

activation in the TME via CXCR3 targeting is not suited for imaging such small T cell 

(sub)populations in the TME. As mentioned, this would require radiotracers with 

extremely high affinities (pM), and ideally, rapid blood clearance and small 

background accumulation.  

However, [64Cu]Cu-NOTA-α-CXCR3 allowed in vivo imaging of systemic T cell 

activation, as demonstrated by an increased tracer uptake in the spleen and in the lymph 

nodes (Figure 3C-D) upon ICI treatment. Thus, the present approach may at least serve 

as a broader strategy [32] to image T cell activation. High splenic activity was recently 

proposed as a positive indicator of successful immunotherapy in melanoma and 

Hodgkin lymphoma patients using 2-[18F]FDG [33, 34]. Furthermore, previous studies 

have shown that the T cell activation marker CD69 exhibits increased expression in 

spleens of mice responding to ICI, whereas non-responders and untreated mice showed 

lower splenic uptake of the CD69-targeted [89Zr]-DFO-H1.2F3 [35]. This suggests 

that, triggered by ICI, the number of effector T cells in the lymphatic circulation 

increases and immunological remodeling is taking place in the spleen [36]. As shown 

for the spleen-to-liver and spleen-to-blood ratios used in this study (Figure 3D), 

systemic response imaging could thus be feasible using [64Cu]Cu-NOTA-α-CXCR3 

PET. However, this assumption requires thorough further investigation since in the 

present study, animal cohorts were not sufficiently large to differentiate between ICI 

therapy responders and non-responders. Only if a correlation between the spleen-to-

liver and spleen-to-blood ratios of [64Cu]Cu-NOTA-α-CXCR3 uptake of responders 
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and non-responders can be observed, [64Cu]Cu-NOTA-α-CXCR3-based PET imaging 

may qualify as an imaging approach for assessing systemic T cell activation as a 

surrogate marker for tumor response to ICI therapy. 

 

Conclusions 

In summary, the results of this study suggest, that in principle, CXCR3 represents a 

relevant molecular marker for T cell activation in an immunotherapy setting. The 

antibody-based imaging approach using [64Cu]Cu-NOTA-α-CXCR3 was able to 

unambiguously demonstrate systemic T cell activation, as reflected by tracer uptake in 

CXCR3+ T cell rich organs such as spleen and lymph nodes. To be able to further 

exploit this highly interesting molecular marker as a target for imaging T cell activation 

in the TME, however, an optimized tracer design is required, providing not only very 

high affinity to CXCR3, ideally in the pM range, but also reduced background 

accumulation and faster general accumulation and clearance kinetics. First attempts in 

this direction have been reported [21] but require further optimization. Overall, this 

study represents an important first step towards establishing CXCR3 as an important 

(early) T cell activation marker alongside CD69, OX40, ICOS, IL-2R, IFN-γ, 

Granzyme B as well as T-cell metabolism and in the future may attract considerable 

clinical interest, as soon as an optimized tracer concept is available.  
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Abbreviations 

CXCR3 C-X-C chemokine receptor 3 

TME tumor micro-environment 

ICI immune checkpoint inhibitor 

NOTA 2,2,2-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid 

TIL tumor infiltrating lymphocyte 

CAR-T chimeric antigen receptor T cell 

PET positron emission tomography 

SPECT single photon emission computed tomography 

ICOS inducible T cell COStimulator 

IL-2R interleukin-2 receptor 

CXCL9 C-X-C chemokine ligand 9 

PD-1 programmed cell death protein 1 

CTLA-4 cytotoxic T-lymphocyte-associated protein 4 

mAb monoclonal antibody 

DoC degree of conjugation 

EDTA ethylenediaminetetraacetic acid 

SEC size exclusion chromatography 

RCP radiochemical purity 

iTLC instant thin layer chromatography 

RCY radiochemical yield 

BSA bovine serum albumine 

FBS fetal bovine serum 

IHC immunohisotchemistry 
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IF immunofluorescence 

MA molar activity 

KD dissociation constant 

SLR spleen-to-liver ratio 

SBR spleen-to-blood ratio 
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Protein Mass Spectrometry 

The mass spectrometry was performed on a Q ExactiveTM HF Orbitrap operating in 

the protein mode in mass ranges of 15 kDa (EPFL, Sion). The scans were set in the 

range of 1200-4000 m/z at a resolution of 15 k and a SID of 25 eV. The mass spectra were 

deconvolved using Protein Deconvolution 4.0 (Thermo Scientific). For the measurement 

the samples were passed through a Acquity UPLC Protein BEH C4 column (1x150mm, 

1.7um, 300 Å, Waters) at a flow rate of 90 uL/min. The column oven was set at 60°C. 

Gradient: from 25% to 40% within 12 min. Solvent A: water +0.1% formic acid, solvent 

B: acetonitrile + 0.1% formic acid. Before the injection of 6 uL sample volume the 

samples were diluted 100 times with solvent A. 

 

Cell transfection 

For the retroviral harvest 293T cells were used as packaging cell line. 8x106 cells 

were seeded in a T150 flask the day before of the transfection in 16.5 mL of complete 

RPMI media. The cells were transfected by using Turbofect with 42 µg of total DNA 

(gagpol 14 µg, transfer vector 21 µg, envelop 7 µg). Turbofect and Optimem have been 

used according to the manufacturer’s instructions. 48 hours after the transfection the 

supernatant was collected and concentrated by a ultracentrifugation at 24x105xg for 1.5 

h. Next, 300x105 CHO cells were infected with 100 µL of concentrated virus. 

Phenotype control of the target protein was performed 5 days after transduction by flow 

cytometry. The cells were maintained and expanded in DMEM/F12 containing 10% 

FBS and 1% Penicillin/Streptomycin. 
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Flow cytometry of in vitro cultivated cells 

CHO-CXC3 or MC38 cells were detached using 2 mM EDTA in PBS for 15-20 min 

at 37°C. The cells were washed twice with cold flow cytometry buffer (1\% fetal 

bovine serum in PBS). For the staining, 1x106 cells were prepared and incubated for 

30 min on ice with 100 µL flow cytometry buffer contianing 1 μg/mL of PE anti-mouse 

CXCR3 (BioLegend, #Cat: 126505, Clone: CXCR3-173). An unstained sample was 

used as negative control. The cells were washed two times with 200 μL cold flow 

cytometry buffer. DAPI was added to each sample shortly before the analysis to yield 

a final concentration of 0.5 µg/mL. The flow cytometry analyses were conducted on 

the same day on a Beckman Coulter Gallios flow cytometer. The acquired data were 

analyzed with FlowJo v10.7.1. 
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Figure S 1 AbYlinkTM technology for Fc-site specific antibody conjugation. Patent 

application WO 2022/079031. 
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Figure S 2: (a) Evaluation of the degree of conjugation (DoC) through mass 

spectrometry. The NOTA-conjugated antibody is illustrated on the top and on the 

bottom the unconjugated antibody as control. Bn-NOTA: +582 m/z, and BN-NOTA-

Cu: +643 m/z. (b) SEC-chromatogram of NOTA-α-CXCR3 in labeling buffer (0.1 M 

NaOAc, pH 5.5), Rt 8.49 min; (c) Radio-SEC chromatogram of [64Cu]Cu-NOTA-α-

CXCR3, Rt 8.57 min. 
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Figure S 3: iTLC chromatograms of [64Cu]Cu-NOTA-α-CXCR3 radiolabeled with 

increasing activities of 64Cu. Region 1: [64Cu]Cu-NOTA-α-CXCR3; Region 2: 

[64Cu]Cu-EDTA; Bkg1: Background region. (a) Radiolabeling to MA of 538 

GBq/µmol; (b) MA of 690 GBq/µmol; (c) MA of 1250 GBq/µmol. 
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Figure S 5: Flow cytometry analysis. Anti-mouse-CXCR3-PE stained cells in red, 

unstained cells in blue. (a) Transfected CHO cells expressing murine CXCR3; (b) 

MC38 tumor cells. 

 

 

 

Figure S 4: Stability of [64Cu]Cu-NOTA-α-CXCR3 in human serum. Overlay of SEC 

analyses after 24 hours (red) and 48 hours (black) of incubation at 37°C. 
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Figure S 6: ICI treatment schedule for MC38 tumor bearing mice. ICI: immune checkpoint 

inhibitor, IF: immunofluorescence, mAb: monoclonal antibody. (a) Schedule for untreated mice 

and mice treated with one dose of ICI. (b) Schedule for mice which received two or three doses 

of ICI. 
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Figure S 7: Biodistribution of [64Cu]Cu-NOTA-α-CXCR3  (10 GBq/µmol, 15 µg 

mAb/mouse) at 24h p.i. in untreated MC38 tumor bearing mice. 
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Figure S 8: (a) Spleen-to-liver ratios as determined from VOI evaluation of the representative 

PET/CT images (n=1 each condition); (b) Lymph node-to-liver ratios as determined from the 

Biodistribution data (Table 1).  
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Figure S 9: Growth kinetics of MC38 tumors in CB57Bl/6 mice. Tumors (2x106 cells) were 

engrafted subcutaneously on the right flank. Immune checkpoint inhibitor treatment using 

αPD1 and αCTLA-4 was applied on day 7, 10 and 13 post-engraftment. 
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6 Exploiting CXCR4 as target for imag-

ing and radioligand therapy

CXCR4 is a highly relevant molecular target for PET/CT imaging and RLT. Currently, a potent

theranostic concept using [68Ga]Ga-PentixaFor and [177Lu]Lu/[90Y]Y-PentixaTher is available

and clinically implemented [91]. Nevertheless, optimizations on different levels are being

constantly pursued: (a) understanding regulationofCXCR4 expression in cancer, for example

of chemotherapeutic drugs, because they can interfere with successful RLT (see section 6.5),

and (b) ongoing optimization of tracers expanding the spectrumof available labelingmethod

by structural optimization.

The successful development of [99mTc]Tc-PentixaTec was facilitated by the introduction of

the novel structural moiety L6-CPCR4, which allows for the incorporation of bulkier groups

on the L6 linker without compromising affinity towards CXCR4 [37, 103]. First-in-human

SPECT using [99mTc]Tc-PentixaTec in patients with hematological cancers demonstrated

high-contrast delineation of CXCR4 expressing tumors [37]. To further expand the scope

of potential applications, we synthesized highly potent tracers capable of utilizing [18F]AlF

chemistry, as well as hybrid ligands suitable for fluorescence and nuclear imaging. All of

these tracers were developed based on the L6-CPCR4 moiety.

119



Chapter 6 Exploiting CXCR4 as target for imaging and radioligand therapy

6.1 Development of CXCR4-directed ligands

Recently, PentixaFor analogs containing an optimized linker moiety, called L6 (Abz-D-Ala-D-

Arg-dap), which increases the affinity towards CXCR4 (mouse/human), was developed. The

L6-CPCR4 scaffold now tolerates the attachment of bulky groups to the L6-linker modality

without compromising affinity and thus greatly improves flexibility with respect to the choice

of chelator and labelingmethodology [103]. Basedon this scaffold, novel chelator-conjugated

analogs (NOTA-L6-CPCR4 and NODAGA-L6-CPCR4) for [18F]AlF labeling, a fluorescent

compound (SulfoCy5-L6-CPCR4), and a hybrid compound (SulfoCy5-dap(DOTA)-L6-

CPCR4) were synthesized and evaluated in vitro which are presented in Figure 6.1.

6.2 Synthesis of L6-CPCR4 derivatives

The semi-protected building block L6-CPCR4 (Cyclo(D-Tyr-NMe-D-Orn(D-Dap(Boc)-D-

Arg(Pbf)-D-Ala-4-Abz)-Arg(Pbf)-2-Nal-Gly) was used as the starting material to conjugate

either the macrocyclic chelators (NOTA-bis(tert-Butyl)ester, NCS-MP-NODA, NODA-GA-

NHS ester) and/or the Sulfo-Cyanine5NHS ester to obtain the compounds. The deprotection

yielding NODA-L6-CPCR4 was not possible since the thiourea group of the NODA-L6-

CPCR4was unstable even under mild acidic conditions using 1% TFA at 60 °C for the final

deprotection step.

Given that only the two other derivatives,NODAGA-L6-CPCR4 andNOTA-L6-CPCR4, exhib-

ited stability under acidic conditions, only these were synthetically accessible in reasonable

yields. The synthesis of the respective cold AlnatF reference compounds was only success-

ful in the case of [natF]AlF-NOTA-L6-CPCR4. In contrast, the NODAGA-based compound

NODAGA-L6-CPCR4 showed only the formation of Al-NODAGA-L6-CPCR4 (758.7 [M+2]²⁺).

This can be attributed to NODA-GA (3N, 3O) saturating the coordination sphere of Al³⁺

forming stable hexadentate complexes. In previous labeling studies of NODAGA-conjugated

peptides with [18F]AlF, this preferential 3N, 3O coordination of Al³⁺ had already led to poor ra-
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Figure 6.1: Synthesized CXCR4 inhibitors based on the L6-CPCR4 moiety. The highly potent
L6-CPCR4 moiety was recently developed by Konrad et al. [37].

diochemical yields of the desired [18F]AlF complex (maximal 20%), challenging the suitability

of NODA-GA for AlF-labeling [121]. However, NODAGA-L6-CPCR4may still be considered

useful for labeling with other isotopes like 64Cu or 68Ga. To demonstrate that this deriva-

tive in principle shows high affinity to CXCR4, compound Al-NODAGA-L6-CPCR4 was

characterized in vitro alongside [natF]AlF-NOTA-L6-CPCR4.

6.3 IC50 determinations of L6-CPCR4 derivatives

Competitive binding assays were performed using radioligand [125I]I-FC131 for Jurkat cells

(human CXCR4) and [125I]I-CPC4.3 for the HEK cell line (mouse CXCR4), respectively. Ta-

ble 6.1 summarizes all obtained IC50 values. Not unexpectedly, all tested compounds showed

a superior affinity tohumanCXCR4compared to the current gold standardofCXCR4-directed

imaging [68Ga]Ga-PentixaFor. With an IC50 of 0.28nM, [natF]AlF-NOTA-L6-CPCR4 revealed

the highest affinity on human CXCR4 which is 150-fold increased compared to [68Ga]Ga-

PentixaFor. Since the homology between human and mouse CXCR4 is low (91% [122]) and

the L6-CPCR4-based peptides are not optimized for mouse CXCR4 affinity, all investigated

compounds showed significantly lower affinities on the mouse CXCR4 receptor. However,
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Table 6.1: Affinities of CXCR4-targeted peptides on Jurkat cells (human CXCR4) and trans-
fected HEK cells (mouse CXCR4). IC₅₀ values were obtained using [125I]I-CPCR4 (mouse
CXCR4, 0.1nM) and [125I]I-FC131 (human CXCR4, 0.1nM).

Compound mouse CXCR4 [nM] human CXCR4 [nM]

FC131 119 ± 69𝑎 12.4 ± 3.1𝑎

CPCR4.3 0.8 ± 0.1𝑎 2.8 ± 1.1𝑎

[natGa]Ga-PentixaFor >1000𝑎 42.4 ± 11.6𝑎

Al-NODAGA-L6-CPCR4 366.0 (n = 1) 0.53 ± 0.15 (n = 2)

[natF]AlF-NOTA-L6-CPCR4 649.7 ± 270.3 (n = 3) 0.28 ± 0.12 (n = 3)

SulfoCy5-L6-CPCR4 466.2 (n = 1) 0.81 (n = 1)

SulfoCy5-dap([natGa]Ga-DOTA)-L6-

CPCR4

2515.5 ± 1279.0 (n = 6) 3.0 ± 0.7 (n = 4)

a Data taken from Schottelius et al. [123]

except for the hybrid compound SulfoCy5-dap([68Ga]Ga-DOTA)-L6-CPCR4, all tested com-

pounds showed improved affinity towards mouse CXCR4 compared to [68Ga]Ga-PentixaFor.

Overall, this in vitro target validation shows that CXCR4-inhibitors based on the L6-CPCR4

scaffold allowed the conjugation of bulky groups without perturbing their affinity to human

CXCR4.

6.4 Internalization studies

As opposed to [68Ga]Ga-PentixaFor and [177Lu]Lu-PentixaTher, which, due to their antago-

nistic profile show only moderate CXCR4-mediated internalization, peptides containing the

L6 linker usually display very efficient internalization [101, 37], hinting towards an agonistic

profile. Since at the time of the investigation, the [18F]AlF-labeling protocol had not yet been

established by our collaboration partners inVienna (Prof. Verena Pichler), an internalization

study could not yet be conducted for the lead compound,NOTA-L6-CPCR4. However, the

internalization kinetics of the hybrid ligand SulfoCy5-dap([natGa]Ga-DOTA)-L6-CPCR4

122



Exploiting CXCR4 as target for imaging and radioligand therapy Chapter 6

was investigated both via fluorescence microscopy using eGFP-CXCR4 expressing MDA-

MB-231 X4 cells and via a dual tracer internalization study using the CXCR4-positive breast

cancer cell line MCF-7. The compound showed increasing and specific cellular binding

after 15min at 37 °C. Progressive internalization was observed over the whole observation

period, with more and more highly fluorescent intracellular vesicles appearing. At all times,

red Cy5-fluorescence (ligand) was almost exclusively co-localized with the receptor (eGFP

signal), indicative of strong ligand receptor interaction and efficient endocytosis of the

receptor-ligand-complex (see Figure 6.2). Next, the internalization of the corresponding

radiolabeled peptide SulfoCy5-dap([68Ga]Ga-DOTA)-L6-CPCR4 (1mM) was investigated

in the MCF-7 cell line over a period of 90min. The assay was conducted as a dual tracer

internalization study, with [125I]I-FC131 (0.1nM) as an internal reference (see Figure 6.3).

At 60min of incubation, radioligand internalization plateaued, with app. 8% of the added
68Ga-activity internalized, and 12% total cellular binding (internalized + membrane-bound

ligand). Compared to the internal standard [125I]I-FC131, the internalization of SulfoCy5-

dap([68Ga]Ga-DOTA)-L6-CPCR4 was slightly decreased (app. 5% lower internalization

and total cellular binding). Unfortunately, further preclinical studies of the evaluated ra-

diotracers were not compatible with the time line of this thesis, but will be pursued in a

subsequent project by our laboratory to expand the scope of highly potent CXCR4-directed

pharmaceuticals for imaging and therapy.
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Figure 6.2: Internalization kinetics of hybrid compound SulfoCy5-dap([natGa]Ga-DOTA)-
L6-CPCR4 in MDA-MB-231 X4-eGFP expressing cells. Immunofluorescence channels were
eGFP (green) and Cy5 (red). Blocking was conducted using AMD3100 (0.1mM).
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Figure 6.3: Specific internalization of the radiolabeled hybrid compound SulfoCy5-
dap([68Ga]Ga-DOTA)-L6-CPCR4 on MCF-7 cells. Internal reference [125I]I-FC131 was ap-
plied for comparison. Radioligand concentrations were at 1nM (68Ga-labeled tracer) and
0.1nM (125I-labeled tracer), respectively.
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6.5 Influence of corticosteroid treatment on CXCR4 expression

in DLBCL

Reproduced with permission of Springer Nature.
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Abstract 

Background  CXCR4-targeted radioligand therapy (RLT) with [177Lu]Lu/[90Y]Y-PentixaTher has recently evolved as a 
promising therapeutic option for patients with advanced hematological cancers. Given their advanced disease stage, 
most patients scheduled for PentixaTher RLT require concomitant or bridging chemotherapy to prevent intermittent 
tumor progression. These (mostly combination) therapies may cause significant downregulation of tumoral CXCR4 
expression, challenging the applicability of PentixaTher RLT. This study therefore aimed at investigating the influence 
of corticosteroids, a central component of these chemotherapies, on CXCR4 regulation in diffuse large B cell lym-
phoma (DLBCL).

Methods  Different DLBCL cell lines (Daudi, OCI-LY1, SUDHL-4, -5-, -6 and -8) as well as the human T-cell lymphoma 
cell line Jurkat were incubated with Dexamethasone (Dex; 0.5 and 5 µM, respectively) and Prednisolone (Pred; 5 and 
50 µM, respectively) for different time points (2 h, 24 h). Treatment-induced modulation of cellular CXCR4 surface 
expression was assessed via flow cytometry (FC) and compared to untreated cells. A radioligand binding assay with 
[125I]CPCR4.3 was performed in parallel using the same cells. To quantify potential corticosteroid treatment effects on 
tumoral CXCR4 expression in vivo, OCI-LY1 bearing NSG mice were injected 50 µg Dex/mouse i.p. (daily for 6 days). 
Then, a biodistribution study (1 h p.i.) using [68Ga]PentixaTher was performed, and tracer biodistribution in treated 
(n = 5) vs untreated mice (n = 5) was compared.

Results  In the in vitro experiments, a strongly cell line-dependent upregulation of CXCR4 was observed for both 
Dex and Pred treatment, with negligible differences between the high and low dose. While in Jurkat, Daudi and 
SUDHL-8 cells, CXCR4 expression remained unchanged, a 1.5- to 3.5-fold increase in CXCR4 cell surface expression was 
observed for SUDHL-5 < SUDHL-4 /-6 < OCI-LY1 via FC compared to untreated cells. This increase in CXCR4 expression 
was also reflected in correspondingly enhanced [125I]CPCR4.3 accumulation in treated cells, with a linear correla-
tion between FC and radioligand binding data. In vivo, Dex treatment led to a general increase of [68Ga]PentixaTher 
uptake in all organs compared to untreated animals, as a result of a higher tracer concentration in blood. However, we 
observed an overproportionally enhanced [68Ga]PentixaTher uptake in the OCI-LY1 tumors in treated (21.0 ± 5.5%iD/g) 
vs untreated (9.2 ± 2.8%iD/g) mice, resulting in higher tumor-to-background ratios in the treatment group.

Conclusion  Overall, corticosteroid treatment (Dex/Pred) consistently induced an upregulation of CXCR4 expression 
DBLCL cells in vitro, albeit in a very cell line-dependent manner. For the cell line with the most pronounced Dex-
induced CXCR4 upregulation, OCI-LY1, the in vitro findings were corroborated by an in vivo biodistribution study. This 
confirms that at least the corticosteroid component of stabilizing chemotherapy regimens in DLBCL patients prior 
to [177Lu]Lu-PentixaTher RLT does not lead to downregulation of the molecular target CXCR4 and may even have a 
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Full list of author information is available at the end of the article
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beneficiary effect. However, further studies are needed to investigate if and to what extent the other commonly used 
chemotherapeutic agents affect CXCR4 expression on DLBCL to ensure the choice of an appropriate treatment regi-
men prior to [177Lu]Lu/[90Y]Y-PentixaTher RLT.

Keywords  CXCR4, Chemokine receptor regulation, Cortisol, Corticosteroids, PentixaTher, Radioligand therapy

Background and study design
CXCR4-targeted radioligand therapy (RLT) with [177Lu]
Lu/[90Y]Y-PentixaTher (Yttrium (90Y) anditixafortide) 
has recently evolved as a promising therapeutic option 
for patients with advanced hematological cancers such as 
multiple myeloma (MM), diffuse large B cell lymphoma 
(DLBCL) or acute lymphoblastic leukemia (ALL) [1–3]. 
Generally, a prerequisite for patient eligibility for [177Lu]
Lu/[90Y]Y-PentixaTher RLT is high tumoral CXCR4 
expression, confirmed by high uptake of the compan-
ion diagnostic, [68Ga]Ga-PentixaFor (Gallium (68Ga) 
boclatixafortide), in the respective tumor lesions by pre-
therapeutic PET/CT. However, as most patients sched-
uled for PentixaTher RLT suffer from advanced stages of 
their disease, concomitant or bridging chemotherapy to 
prevent tumor progression between diagnostic imaging 
and RLT is often required. That these intermittent thera-
peutic regimens may have significant impact on tumoral 
CXCR4 expression has recently been demonstrated. For 
three patients with different hematological malignan-
cies, substantial downregulation of CXCR4 expression 
in response to bridging chemotherapy was observed [4], 
rendering [177Lu]Lu/[90Y]Y-PentixaTher RLT unsuitable 
or possibly much less effective.

To date, the mechanisms of this CXCR4 downregula-
tion are unclear, and the observed effects are all the more 
surprising since two of the reported patients received 
Dexamethasone (albeit in conjunction with cyclophos-
phamide or other chemotherapeutic agents [4]). Dexa-
methasone was shown to substantially increase surface 
expression of CXCR4 in MM cells [4, 5], in murine 
B-cells [6] and in human T-cells [7]. In view of the imple-
mentation of an early phase clinical study on [177Lu]Lu/
[90Y]PentixaTher RLT in patients with DLBCL, it is of 
particular importance to understand the role of corti-
costeroid treatment on the regulation of CXCR4 expres-
sion in this malignancy. Such information could possibly 
guide the safe use of bridging chemotherapies prior to 
considering the patients for CXCR4-targeted [177Lu]Lu/
[90Y]Y-PentixaTher RLT.

Thus, this study aimed at investigating the influence 
of corticosteroid (Dexamethasone, Prednisolone) treat-
ment on CXCR4 expression in a panel of DLBCL cell 
lines (Daudi, OCI-LY1, SUDHL-4, SUDHL-5, SUDHL-
6, SUDHL-8) with different baseline CXCR4 expression 

levels. The human T-cell leukemia cell line Jurkat with 
high CXCR4 expression was also included.

Clinically, in the management of DLBCL, the combi-
nation of CHOP (Cyclophosphamide, Doxorubicin, Vin-
cristine and Prednisonea) and rituximab is considered 
a standard first-line treatment [8], whereas modified/
extended DHAP (Dexamethasone, Cytarabine, Cisplatin) 
protocols are used as second-line chemotherapies [9]. 
Since patients with DLBCL eligible for [177Lu]Lu/[90Y]
Y-PentixaTher RLT are very likely to undergo/have under-
gone one of these treatments, Prednisolone1 and Dexa-
methasone were both included into this investigation.

To ensure the reliability of the in  vitro data, the con-
centrations for Dexamethasone and Prednisolone were 
chosen such as to resemble as closely as possible to the 
maximum plasma concentrations observed in humans 
receiving standard treatments (i.e., 40  mg Dexametha-
sone/day [9] and 100  mg Prednisone/day [8]). On the 
basis of this dosing, the corresponding maximum plasma 
concentrations for Dexamethasone and Prednisolone 
were found to be approximately 0.5  µM [10] and 5  µM 
[11], respectively. Thus, these concentrations were used 
consistently throughout the study. In some experiments, 
however, to assess a potential concentration dependence 
of the (up)regulation of CXCR4 and of cell viability, a ten-
fold concentration of the chosen corticosteroids was also 
investigated.

Data from the literature indicate variable kinetics of 
CXCR4 upregulation in different cell types, with the first 
detection of receptor upregulation ranging from 1 to 3 h 
[6, 7] to 24 h of incubation [5]. We therefore performed 
initial pilot studies to establish the most suitable incuba-
tion time for detecting potential effects of corticosteroid 
treatment on CXCR4 expression in the different DLBCL 
cell lines. Ultimately, after having established appropri-
ate experimental conditions, a second set of experiments 
was performed, in which the changes in CXCR4 expres-
sion observed in flow cytometry were correlated with 
changes in radioligand binding induced by corticosteroid 
therapy. Given the particularly high sensitivity of [125I]
CPCR4.3 for quantifying different CXCR4 expression 

1  Prednisolone is the actual active compound; Prednisone (administered in 
CHOP) is the prodrug for Prednisolone and is metabolized to Prednisolone 
in the liver.
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levels in vitro [12], this ligand was used instead of [177Lu]
Lu-PentixaTher for the in vitro studies.

Results
Pilot studies—time dependence and concentration 
dependence
In a first set of experiments, the time dependence of 
CXCR4 (up)regulation by corticosteroid treatment was 
investigated. As opposed to results from the literature 
[6, 7], an incubation time of 2  h at 37  °C with both the 
high dose (5  µM Dexamethasone, 50  µM Prednisolone) 
and the respective low-dose mimicking plasma concen-
tration (0.5 µM Dexamethasone, 5 µM Prednisolone) did 
not induce any notable change in CXCR4 expression in 
any of the cell lines investigated (data not shown). How-
ever, after 24  h of incubation, flow cytometry analysis 
revealed increased CXCR4 surface expression levels for 
Daudi, OCI-LY1, SUDHL-4, SUDHL-5 and SUDHL-6 
cells at both drug concentrations (Fig. 1). Consequently, 
an incubation time of 24 h was selected for all subsequent 
experiments.

Importantly, the effect of corticosteroid treatment on 
CXCR4 surface expression was highly variable between 
cell lines (Fig. 1). For SUDHL-4, SUDHL-5 and SUDHL-6 
cells, substantial CXCR4 upregulation by treatment with 
Dexamethasone and Prednisolone was observed, which 
was also found to be dependent on drug concentration 
in the case of SUDHL-4 and SUDHL-6 cells. Only mod-
erate, concentration-independent CXCR4 upregulation 
was observed for Daudi and OCI-LY1 cells, whereas the 
treatment effect was negligible for Jurkat and SUDHL-8 
cells. Overall, there was a slight trend toward a more 
notable CXCR4 upregulation by Dexamethasone than by 
Prednisolone in the responding cell lines (Daudi, OCI-
LY1, SUDHL-4, -5 and -6). However, since these pilot 
experiments were performed only once for estimation of 
effects (n = 1), their significance is limited and does not 
allow conclusive interpretation. Despite the observed 
variability between different cell lines in response to 
corticosteroid treatment, however, no negative effect of 
Dexamethasone and Prednisolone on CXCR4 surface 
expression was detected.

Fig. 1  Dependence of CXCR4 upregulation on drug concentration. Data are shown as the mean fluorescence intensity observed by flow cytometry 
for each of the cell lines at different concentrations (low and high dose) of Dexamethasone and Prednisolone, respectively, after 24 h of incubation 
in percent of untreated controls (n = 1)
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Correlation of treatment effects observed by flow 
cytometry with radioligand binding data
Based on the above pilot experiments, OCI-LY1, 
SUDHL-4 and SUDHL-5 cells were selected for more 
in-depth evaluation of the association of steroid pre-
treatment, CXCR4 expression and CXCR4 radioligand 
uptake, based on their gradual response to corticosteroid 
treatment (SUDHL-4 > SUDHL-5 > OCI-LY1). Despite 
pronounced CXCR4 upregulation by corticosteroid treat-
ment, SUDHL-6 cells were not included due to practical 
considerations.

To be able to assess the influence of the CXCR4 upreg-
ulation observed via flow cytometry on radioligand 
uptake an additional set of experiments was performed. 
Aliquots of the same treated cells (24  h, 37  °C) were 
analyzed in parallel via flow cytometry and via incuba-
tion with [125I]CPCR4.3 to quantify CXCR4 expression. 
Results are summarized in Fig. 2.

Interestingly, the extent of CXCR4 upregulation 
observed by flow cytometry for the three selected cell 
lines was quite different from the pilot experiments, with 
the responsiveness to therapy being now in the order of 
OCI-LY1 > SUDHL-4 > SUDHL-5. Another unexpected 
finding is the fact that the increase in cellular uptake 
of [125I]CPCR4.3 was much less pronounced than the 
change in CXCR4 surface expression observed by flow 

cytometry. However, as shown in Fig.  3, there is a lin-
ear correlation between the relative changes in CXCR4 
expression determined by flow cytometry and via [125I]
CPCR4.3 binding. This correlation on the one hand cor-
roborates the initial observation (see pilot experiments), 
that corticosteroid treatment does increase CXCR4 
expression in DLBCL cell lines. However, the extent of 
this effect is strongly cell line dependent. The observed 
increase in radioligand uptake in cell lines with a strong 
CXCR4 upregulation upon corticosteroid treatment may 
even prove beneficial in the context of RLT with [177Lu]
Lu/[90Y]Y-PentixaTher.

In vivo assessment of the effect of Dexamethasone 
treatment on tumoral CXCR4 expression
To verify this hypothesis, mice bearing subcutaneous 
OCI-LY1 DLBCL xenografts were randomized into a 
control group (no treatment) and a treatment group 
(50  μg Dexamethasone i.p. for 6 consecutive days), and 
a comparative biodistribution study using [68Ga]Ga-
PentixaTher was carried out at the end of the treatment 
period. Of note, since at the time of the experiment, 
177LuCl3 was not available from the manufacturer due 
to production shortages, 68Ga-labeled PentixaTher was 
chosen as a substitute for the therapeutic agent [177Lu]
Lu-PentixaTher.

Fig. 2  CXCR4 upregulation by corticosteroid treatment as assessed in parallel by flow cytometry and a radioligand binding study using [125I]
CPCR4.3. All data are shown in percent of the values obtained for untreated control cells. Flow cytometry data are shown as relative mean 
fluorescence intensity (MFI) values and are means ± SD from 3–4 separate determinations with n = 3, respectively. Radioligand binding data are 
shown as relative normalized uptake values (% of added dose bound per 1 Mio live cells) and are means ± SD from 2 separate determinations with 
n = 3, respectively
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As summarized in Fig.  4, Dexamethasone treatment 
(dosing as in [6]) had a pronounced effect on the overall 
biodistribution of [68Ga]Ga-PentixaTher. The observed 
increased concentration of the tracer in blood (increase 

by 58% in treated vs untreated animals) was reflected 
by a 53–68% higher absolute tracer uptake in all organs 
in the treated animals. The only exception from this 
consistent general effect was the OCI-LY1 xenograft, 

Fig. 3  Correlation of CXCR4 upregulation by corticosteroid treatment quantified by flow cytometry and via a radioligand binding study, 
respectively. All data are shown in percent of the values obtained for untreated control cells. Flow cytometry data are shown as relative MFI values 
and are means ± SD from 3–4 separate determinations with n = 3, respectively. Radioligand binding data using [125I]CPCR4.3 are shown as relative 
normalized uptake values (% of added dose bound per 1 Mio live cells) and are means ± SD from 2 separate determinations with n = 3, respectively

Fig. 4  Biodistribution (A) and Tumor-to-organ ratios (B) of [68Ga]Ga-PentixaTher in OCI-LY1 DLBCL xenograft bearing NSG mice at 1 h p.i.. The 
treatment group (n = 5) received 50 μg Dexamethasone i.p. for 6 consecutive days before tracer injection. The biodistribution data are given in % 
injected dose per gram tissue (%iD/g) and are means ± SD (n = 5 animals/group)
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with an increase in [68Ga]Ga-PentixaTher uptake by 
128% compared to untreated animals. As of now, the 
reasons for the tendency toward an increased blood 
concentration of [68Ga]Ga-PentixaTher are unclear; it 
may either be the result of a delayed blood clearance as 
a side effect of corticosteroid treatment, or be related 
to an upregulation of mCXCR4 expression on circulat-
ing mouse immune cells (T-lymphocytes, B-cells [6]). 
[177Lu]Lu-PentixaTher is known to display moderate 
affinity toward mCXCR4 [13], and it is highly probable 
that the mCXCR4 affinity of [68Ga]Ga-PentixaTher lies 
in the same range, and thus, the increased [68Ga]Ga-
PentixaTher concentration in blood in treated animals 
may thus be related to specific tracer binding. How-
ever, further experiments are needed to confirm this 
hypothesis.

In contrast, however, the over-proportional increase 
in tracer accumulation in the OCI-LY1 xenograft is in 
line with our in  vitro findings, i.e., a dexamethasone-
treatment induced CXCR4 upregulation on the tumor 
cells. This is further underlined by the consistently higher 
tumor/organ ratios observed for the treated animals 
(Fig.  4). Although the differences in tumor/background 
ratios between the treated and the untreated animals are 
not statistically significant (P = 0.4–0.8 for all organs) due 
to the relatively high standard deviation of the absolute 
tumor uptake value for the treatment group, our data 
nevertheless indicate a clear trend, which is in accord-
ance with our in vitro observations.

In summary, we observed that corticosteroid treatment 
(Dexamethasone, Prednisolone) consistently induced an 
upregulation of CXCR4 expression DBLCL cells in vitro. 
Of note, the effect varied significantly between cell lines, 
the increase ranging from 20 to 300% of baseline CXCR4 
expression. For the cell line with the most pronounced 
response to Dexamethasone treatment, OCI-LY1, the 
in  vitro findings could also be recapitulated in the cor-
responding in  vivo xenograft model. This confirms that 
at least the corticosteroid component of stabilizing 
chemotherapy regimens in DLBCL patients [8, 9] prior 
to CXCR4-targeted RLT with [177Lu]Lu-PentixaTher 
does not lead to downregulation of the molecular tar-
get CXCR4 and may even have a contrary, beneficiary 
effect. However, it needs to be investigated in more detail 
to which extent rituximab or the other chemotherapeu-
tic agents used in CHOP or DHAP treatment protocols 
affect CXCR4 expression, since these effects may limit 
the use of CXCR4-targeted diagnostics and/or CXCR4-
targeted therapies [4]. A better understanding of CXCR4 
(de)regulation by DLBCL lymphoma directed chemo-
therapies may help to ensure the choice of an appropriate 
treatment regimen prior to [177Lu]Lu/[90Y]Y-PentixaTher 
RLT in these diseases.

Materials and methods
Cell culture
Jurkat human T-cell leukemia cells were cultured in 
RPMI-1640 medium, supplemented with 10% FCS. All 
DLBCL cell lines, namely Daudi, OCI-LY1, SUDHL-4, 
-5, -6 and -8, were kindly supplied by Prof. Ulrich Keller, 
Department of Hematology and Oncology, Charité, Ber-
lin, Germany, and were grown in RPMI-1640 medium, 
supplemented with 20% FCS. All cell lines were main-
tained at 37  °C in a humidified 5% CO2 atmosphere. 
Media and supplements were obtained from Biochrom 
(Berlin, Germany) or Gibco (life technologies, Darmstadt, 
Germany). For cell counting, an automated CytoSMART 
Lux cell counter (Axion BioSystems, Atlanta, USA) was 
used.

For treatment with Dexamethasone and Prednisolone 
(obtained as suspensions/solutions for oral application 
from the clinical pharmacy at CHUV), the respective cell 
suspensions were centrifuged (3 min, 1300 rcf, Megafuge 
1.0, Heraeus Thermo Scientific). The culture medium 
was removed and the cell pellet was resuspended in assay 
medium (DMEM/F-12 medium with Glutamax-I (1:1) 
supplemented with 5% BSA) to yield a cell suspension 
with a concentration of app. 5–7·106 cells/ml. For treat-
ment, either 140 μL of assay medium (untreated con-
trol cells) or 140 μL of tenfold concentrated solutions of 
Dexamethasone and Prednisolone (5  μM and 50  μM as 
well as 50  μM and 500  μM, respectively) was added to 
1.26 mL of cell suspension. After incubation of the cells 
at 37° for 24 h in an incubator, the cells were centrifuged, 
washed once with assay medium, and resuspended in 
assay medium to a concentration of 5·106 cells/mL. This 
suspension was either used directly for the radioligand 
binding assay or processed further for flow cytometry 
analysis.

Flow cytometry
The treated and untreated cells were washed twice with 
cold flow cytometry buffer (5% fetal bovine serum in 
PBS). For the staining, triplicates of 1·106 cells were pre-
pared and incubated 45 min on ice with a concentration 
of 1 µg/mL PE anti-human CD184 CXCR4 antibody (Bio-
Legend) or PE mouse IgG2a isotype control (BioLegend) 
in 100  µL FACS buffer. Next, the cells were spun down 
at 300 × g and the staining agent was discarded. The cells 
were washed twice and were resuspended in 500  µL of 
cold FACS buffer. In addition, DAPI was added to each 
sample shortly before the analysis to yield a final concen-
tration of 0.5  µg/mL. The flow cytometry analyses were 
conducted immediately on a Beckman CoulterGallios 
flow cytometer. The acquired data were analyzed with 
FlowJo v10.7.1.

Chapter 6 Exploiting CXCR4 as target for imaging and radioligand therapy

132



Page 7 of 8Martin et al. EJNMMI Research           (2023) 13:40 	

Radioligand binding assay
Radioiodination of CXCR4.3 was carried out using the 
IodoGen® method as described previously [12].

For the binding assay, samples containing app. 
1·106 cells in assay medium were incubated with [125I]
CPCR4.3 (0.2  nM) at RT for 60  min in the presence 
(non-specific binding) or absence (control) of 100  µM 
unlabeled CPCR4.3 (n = 3 per condition, total sam-
ple volume: 250 µL). After incubation, the tubes were 
centrifuged (3  min, 1300 rcf, Megafuge 1.0, Heraeus 
Thermo Scientific) and the supernatant was carefully 
removed. The cells were washed once with 200 µL of 
cold HBSS, and the supernatant of the washing step 
was pooled with the supernatant from the previous step 
(free ligand). Then, the amount of bound radioligand in 
the cell pellet as well as the amount of free radioligand 
in the combined supernatants was quantified using a 
γ-counter (WALLAC; 1480 WIZARD™ 3″). For each 
sample, the cellular uptake in % of total added dose was 
calculated and then used for further data processing.

Tumor model and in vivo biodistribution studies
For induction of tumor growth, female NSG mice 
(6–8 weeks) were subcutaneously injected with 5 × 106 
OCI-LY1 cells in HBSS/Matrigel (1:1). After 25  days, 
small palpable tumors had grown in all animals, and 
animals were divided into a control group (no treat-
ment, n = 5) and a treatment group (n = 5). Treated 
animals received 50 μg Dexamethasone in 100 μL PBS 
as an i.p. injection for 6 consecutive days (day 25-day 
30 post tumor implant). The following day, all animals 
were injected intravenously with 3–4  MBq (0.16–
0.18 nmol) [68Ga]Ga-PentixaTher, and a biodistribution 
study was carried out. The animals were sacrificed at 
1 h post injection (p.i.), and the organs of interest were 
dissected. The radioactivity was measured in weighted 
tissue samples using a γ-counter. Data are expressed in 
% ID/g tissue (mean ± SD).
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7 Methodological developments

During this thesis, two methodologies were developed. The first established method in-

volves direct conjugation of unprotected macrocyclic chelators such as DOTA or NOTA to

immobilized peptides on 2CTC resin. Through this method, the radiotracer precursors

DOTA-RAP-103 and CC-1 to CC-7 as well as the clinically relevant compound PSMA-617

were successfully synthesized (see section 7.1). The second method allowed simultaneous

purification and formulation of peptide radiopharmaceuticals in physiologic solution using

size exclusion cartridges (G10, 700 kDa cut-off). This method was established with a set of

various radiotracers (e.g., monomer vs trimer) as well as relevant radionuclides in the field

of nuclear imaging (see section 7.2).
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7.1 Conjugation of macrocyclic chelators using solid-phase

peptide synthesis

This article is in preparation for the submission to Tetrahedron Letters.
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1. Introduction 

The undisputed clinical success of peptide-based radiotracers 

such as the PSMA-targeted inhibitor PSMA-617 or the SST2-

targeted ligand DOTA-TATE is based on some unique features 

associated with using peptides as targeting vectors: due to their 

small size, they usually show fast clearance from non-target tissue, 

low background accumulation and, based on their relative 

hydrophilicity, predominant renal excretion. Additionally, their 

relatively easy chemical accessibility via SPPS and subsequent 

functionalization allows precise fine-tuning of their respective 

receptor affinity and pharmacokinetic profile.1, 2  

Most peptide tracers that have found their way into clinical 

routine are conjugated with a bifunctional chelator such as 

DOTA, NOTA or DOTAGA, allowing fast and efficient 

radiolabeling with diagnostic and therapeutic radionuclides, 

e.g. 68Ga, 177Lu or 64Cu.3 
Usually, to introduce these chelators, monoreactive, triply tBu-

protected DOTA or NOTA derivatives are used for peptide 

derivatization on solid-phase due to their compatibility with 

standard SPPS conditions such as solvents and coupling reagents. 

However, the final deprotection of the tert-butyl groups requires 

harsh conditions (e.g. 1:1 TFA/DCM or TFA/TRIS/H2O 

95:2.5:2.5). Due to the slow cleavage rates of tert-butyl ester 

groups in DOTA(tBu)3 and NOTA(tBu)3, final deprotection is 

frequently inefficient and require prolonged acidolysis which can 

lead to undesired side products or a progressive degradation of the 

bioactive peptide sequence. Problems with a sluggish cleavage rate 

of tert-butyl esters are frequently reported in the literature..4-7 To 

circumvent drawbacks during synthesis, we have developed an 

alternative method to obtain DOTA or NOTA bioconjugates using 

the unprotected bifunctional chelators as reagents during SPPS. As 

an exemplary, clinically relevant labeling precursor, PSMA-617 

was synthesized using this approach, and the complementary 

NOTA was also prepared to confirm the versatility of the 

approach. Furthermore, various small peptides bearing 

aminohexanoic linkers were also functionalized. 

2. Results 

Initially, the novel DOTA-conjugation method was 

investigated in the synthesis of the established radiolabeling 

precursor PSMA-617. To obtain the urea based binding motif EuK 

(Glu-urea-Lys) we used 1,1’-Carbonyldiimidazole (CDI). That 

agent is less toxic compared to the triphosgene, which was used in 

previous studies.8, 9 The CDI activated Lysine derivative was 

purified by chromatography to gain the PSMA binding motif EuK 

highly pure and in high coupling yields of 65% on 2CTC resin. 

Subsequently, the linker moiety consisting of D-naphthyl alanine 

and trans-4-aminocyclohexanoic acid was conjugated on the 

binding motif by applying SPPS. 

In contrast to current standard protocols using DOTA(tBu)3 

ester for the final coupling8, 10, 11, we simplified the synthesis by 

using a THF/H2O solvent mixture, which allowed us to conjugate 

unprotected DOTA directly to the resin bound N-terminal amino 

group of the linker. To this aim, DOTA was pre-activated using  1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and 

Pentafluorophenol (Pfp). A content of 15-30% H2O in THF (v/v) 

was identified as optimal for efficient coupling rates, whereas less 

than 15% of water led to a persisting precipitation of the chelator 

from the solvent mixture. Under these conditions chelator pre-

preactivation with EDCI, DIPEA and Pfp led to a complete 

disappearance of occurring precipitation after 10 minutes of 

stirring. Next, the activated DOTA was added directly to the pre-

soaked resin, which was forming small droplets through the polar 

protic solvent. In contrast, synthesis approaches using ACN or 

DMF as organic solvents in 15-30% water resulted in irreversible 

precipitation and few product formation. The reagents were 

incubated for 3 hours to achieve coupling rates between 6-20%. A 

direct comparison of the synthesis of PSMA-617 via (a) the 

DOTA-tris-butyl/TBTU and (b) the unprotected DOTA/EDCI 

method on the 2CTC resin with an initial load of 0.82 mmol/g 

revealed that the established protocol has no disadvantage 

regarding the final yield of the purified radiotracer precursor. After 

semipreparative HPLC work-up of PSMA-617, the conventional 

method (a) revealed an average yield of 3.7±1.7 mg per 100 mg of 
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resin (n=3), while method (b) showed a yield of 7.2±2.0 mg per 

100 mg of resin (n=3) using the same resin as starting material.  

Additionally, we successfully tested this method with NOTA as 

chelating moiety to synthesize NOTA-PSMA-617 and validated 

the method using the DOTA chelator on various peptide sequences 

with similar outcome (see Table 1). By using nearly equimolar 

amounts of chelator and the coupling reagent EDCI, however, the 

formation of the product peak was restricted to a maximum of 

roughly 30-60% AUC. Another limitation was the utilized resin. 

Applying this synthesis protocol on rink-amide resin the coupling 

was unsuccessful. Noteworthy, the conventional method already 

showed low yields on peptide DOTA-208, indicating that the 

sequence may be challenging. The coupling on compound DOTA-

208 failed using the DOTA/EDCI based method. 

Overall, we were able to show that coupling of unprotected 

macrocyclic chelators such as DOTA and NOTA to 2CTC-resin 

bound peptide precursors is feasible in satisfactory yields using 

almost equimolar amounts of chelator and coupling reagent and an 

appropriate solvent system (THF/water). Final isolated yields are 

comparable to those obtained by using monoreactive DOTA as 

well as in solution phase chemistry (cleavage of the crude peptide 

and subsequent solution phase coupling of DOTA in DMF/H2O 

as previously published12). Hence, on-resin coupling of 

unprotected chelators in aqueous solvent systems represents a 

straightforward, easy-to-implement strategy for the full SPPS 

synthesis of peptides. On the one hand, it obliterates issues of the 

final DOTA deprotection, which can be be accompanied by 

substantial losses in product yield, and secondly, use of the less 

costly unprotected DOTA or NOTA. Thus, this method may be 

very well suited as cost-effective alternative delivering peptide 

precursors for radiometal labeling by SPPS in a small scale.  

 

 

Table 1. Peptides synthesized by direct coupling with DOTA or NOTA using 2CTC resin and EDCI in THF/water. 
Compound Sequencea Applied protocol Coupling yield (n=3) 

[%±SD]b 
Initial resin load 
[mmol/g] 

Yield per 100 mg 
of resin [mg]c 

PSMA-617 E-u-K-Nal-AMCHC-DOTA Resin-based 14.7±6.6 0.82 7.2±2.0 

PSMA-617 E-u-K-Nal-AMCHC-DOTA Conventional 14.5±1.2 0.82 3.7±1.7 

NOTA-PSMA-617 E-u-K-Nal- AMCHC-NOTA Resin-based n/a 0.82 n/a 

DOTA-RAP-103 t-t-n-y-t-Ahx-DOTA Resin-based n/a 0.99 12.43 

CC-1 r-y-t-s-s-Ahx-DOTA Resin-based n/a 0.92 10.1 

CC-2 t-y-s-t-t-Ahx-DOTA Resin-based n/a 1.23 9.73 

CC-3 t-y-n-d-i-Ahx-DOTA Resin-based n/a 0.54 4.14 

CC-4 t-y-n-d-i-Ahx-DOTA Resin-based n/a 1.23 8.95 

CC-5 r-y-s-t-n-Ahx-DOTA Resin-based n/a 0.92 8.67 

CC-6 t-y-n-n-i-Ahx-DOTA Resin-based n/a 1.23 4.24 

CC-7 g-y-s-t-n-Ahx-DOTA Resin-based n/a 1.27 8.23 

CC-8 s-y-w-t-e-Ahx-DOTA Conventional n/a 0.96 3.28 

aOne letter code of Amino acids. Small letters signify amino acids in D-configuration, capital letters for amino acids in S-configuration. For u: Urea; Nal: 
Naphthyl alanine; AMCHC = trans-4-Aminocyclohexanoic acid; Ahx =Aminohexanoic acid. 

bThe coupling yield corresponds to the SPPS based coupling between the peptide and the chelator DOTA.  

CYield after semi-preparative HPLC work-up of 100mg of cleaved resin. 
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Figure 1 Reaction scheme of the established resin-based methodology. 

 

Resin-based methodology 

DOTA (2 eq) was dissolved in water (0.25 mmol DOTA per mL). Pentauorophenol (PFP) (2.5 eq) was dissolved 

in Tetrahydrofuran (THF) (1 mL/g) and the appropriate volume was given into the dissolved DOTA solution. 

EDCI (2.5 eq) was dissolved in THF/water (1:1, v/v) to a final concentration of 0.3-0.7 mmol/mL, DIPEA (20 

eq) was added and the mixture was added stepwise to the DOTA solution under vigorous stirring. After 5 min 

both reactants were mixed, THF was added slowly (100 uL per step) over a period of another 5 min so that the 

reaction mixture contained approximately 30-50% of THF. Next, the pre-activated DOTA mixture was given to 

the resin in THF containing usually 3-5mL of  THF. The resin was agitated for 2 hours and then washed 2 times 

in THF and DMF, respectively. 

Conventional method 

DOTA-tris(tert-butyl ester) was activated using 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

tetrauoroborate (TBTU) (2 eq), HOBt (2 eq) and DIPEA (4.5 eq) in DMF for 5 min. Subsequently, the 

preactivated agent was added to the resin which was then shaken for 2 hours. 

Cleavage and crude preparation 

A mixture of Triuoroacetic acid (TFA), Triisopropyl silane (TIPS), water (95:2.5:2.5, v/v/v) was utilized to 

cleave and deprotect the peptides three times for 15 min, while the liquid was collected to remove the TFA under 

nitrogen flow. After 45 min, the remaining cleavage agent was filled up to a volume of approximately 1 mL with 

methanol and given to 45 mL of cold Diethylether (DEE). The precipitated peptide was centrifuged (3 min, 3000 

rpm). The pellet was redissolved in approximately 1 ml of methanol and filtered through a 0.2 μm Ministart RC4 

filter. 

 

Product isolation and analysis 
High perfomance liquid chromatography (HPLC) was conducted on a Shimadzu LC-40D equipped with a SPD-

M40 DAD UV detector (UV detection at 220 nm) a DGU-405 degasing unit and a CTO-40C column oven 

(column temperature at 40°C). For all HPLC measurements, the solvent system was A = 0.1% TFA in H2O; 

B=0.1% TFA in acetonitrile. For analytical measurements 1a a 150x4.6mm MultiKrom 100-5 C18 (CS 

Chromatographie Service GmbH, Langerwehre) was used. Analytical HPLC: 0-1 min 5% B, 1-25 min 5-40% B, 

25-30 min 40-90% B, 26-28 min 80% B, 28-32 min 90% B, 32-35 min 90-5% B, 35-37 min 5% B at a flow rate 

of 1mL min-1. For crude purification the 250x10mm MultoKrom 100-5 C18 (CS-Chromatographie Service 

GmbH, Langwehre) column was installed. Gradient: 0-1 min 5% B, 1-15 min 5-20% B, 15-16 min 20-80% B, 

16-18 min 80% B, 18-19 min 80-5% B, 19-22 min 5% B at a flow rate of 4 mL min-1. Mass spectrometry was 

performed on a Advion Express ESI system.   
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Figure 2 Analytical chromatogram of crude PSMA-617 synthesized applying the alternative DOTA/EDCI 

protocol. 30.4% AUC of main product peak at 17.10 min. HPLC gradient 1a. 

 

 

 

 
Figure 3 Analytical chromatogram of crude PSMA-617 synthesized applying the conventional synthesis 

protocol using DOTA-tris(tertbutyl ester). 26.9% AUC of main product peak at 17.13 min. HPLC 

gradient 1a. 

 

  

Chapter 7 Methodological developments

142



 

 
Figure 4 Analytical chromatogram of purified PSMA-617. Product peak at 18.7 min (97.9% purity).  

 

 

 

 
Figure 5 MS spectrum of purified PSMA-617. 

 

 

 

 
Figure 6 MS spectrum of purified NOTA-PSMA-617. 

 

 

 

 
Figure 7 MS spectrum of purified DOTA-RAP-103. 
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Abstract
Background  Both in clinical routine and in preclinical research, the established 
standard procedure for the final purification of radiometal-labeled peptide 
radiopharmaceuticals is cartridge-based reversed-phase (RP) solid phase extraction 
(SPE). It allows the rapid and quantitative separation of the radiolabeled peptide from 
hydrophilic impurities and easy integration into automated synthesis procedures. 
However, product elution from RP cartridges necessitates the use of organic solvents 
and product recovery is sometimes limited. Thus, an alternative purification method 
based on commercially available size exclusion cartridges was investigated.

Results  Since most peptide radiopharmaceuticals have a molecular weight > 1 kDa, 
Sephadex G10 cartridges with a molecular size cut-off of 700 Da were used for the final 
purification of a broad palette of 68Ga-, 64Cu- and 99mTc-labeled experimental peptide 
radiotracers as well as the clinically relevant ligand PSMA-617. Results (radiochemical 
purity (RCP, determined by ITLC), recovery from the solid support) were compared to 
the respective standard RP-SPE method. Generally, retention of unreacted 68Ga, 64Cu 
and 99mTc salts on the G10 cartridges was quantitative up to the specified elution 
volume (1.2 mL) for 68Ga and 99mTc and 99.6% for 64Cu. Even at increased elution 
volumes of 1.5-2 mL, RCPs of the eluted 68Ga- and 99mTc -radiopeptides were > 99%. For 
all peptides with a molecular weight ≥ 2 kDa, product recovery from the G10 cartridges 
was consistently > 85% upon respective adjustment of the elution volume. Product 
recovery was lowest for [68Ga]Ga-PSMA-617 (67%, 1.2 mL to 84%, 2 mL). The pH of the 
final product solution was found to be volume-dependent (1.2 mL: pH 6.3; 1.5 mL: 
pH 5.9; 2 mL: pH 5.5). Notably, the G10 cartridges were reused up to 20 times without 
compromising performance, and implementation of the method in an automated 
radiosynthesis procedure was successful.

Conclusions  Overall, size exclusion purification yielded all peptide 
radiopharmaceuticals in excellent radiochemical purities (> 99%) in saline within 
10–12 min. Although product recovery is marginally inferior to classical SPE 
purifications, this method has the advantage of completely avoiding organic solvents 
and representing a cost-effective, easy-to-implement purification approach for 
automated radiotracer synthesis.
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Background
The widely established standard labeling protocols for 68Ga-, 64Cu- or 99mTc-labeling 
of chelator functionalized peptides usually provide excellent radiolabeling yields, with 
frequently > 97% of incorporated radionuclide. Nevertheless, both in clinical routine 
production and in preclinical research, the preparation of radiometal-labeled peptide 
radiopharmaceuticals almost always involves a last purification step using (reversed 
phase (RP)) solid phase extraction (SPE) cartridges (Neels et al., 2018; Decristoforo et al., 
2007; Hennrich & Benešová, 2020; Hennrich & Eder, 2022; Hennrich & Eder, 2021). This 
step ensures quantitative removal of free radionuclide or radionuclide colloids and of 
non-physiological, potentially toxic labeling buffer components, such as HEPES (Nelson 
et al., 2022). However, product elution requires organic solvents like ethanol (Decristo-
foro et al., 2007; Hennrich & Eder, 2021; Nelson et al., 2022). Additionally, acidic condi-
tions may prove indispensable to obtain sufficient product recovery from the solid phase 
(Robu et al., 2017). This, in turn, entails additional processing steps, such as solvent 
evaporation, neutralization or dilution to meet the specifications for injectable solutions 
(pH 4–8, ethanol ≤ 10% v/v) (Hennrich & Eder, 2021; Serdons et al., 2008). Although 
small amounts of ethanol are accepted in the final formulation of peptide radiophar-
maceuticals, the presence of ethanol can lead to pain and haemolysis at the injection 
site (Serdons et al., 2008). On the other hand, evaporation of the organic solvent by heat 
under nitrogen flow is time consuming (10–20 min) and leads to a loss of activity, espe-
cially when working with short-lived radioisotopes such as 68Ga. In some cases, another 
drawback of SPE purification consists in the poor recovery of the final product from 
the solid support. This has been shown for [68Ga]Ga-DOTA-TBIA101 (Mokaleng et al., 
2015), for which low recovery limited the overall yield of the final product.

To circumvent the complications associated with the use of RP-SPE cartridges, we 
investigated the use of size exclusion chromatography (SEC) cartridges as an alterna-
tive, organic-solvent-free purification method for radiometal-labeled peptide radiophar-
maceuticals. Since most peptide radiotracers have a molecular weight > 1 kDa, Sephadex 
G10 cartridges with a molecular weight cut-off of 700 Da (for a sample volume of 1 mL) 
were chosen for this study. After assessing the retention capacities of the material for 
free 68GaCl3, 64CuCl2 and 99mTcO4

−, the size exclusion purification method was investi-
gated for the post-labeling workup of a variety of 68Ga-, 64Cu- and 99mTc-labeled peptide 
radiopharmaceuticals in a molecular weight range of 1–3 kDa. [68Ga]Ga-PSMA-617 was 
included as a clinically relevant reference. Key parameters such as radiochemical purity 
(RCP) after purification and recovery from the cartridge material were quantified and 
compared to the respective results obtained by SPE purification. In a last step, the SEC-
based purification was implemented in a semi-automated synthesis protocol.

Results
The results obtained for the retention capacity of the G10 cartridges for the free 68Ga-, 
64Cu- and 99mTc-radionuclide salts are summarized in Fig. 1A. All reaction mixtures were 
applied to the cartridge in a fixed volume of 0.5 mL and in the respective radiolabeling 

Keywords  Size-exclusion cartridge, Peptide radiopharmaceutical, Tracer, Purification, 
Sephadex G10
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buffer (no colloid formation). In the case of 68Ga, quantitative retention of the free radio-
nuclide was observed for a 1.2 mL elution volume, and only 0.4 ± 0.2% of free 68Ga was 
eluted, when the elution volume was increased to 2 mL. In contrast, for 64Cu, 0.4% of 
the activity were already eluted with 1.2 mL 0.9% NaCl, increasing to > 1% and > 25% of 
the initial activity, respectively, when elution volumes of 1.5 and 2 mL were used. Inter-
estingly, 99mTc-pertechnetate showed quantitative retention on the size exclusion car-
tridge, both when applied in radiolabeling buffer and as pure generator eluate (in saline), 
even when the elution volume was increased to 4 mL. Retention of freshly generated 
99mTc-tin colloid was slightly less efficient (see materials and methods). While 98% of 
the99mTc-tin colloid remained trapped on the G10 column, 1.0 ± 0.7% were eluted using a 

Fig. 2  Assessment of the recovery using a G10 cartridge. Gray: radiotracers with neutral binding motif; Red: radio-
tracers with anionic binding motif; Blue: radiotracers with cationic binding motif. (A) Recovery of selected peptide 
radiopharmaceuticals as a function of elution volume. (B) Recovery of the investigated peptide radiopharmaceuti-
cals at a fixed elution volume of 1.2 mL as a function of molecular weight

 

Fig. 1  (A) Retention capacity of the G10 size exclusion cartridge for the free 68Ga, 64Cu and 99mTc-radionuclide salts 
as present in the radiolabeling mixture. Saline (0.9% NaCl) was used for elution. (B) Exemplary correlation between 
elution volume and pH of the final product [68Ga]Ga-PSMA-617 in labeling buffer (1 M NaOAc, pH 4.5)
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2 mL elution volume. For 68GaOH3 colloid, app. 50% of the activity were eluted using an 
elution volume of 1.2 mL.

Next, the buffer exchange capacity of the used G10 cartridges was investigated by 
pH measurements of the eluate at different elution volumes. The pH values were deter-
mined both by pH paper strips and a pH electrode. After the radiolabeling of PSMA-
617 in sodium acetate buffer (1  M, pH = 4.5) as an exemplary tracer, the pH of the 
eluate remained stable at pH 6.2 ± 0.1, when 1.2 mL of 0.9% NaCl (pH 6.3) were used 
for product elution. A slight decrease in pH was observed at an elution volume of 1.5 
mL (pH 5.9 ± 0.1), while increasing the elution volume to 2 mL decreased the pH to 5.5 
(see Fig. 1B). This decrease is due to the co-elution of the acidic labeling buffer. Thus, to 
achieve a physiological pH of the final product formulation, 300 µL of phosphate buffer 
(0.5 M, pH 8) had to be added to the eluate. In contrast, since 99mTc-labeling of PSMA-
HSG was carried out in phosphate buffer (pH 7.5), the pH of the column eluate remained 
neutral throughout the elution (1.2-2 mL 0.9% NaCl) of the radiolabeled peptide.

After this initial validation of the G10 cartridge-based SEC method for the size exclu-
sion purification of radiometal-labeled peptides, its suitability for the post-labeling work-
up of several 68Ga-, 64Cu- and 99mTc-labeled peptides in a molecular weight range from 
1 to 3 kDa was investigated. The used peptide radiopharmaceuticals include the refer-
ence compound [68Ga]Ga-PSMA-617 (app. 1 kDa), the CCR5-targeted ligands includ-
ing unpublished compounds [68Ga]Ga-DOTA-Rap-103 (app. 1  kDa) and its trimeric 
counterparts [68Ga]Ga-TRAP-103 (app. 3  kDa), [64Cu]Cu-TRAP-103 (app. 3  kDa) and 
[64Cu]Cu-NO-Y-103 (app. 2.5 kDa), the PD-1 targeted peptides [68Ga]Ga-mPep-DOTA 
(app. 2 kDa) and [68Ga]Ga-hPep-DOTA (app. 2 kDa) (Hu et al., 2020) as well as the novel 
hybrid PSMA-tracer [99mTc]Tc-PSMA-HSG (app. 2 kDa) (manuscript in preparation ). 
The structures of all ligands are provided in the supplementary information (Supp. Fig-
ure S1-S7).

The most important parameters in this part of the evaluation were the recovery of the 
radiolabeled peptide from the size exclusion material as well as the radiochemical purity 
(RCP) of the final product. For an elution volume of 1.2 mL, RCPs > 99% (as determined 
by ITLC or HPLC) were observed for all peptides, independently of the radionuclide or 
the molecular weight of the peptide precursor. An increase of the elution volume to 2 
mL still provided the respective peptide radiopharmaceuticals in > 99% RCP (see Supp. 
Fig. S8-S11), allowing the adjustment of the elution volume to the retention behaviour of 
the specific peptide.

That this is highly relevant in terms of recovery from the SEC cartridge, is shown in 
Fig.  2A. For all peptides investigated, increasing the elution volume led to improved 
tracer recoveries from the SEC cartridge. This effect was much more pronounced 
for the low-molecular-weight compounds [68Ga]Ga-DOTA-RAP-103 (1  kDa) and 
[68Ga]Ga-PSMA-617 (1 kDa) compared to their higher-molecular-weight counterparts 
[68Ga]Ga-TRAP-103 (3  kDa) and [99mTc]Tc-PSMA-HSG (2  kDa), respectively. Recov-
eries of the trimeric RAP-103-analogs [68Ga]Ga-TRAP-103, [64Cu]Cu-TRAP-103 and 
[64Cu]Cu-NO-Y-103 were all comparable and high at 1.2 mL elution volume (91.1, 93.5 
and 92.1%, respectively; see Fig.  2B), while an elution volume of 2 mL was required 
for a similar recovery of the structurally related monomer [68Ga]Ga-DOTA-RAP-103 
(Fig. 2A).
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To further improve recoveries, alternative elution buffers (saline containing different 
additives, see Supp. Table S1) were used for the SEC purification of the exemplary com-
pounds [68Ga]Ga-PSMA-617 and [68Ga]Ga-TRAP-103. However, neither the addition of 
5% ethanol nor the addition of the chaotropic agent guanidine (50 mM) nor of 0.5% of 
the non-ionic surfactant polysorbate 80 had any noteworthy influence of tracer recovery.

Finally, the recoveries obtained using the G10 cartridge based purification method 
were compared to the most-commonly used RP-SPE purification method for selected 
compounds ([68Ga]Ga-PSMA-617, [68Ga]Ga-TRAP-103, [68Ga]Ga-mPep-DOTA 
and [99mTc]TC-PSMA-HSG). For the elution of [68Ga]Ga-PSMA-617 and 
[68Ga]Ga-TRAP-103, 1.5 mL of a 4:1 ethanol/water mixture was used, and for the elution 
of [68Ga]Ga-mPep-DOTA and [99mTc]Tc-PSMA-HSG, 0.5 mL 0.1% TFA in acetonitrile 
were used. For all compounds except [68Ga]Ga-PSMA-617, product recovery from the 
C18 cartridge material under the chosen conditions was 3–10% higher than from the 
G10 size exclusion cartridge. For [68Ga]Ga-PSMA-617, SPE work-up afforded a signifi-
cantly higher recovery of > 95%, while SEC elution using 1.5 mL 0.9% NaCl had provided 
a recovery of only 75.5 ± 1.4%.

To demonstrate the ease of implementation of the G10-cartridge based SEC purifi-
cation method into automated radiosynthesis protocols, [68Ga]Ga-TRAP-103 was also 
synthesized and purified using a automated radiosynthesis module (Scintomics GRP 
series, see Supp. Figure S12) and NaCl elution of SCX-bound 68Ga (Mueller et al., 2012). 
The final automated SEC purification of the reaction mixture (1 mL) provided a prod-
uct recovery of 80.0 ± 2.5% (n = 3) in 1.2 mL elution volume, which was comparable to 
the observed recovery obtained during manual synthesis using 1.0 mL reaction volume 
(81.9%).

Discussion
Using commercially available SEC cartridges with a molecular cut-off of 700  kDa, we 
systematically investigated the purification of peptide radiotracers of different charge 
and size labeled with 64Cu, 68Ga, and 99mTc-pertechnetate. With respect to the retention 
capacity of the SEC cartridge for unreacted radionuclide, only 64Cu showed comparably 
low retention by the cartridge. This could be attributed to the increased molecular size of 
the copper acetate complex formed in the acetate labeling buffer as a stabilized interme-
diate during 64Cu-labeling (Kyuzou et al., 2010). In contrast, the 99mTc-pertechnetate in 
radiolabeling buffer was retained quantitatively by the size-exclusion material. This hints 
towards non-size effects in the retention of the 99mTc-pertechnetate anion that have 
already been described for Sephadex material, where increasing ionic strength of elu-
ent was found to substantially increase the retention of 99mTc-pertechnetate on the size 
exclusion material (Harms et al., 1996). Surprisingly, the free 68Ga3+ was also retained 
with > 99% even when using 2 mL of elution volume, while colloidal 68GaOH3 was poorly 
retained on the cartridge. This is in accordance with a study using PD-10 size exclusion 
cartridges to separate 68GaOH3 colloids from the radiotracer 68Ga-DOTA-exendin-3, 
where (co)elution of 68GaOH3 colloids was equally observed (Brom et al., 2016). In con-
trast, and probably due to charge effects, colloidal 99mTc-tin showed very high (> 98%), 
but not quantitative retention on the G10 cartridge. It is important to note, however, 
that usually, when widely established, optimized radiolabeling conditions are used, the 
formation of colloidal species is efficiently suppressed and should thus not interfere 
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with size-exclusion-based purification methods. Overall, these combined observations 
allowed the adaptation of the elution volume for 68Ga- and 99mTc-labeled peptides to 
higher elution volumes (2mL), which in turn resulted in improved recovery rates of the 
final product to > 90%, with RCPs always ≥ 99%.

For all peptides investigated, an increased elution volume consistently led to improved 
tracer recoveries from the SEC cartridge. According to the principle of size exclu-
sion chromatography, larger-molecular-weight compounds elute in lower volume and 
sharper peaks than smaller compounds. This explains why recoveries of the trimeric 
RAP-103-analogs [68Ga]Ga-TRAP-103, [64Cu]Cu-TRAP-103, and [64Cu]Cu-NO-Y-103 
were all comparable and high, while an elution volume of 2 mL was required for a simi-
lar recovery of the structurally related monomer [68Ga]Ga-DOTA-RAP-103. However, 
non-size-related structural effects also play a role in the recovery of radiometal-labeled 
peptide radiopharmaceuticals from the G10 cartridges used in this study. Both anionic 
PSMA-ligands show substantially lower recovery from the Sephadex material than their 
respective comparable molecular weight counterparts with neutral as well as cationic 
net charge. Most probably this is a result of the high number of anionic charges in the 
targeting moiety of the PSMA-ligands, leading to increased adsorption to the gel mate-
rial due to increased hydrogen bonding as opposed to end-capped silica material used in 
SPE.

In summary, the SEC based purification method has distinct advantages and disadvan-
tages over conventional SPE methods. The reusability of size exclusion cartridges for up 
to 20 cycles without compromising RCP and recovery of the eluted products, provides 
a cost-effective and sustainable alternative to single-use SPE cartridges. With respect to 
overall synthesis time, the presented gravity-based purification method (10–12 min) is 
more time-consuming than SPE purification (4–5 min). However, SEC purification rep-
resents an advantage over RP-SPE purification, especially in the preclinical tracer syn-
thesis setting, where lengthy organic solvent evaporation and reconstitution steps can 
be omitted (Hörmann et al., 2022). Despite these strengths, it is crucial to acknowl-
edge the associated minor limitations in product recovery, which have been found to 
be slightly superior for RP-SPE methods, as well as the dependence of product recov-
ery on the molecular weight, charge and charge distribution of the respective peptide 
radiopharmaceutical. However, the major advantage of the SEC purification method 
presented in this study is the direct elution of the radiolabeled product in a physiological 
buffer or saline. Of note, direct product elution without organic solvents is also feasible 
using an SPE purification method based on cation exchange cartridges. For example, 
[68Ga]Ga-FAPI-046 was obtained in excellent yields and purities using cation exchange 
cartridge purification, with efficient retention of free 68Ga (Spreckelmeyer et al., 2020). 
However, the efficiency and performance of cation exchange-based separation methods 
are largely dependent on the net charge and structure of the specific tracer molecule, 
and the G10-based size exclusion method presented in this study benefits from a much 
greater versatility and broader applicability.

With respect to clinical application, the G10 cartridges require more extensive valida-
tion. Similar Sephadex-based cartridges (PD-10) have been successfully utilized to purify 
the radiolabeled monoclonal antibody 211At-BC8-B10, meeting the cGMP requirements 
(pyrogen-free and > 95% purity) for subsequent human trials (Spreckelmeyer et al., 
2020). In principle, the present G10-based method may thus also be suited for clinical 
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application, and since the content of organic solvent contaminants in the final radio-
pharmaceutical formulation is a decisive release criterion (Chi et al., 2014; Agency EM.,  
2019), the possibility to perform an organic-solvent-free purification represents a major 
simplification.

Conclusions
The use of size exclusion cartridges for the purification of radiometal-labeled peptide 
radiopharmaceuticals represents a valuable alternative to conventional RP-SPE purifica-
tion methods. Especially for the investigated radiotracers at a molecular weight ≥ 2 kDa, 
SEC purification was found to reliably provide structurally diverse peptide tracers in 
consistently high yields (≥ 80% recovery from the SEC cartridge) and excellent RCPs 
(≥ 99%) in a ready-to-inject physiological formulation. Its easy implementation into an 
automated synthesis protocol, its sustainability, and particularly the fact that the SEC-
cartridge based tracer purification is inherently an organic-solvent-free procedure make 
it highly attractive for routine implementation in preclinical research and clinical tracer 
production.

Methods
Quality control

Thin layer chromatography

The RCP was determined by instant thin layer chromatography (ITLC) using a Scan-
RAM radio-TLC scanner (LabLogic) and Laura software (LabLogic, Version 6.0.3). ITLC 
analyses were performed on dried ITLC-SG Glass microfiber chromatography paper 
coated with silica gel (Agilent Technologies, Folsom, CA 95,630). The radiotracers were 
analyzed by a retention factor (Rf), reflecting the migration distance of the compound 
relative to the spotting line.

Reversed phase high performance liquid chromatography (RP-HPLC)

Upon SEC purification, selected peptide tracers were also analyzed via RP-HPLC using 
a Shimadzu LC-20AT Gradient HPLC system equipped with an SPD-M20A UV/VIS 
detector and a Gabi Na(I) well-type scintillation detector (Elysia-Raytest). Either a chro-
molith RP-18e, 100 × 4.6 mm (Merck KGaA, Darmstadt) column (flow rate: 2 mL/min) 
or a MultiKrom 100-5 C18, 150 × 4.6 mm (CS-Chromatographie Service GmbH, Langer-
wehe) column (flow rate: 1 mL/min) was used. Peptides were eluted using different gra-
dients of solvent B (acetonitrile, 0.1% TFA) in solvent A (0.1% TFA in water). Specific 
gradients are cited in the text.

Radiolabeling and radiotracer purification
68Ga-radiolabeling

For 68Ga-labeling, a slightly modified protocol based on the method developed by Muel-
ler et al. (2012) was used. Briefly, 10 nmol (TRAP-103) or 25 nmol (NO-Y-103, hPep-
DOTA, mPep-DOTA, DOTA-RAP-103, PSMA-617) of peptide precursor (1–5 mM 
stock concentration) were added to 350–450 µL of NaOAc buffer (1  M, pH 4.5). The 
68GaCl3 eluate from a 68Ge/68Ga generator (Eckert & Ziegler AG, activity 500 MBq) was 
either collected by fractionated elution, or the entire eluate (6 mL) was passed through 
a SCX cartridge (Waters), which had been preconditioned with 1  M HCl (1 mL) and 
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deionized water (10 mL) and dried with air (10 mL). For the manual synthesis, the SCX 
cartridge was eluted with 500 µL 5  M NaCl/134 mM HCl. A fraction of the purified 
68GaCl3 solution (50–100 MBq, 50–150 µL) was then used for radiolabeling, with a final 
volume of 0.5 mL of the total labeling mixture. The mixture was then heated to 85–90 °C 
for 12  min. ITLC before and after the purification was performed with a solution of 
NH4OAc buffer (1 M, pH 4.5) in methanol (1:1 v/v). (Colloidal 68GaOH3 and 68GaCl3, Rf 
= 0, 68Ga-labeled peptide Rf = 1).

Automated 68Ga-radiolabeling and purification

For the automated radiosynthesis Scintomics GRP V3 module (see Supp. Fig. S9) was 
used. The 68Ga was eluted from a SCX cartridge using 700 µL NaCl/HCl (5 M NaCl/134 
mM HCl). The automated SEC purification was carried out as described, using a fixed 
volume of 1.2 mL of 0.9% NaCl for product elution. ITLC analysis before and after the 
purification was performed using the buffer system cited above.

Colloidal 68GaOH3
68GaOH3 was prepared similarly to Brom et al. with minor changes (2016). Briefly, 1 mL 
of a 1:2 (v/v) mixture of 68Ga generator-eluate (50–80 MBq in 0.1 N HCl) and phosphate 
buffer (0.2 M, pH 7.4) was heated to 90 °C for 10 min. The resulting colloidal 68GaOH3 
(500 µL) was added to a G10 column and the elution was performed as described. Col-
loidal 68GaOH3 was verified by ITLC using 0.1 M EDTA in NH4OAc (0.25 M, pH 5.5) as 
mobile phase (Rf

68GaOH3 colloid = 0, Rf
68Ga-EDTA = 1). 64Cu-radiolabeling64CuCl2 was 

provided by the Arronax (Nantes, France) cyclotron facility. 64Cu-labeling was carried 
out in 450 µL of labeling buffer (0.1 M NaOAc, pH 5.5) containing 10 nmol of peptide 
precursor. The total reaction volume was 0.5 mL, and the radiolabeling was performed at 
85 °C for 12 min. Pure 64CuCl2 solutions (for analysis of the elution profile of the radio-
nuclide from G-10 cartridges) were prepared by adding 50 µl of eluate to the labeling 
buffer to achieve a final volume of 500 µL. ITLC before and after the purification was 
performed using 0.1 M citrate buffer (pH 5) as mobile phase. A volume of 5 µL EDTA (1 
mM) was added to the sample before the analysis. (64CuCl2, Rf = 1, 64Cu-labled peptide 
Rf = 0).

99mTc-radiolabeling

Lyophilized kits containing 10 nmol of PSMA-HSG peptide precursor (manuscript 
in preparation) were prepared according to Robu et al. (2017). A volume of 0.5 mL of 
99mTc-pertechnetate was added to the vial and heated to 90 °C for 15 min.

Pure 99mTc-pertechnetate solutions (for analysis of the elution profile of the radionu-
clide from G-10 cartridges) were prepared by addition of the gerenator eluate to precur-
sor-free labelling kits. The finial pH of all preparations was 7-7.5. ITLC before and after 
G10 purification was performed using 2-Butanone (colloidal 99mTcO2 and 99mTc-labeled 
peptide Rf = 0, 99mTc-pertechnetate Rf = 1) and NH4OAc/DMF (1:1) (colloidal 99mTcO2, 
Rf = 0, 99mTc-pertechnetate and 99mTc-labeled peptide Rf = 1) as mobile phases to dis-
criminate between colloidal, free 99mTc-pertechnetate, and the labeled peptide.
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Colloidal 99mTc-tin

Colloidal 99mTc-tin was prepared similarly to a reported Kit-preparation with minor 
changes (Gil Valenzuela et al., 2008). Briefly, 100 µl SnCl2 (0.3 mg in 0.02 N HCl) and 
100 µl of a solution containing NaCl (3.6 mg) and NaF (1.0 mg) were added to an Eppen-
dorf tube. Subsequently, 99mTc-pertechnetate (2 mL, approximately 100 MBq) was added 
and incubated for 20 min at room temperature. The pH or the mixture was verified with 
pH paper strips (pH 5–6). A volume of 500 µl of this mixture was added to the G10 car-
tridge and the elution was performed as described. Colloidal 99mTc-tin was identified by 
ITLC using saline as mobile phase (Rf

99mTin-colloid = 0, Rf
99mTc-pertechnetate = 1).

G10 elution protocol

After equilibration of the Sephadex PD MidiTRAP G10 (Cytiva MiniTrap G-10, #Cat: 
28,918,011) with 20 mL of saline, 0.5-1 mL of the respective crude radiolabeling mixture 
was added to the cartridge. The liquid was allowed to sink completely into the bed. The 
required volume of eluent (0.9% NaCl) for the subsequent column wash was determined 
by subtracting the already added sample volume from 1.7 mL of total volume required. 
After collection of the wash eluate, up to 2 mL of saline were used to elute the respec-
tive radiolabeled peptide. For elution volumes ≥ 1.5 mL, the final pH of the eluate was 
adjusted to pH 6–7 by using phosphate buffer (0.5 M, 300 µL, pH 8).

Measurement of activity and recovery rates

Recovery rates were determined by measuring the residual activity on the column, the 
activity in the initial 1.7 mL column wash and the product eluate. An α-β-γ Raditec acti-
vimeter with an IBC-LITE software was used for activity quantification. All values were 
decay-corrected.
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Figure S3 Structure of hPep-1-DOTA. 

 

 

Figure S4 Structure of mPep-1-DOTA. 
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Figure S5 Structure of DOTA-RAP-103. 

 

 

 

Figure S6 Structure of NO-Y-103. 
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Figure S7 Structure of TRAP-103. 
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Figure S 8 Analytical chromatogram of radiotracer [68Ga]Ga-TRAP-103. Chromolith column, gradient of 10-70% B in 15 min., 
Rt 3.4min, RCP >99%. 

 

Figure S 9 Analytical chromatogram radiotracer [68Ga]Ga-DOTA-RAP-103. MultiChrom  column, gradient of 5-50% B in 10 
min., Rt 8.1 min, RCP >99%. 

 

Figure S 10 Analytical chromatogram of radiotracer [64Cu]Cu-NO-Y-103. Chromolith column, gradient of 10-70% B in 15 min., 
Rt 3.8 min, RCP >99%. 

 

Figure S 11 Analytical chromatogram of radiotracer [99mTc]Tc-PSMA-HSG. Typical double peak observed by the two 
conformations formed with the mas3 chelator. MultoKrom column, Gradient 10-90% B in 15 min, Rt 9.7 and 10.1 min, RCP 
>99%. 
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Figure S 12 Scheme of a semi-automated implementation of a G10 column on a Scintomics GRP V3 synthesizer. Step1: The 
68Ga is eluted in 0.1M HCl and passed through the activated SCX cartridge. Step 2: The 68Ga is eluted with 0.7-0.75 mL 
HCl/NaCl into the reaction vial containing 5-10nmol the radiotracer precursor and 350 μL 1M NaOAc. Step 3: The reaction 
vial is heated for 5 min at 90°C. Step 4:  The crude is added to the column. Step 5: The wash is performed with 0.7 mL of 0.9% 
NaCl. Step 6: After changing to the product vial the product is eluted using 1.2 mL of 0.9% NaCl. Overall synthesis time 35 
minutes. 

 

 

Table S1 Investigated elution buffers of 68Ga-labeled peptides using a G10 column for the radiotracer work-up. 

  [68Ga]Ga-PSMA617 [68Ga]Ga-TRAP-103 

Utilized 
buffers 

Supplemented 
agent 

elution vol. [mL] 
Recovery 
[%] 

elution vol. [mL] 
Recovery 
[%] 

0.9% NaCl - 1.2 67.1±2.9 1.2 90.4±4.7 

0.9% NaCl - 1.5 75.5±1.4 1.5 93.2±2.4 

0.9% NaCl - 2 83.6±1.2 - - 

0.9%NaCl 5%EtOH 2 81.0 1.5 90.8 

0.9%NaCl 
50mM 
Guanidine 

1.2 66.3 1.5 n/a 

0.9%NaCl 0.5% PS80 1.2 62.8 1.5 90.1 
 

Chapter 7 Methodological developments

162



8 Discussion

8.1 Targeting chemokine receptors for molecular imaging and

radioligand therapy

For optimal uptake of radiopharmaceuticals in target tissues, the molecular target should

exhibit several key characteristics. These include a high expression level, specificity for

the observed biological process, a high positivity rate among patients expressing the target

protein, and favorable target accessibility for the radiotracer (e.g., intra- vs extracellular) [124].

The four major chemokine receptor families are GPCRs and typically offer good accessibility

for the radiotracer binding on the cell surface. Among these receptors, CXCR4 demonstrates

both good specificity and positivity rates, along with high expression levels (e.g., number

of binding sites per cell (Bmax) > 106 receptors/cell on T cell lymphoma [125]), particularly

in various hematologic cancers [36]. This allows specific targeting with the development

of potent radiotracers for imaging and RLT (chapter 6). Physiological CXCR4 expression is

ubiquitous across nearly all leukocyte subpopulations, including B cells, T cells, and NK cells

[33]. During CXCR4-directed RLT, off-target leukocyte binding becomes critical, leading to

the reported toxicity of the radiopharmaceuticals [177Lu]Lu/[90Y]Y-PentixaTher [91]. This

toxicity is characterized by cytopenia, which is caused by the depletion of healthy leukocytes

in the bone marrow [126]. Notably, these myeloablative effects are clinically well controlled
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by hematopoietic stem cell transplantation [91]. In the context of CXCR4-directed PET

imaging using [68Ga]Ga-PentixaFor, this is leading to background uptake in organs with high

leukocyte presence such as the bone marrow, albeit with no pharmacological effect.

This inherent physiological CXCR4 expression can be therefore exploited for inflammation

imaging. Although highly diluted in the blood pool, inflamed tissues show sufficient leuko-

cyte infiltration to allow themonitoringof inflammationusing theCXCR4-specific radiotracer

[68Ga]Ga-PentixaFor, thereby expanding the field of applications from cancer imaging to

inflammation imaging [127, 128]. Imaging readouts in patients with atherosclerosis showed

superior detection of inflammatory lesions with CXCR4-directed imaging in comparison to

2-[18F]FDG [128]. Thus, [68Ga]Ga-PentixaFor PET/CT is currently under clinical investigation

in the context of myocardial inflammations such as acute cellular graft rejection, cardiac

sarcoidosis, and myocarditis due to drug administration (NCT05499637, NCT05519735).

As a consequence of CXCR4 overexpression in various cancers themselves, TME imaging of

leukocyte infiltration in tumorwithCXCR4-directed radiotracers is not practicable. Therefore,

we investigated alternative targets meeting the requirements for leukocyte imaging in cancer.

One such target is CCR5, which shows expression in various leukocyte populations [31]. The

potential of exploiting CCRs to image lymphocyte infiltration has already been studied in

recent preclinical investigations [108, 61, 49]. We aimed to exploit this general approach to

visualize and quantify leukocyte infiltration in tumors using peptide radiotracers, which may

be useful for differentiating between the immune-infiltrated and immune-desert cancer

phenotypes. Unfortunately, the synthesized radiotracers ([68Ga]Ga-DOTA-DAPTA,[68Ga]Ga-

DOTA-RAP-103, [68Ga]Ga-TRAP-103) did not show specific uptake in tumors or in lymphoid

organs, despite previously established presence of CCR5-positive immune cells in the TME.

Likely, both the CCR5-affinity and the CCR5-expression levels on leukocytes were low, and

thus, specific radiotracer uptake could not be achieved in sufficiently high levels for detection.

Another chemokine receptor with potential utility to monitor leukocytes in the TME is

CXCR3. Predominantly expressed on activated T cells [43], CXCR3 upregulation presents as
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a promising biomarker for inflammation [78, 77] and T cell activation imaging. Therefore,

we thoroughly investigated this receptor to monitor T cell activation in vivo. In conjunction

with the in-depth TME analysis ex vivo, we were able to confirm (1) radiotracer specificity

in lymphoid organs and (2) systemic response during ICI treatment using the radiotracer

[64Cu]Cu-NOTA-α-CXCR3. Despite the presence of CD3⁺CXCR3⁺ expressing T cells within

MC38 tumors and their significant increase during immune checkpoint inhibitor (ICI) treat-

ment, specific radiotracer uptake was not observed. This observation may be attributed to

several factors. One of them is the apparently low biomarker expression on T cells as well

as the low target cell presence (<20.000 CXCR3⁺ T cells per tumor) leading to very small

radiotracer binding. In addition, the high unspecific uptake of the 64Cu-mAb radiotracer

(>10%IA/g, blocking cohort) likely contributed to the high standard deviations, potentially

masking small but significant radiotracer uptake.

Both the study on CCR5 tracer development (chapter 4) and the validation of CXCR3 as a

potential imaging biomarker for T cell activation (chapter 5) were facing several common pit-

falls: Lack of established and commercially available in vitro binding assays, low expression

levels of the biomarker, low target cell number in the tumor, the pharmacokinetics of the

radiotracer (very rapid vs slow clearance), or insufficient binding affinity for TME imaging.

In the next section, the most common challenges will be discussed in more detail.

8.2 The challenges of tumormicro-environment imaging

The validation of CXCR3 as a biomarker for T cell activation exemplified the challenges in

TME imaging using PET radiotracers. These challenges comprise (1) the target expression

and the cellular density, (2) the pharmacokinetics- and dynamics of the radiotracer, and (3)

the molar activity of the radiotracer preparation (see Figure 8.1).
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Figure 8.1: Challenges of tumor micro-environment (TME) imaging using PET radiotracers.
Compared to tumor cells, a small immune cell fraction is present in the tumor (cells/mg).
The Bmax values (receptors per cell) of immune cell biomarkers can be low and dynamic
(e.g., depending on the activation state). The molar activity (MA) of a radiotracer (ideally
>100GBq/µmol) and an extremely high binding affinity of the radiotracer (ideally pM) are
crucial to obtain a specific signal.

8.2.1 Challenge 1: Target expression and cell abundance

Target density is a crucial parameter that significantly influences the specific uptake achiev-

able for a radiotracer. This comprises the expression levels of the molecular target on cells

(Bmax) as well as the abundance of the target cells in the tissue (cells per mg of target tissue).

Thus, the average number of binding sites in a tissue (avBmax) is dependent on both parame-

ters. In the context of cancer cell imaging, this is usually no concern. Despite possible intra-

and inter-lesion heterogeneity of target expression, many cells in the tumor bulk do express

the target, and receptor numbers per cell usually range from 50.000 to >1Mio. In contrast,

immune cells typically constitute a much smaller cellular proportion of the entire tumor. For

example, in the CT26 tumor model, approximately 12% of the cells in the TME are immune

cells, while the rest of the tumor consists of other cell types like cancer cells and stromal cells

[129]. The immune-cell fraction can be further subdivided according to their function or

activation state [130] (e.g., CD8⁺CXCR3- T cells vs activated CD8⁺CXCR3⁺ T cells), leading to
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a very low overall target presence on the entire tissue (<20.000 CXCR3⁺ T cells per tumor),

which results in a low avBmax. Nevertheless, there may be a very small proportion of specific

tracer binding present, but this is easily masked by high background noise occasioned for

example by high blood concentrations of the enhanced permeability and retention (EPR)

effect (for macromolecular tracers).

8.2.2 Challenge 2: The pharmacokinetic and -dynamic properties of a

radiotracer

Dealing with low target densities in the tissue requires the development of high affinity

radiotracers with optimized pharmacokinetic properties. A low number of binding sites

can only be compensated for by extremely high tracer affinities (picomolar range), which

then provides sufficient receptor occupation at tracer concentrations. In conjunction with

low unspecific uptake and rapid elimination small but significant differences, for example

betweenbaseline expression and therapy-induced receptor upregulation,maynot bemasked

by the background noise. The 64Cu-mAb radiotracer targeting CXCR3 used in this work

showed a binding affinity of 3.3nM. This affinity is well-suited for tumor cell imaging, but is

apparently insufficient tomonitorT cell activation in the TME. However, in organswith lower

background accumulation (spleen and lymph nodes), ICI-induced CXCR3 upregulation

couldbe specifically detected. Thus, theperformanceof a tracer for visualizing small immune

cell subpopulations in the TME not only depends on its affinity, but is largely dominated

by its pharmacokinetic properties. In the case of the 64Cu-mAb, the slow elimination EPR

effect [131] and Fcγ-receptor binding [132] led to substantial background activity, even at

late time points. Using a small molecular weight tracers with optimized pharmacokinetics

and picomolar affinity, CXCR3 upregulation in the TME might be specifically visualized by

PET imaging.
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8.2.3 Challenge 3: Themolar activity of a radiotracer preparation

One of the core specifications of a radiotracer is the molar activity which directly influ-

ences the injected ligand dose during the in vivo study and consequently the specific tracer

uptake. For example, a study has shown that PD-1 is rapidly saturated by high injected

doses of [64Cu]Cu-NOTA-PD-1 mAb [133]. Thus, imaging of PD-1 was only feasible with

an injected dose of 10pmol of radiotracer (injected activity 1.44MBq, molar activity (MA)

144GBqµmol−1). Similar effects were observed during the CXCR3 target evaluation. As

the target density (avBmax) of CXCR3 is very low, a radiotracer preparation with a MA of

15GBqµmol−1 (15µg injected dose) showed no specific uptake of the radiotracer in spleen

and lymph nodes. However, a MA of 300GBqµmol−1 (1.5µg injected dose) avoided the

target saturation by unlabeled radiotracer precursor and provided a CXCR3-specific signal in

lymphoid organs. Thus, high molar activities (above 100GBqµmol−1) are desirable to allow

a reasonable reduction of injected radiotracer doses for achieving specific radiotracer uptake

in tissues with low avBmax.

Taken together, all points combined are a decisive criterion whether specific binding can

be achieved. However, the increased MA of the mAb radiotracer preparation could not

counteract the inherently low target presence in MC38 tumors. The low cellular density of

CXCR3⁺ cells in theTME (app. 2000-10.000 cells/tumor)with assumable lowexpression levels

(Bmax) both contribute to low available binding sites (avBmax) and consequently result in low

uptake values. In addition to the low avBmax, the pharmacokinetic properties of antibodies

are unfavorable, leading to high background noise, which complicates the validation of small

but significant differences. Adding to the unfavorable pharmacokinetics of antibodies, the

temporal dynamics of biomarker expression may further challenge mAb imaging due to the

extended timelines between injection and image acquisition [134]. This requires continuous

T cell activation to ensure specific accumulation while the tracer molecules are circulating.

Ideally, high-affinity radiotracers with rapid elimination and high MA would allow small but

significant tracer uptake in tumors. With this, a robust clinical implementation is feasible.
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8.3 Outlook of chemokine receptor targeting

Chemokine receptors stand as highly relevant drug targets in the field of immuno-oncology.

Notably, [68Ga]Ga-PentixaFor (PET) and [177Lu]Lu/[90Y]Y-PentixaTher (RLT), alongside the

latest addition, [99mTc]Tc-PentixaTec (SPECT), havepaved theway forpotentCXCR4-directed

applications for both imaging and RLT, making significant progress for clinical implementa-

tion [36, 38, 37]. With the next generation of CXCR4-specific molecules bearing the L6-linker

moiety, highly potent tracers offer promising advancements for imaging and therapy. Along-

side nuclear medicine, pharmacological investigations on chemokine receptors continue

to provide encouraging results, improving the efficacy of immunotherapy. Notably, syn-

ergistic effects have been observed with the combination of STING agonist and α-CXCR3

mAb, offering a compelling strategy to overcome anti-PD-L1 resistance [135]. Similarly, the

inhibition of CXCR4 (Peptide-R54 [47]), CCR5 (maraviroc [136]), or CCR2 (RS504393 [137])

enhances the efficacy of ICI therapy, revealing the multifaceted potential of chemokine

receptor modulation in augmenting immunotherapeutic outcomes. Targeting CCR8 with

nanobodies depletes CCR8⁺ Tregs in the TME and synergizes with anti-PD-1 therapy [138].

Yet, their role in the TME often remains ambiguous. More detailed studies in the context of

molecular imaging has the potential to provide more conclusive insights in their localization

and expression dynamics. Therefore, finding high-affinity radiotracers in conjunction with

an appropriate chemokine receptor holds promise for several key reasons: (a) aiding in the

selection of a potent therapy, (b) providing evidence of efficacy during the treatment, and

(c) facilitating the potential development of RLT targeting tumor suppressive cells such as

CCR8⁺ Tregs, or via CXCR4-directed RLT in conjunction with immunotherapy. This has the

potential to accelerate the development of potent drugs and to improve immunotherapy

treatment outcomes, thus advancing the overarching objective of achieving a therapeutic

benefit.
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