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Abstract

Antibodies recognizing specific tumor targets can be used to deliver therapeutic payloads
with high degree of specificity. The simultaneous use of the same antibody, combined with different
radionuclides for imaging and for therapy, an approach named “theranostics”, offers unique
opportunities for personalizing therapy and rapidly assessing therapeutic response at a molecular
level. Two major challenges in the field of theranostics have been the identification of suitable
tumor-specific targets and the development of high-affinity antibodies.

For this project, we decided to target the tumor endothelial marker 1 (TEM-1), a type | single-pass
transmembrane cell surface glycoprotein, described as an excellent therapeutic antigen, since it is
tumor-specific and expressed in the neo-vasculature.

A panel of novel scFv-Fc fusion antibody constructs targeting murine and human TEM-1
have been developed by the LabCore laboratory (Ludwig Institute for Cancer Research, Lausanne).
Among them, 1C1m-Fc was shown to be the best candidate and was selected to be extensively
studied preclinically in this thesis work. 1C1m-Fc was conjugated to the chelator p-SCN-Bn-DOTA
using different molar ratio and radiolabeled either with %Cu or Y’Lu. In vitro and in vivo
characterization in xenograft models were performed to assess the immunoreactivity, the
pharmacokinetic behavior and the dosimetry profile of our radiolabeled compound and to determine
if this new radiolabeled probe is suitable for a theranostic application.

Our experimental results first highlighted the potential of [*”"Lu]Lu-1C1m-Fc to target
TEM-1. Then, we have shown that the number of DOTA per antibody plays a determining role in
tumor targeting and that a high DOTA ratio has an impact on the biodistribution, the
immunoreactivity and the pharmacokinetic behavior of our radiolabeled compound. The number of
chelators has to be as low as possible to maintain a balance between these parameters and the
radiochemical yield. We also demonstrated that [**Cu]Cu-1C1m-Fc allows to visualize TEM-1 in
positron emission tomography (PET-scan) with high quality images and could be an interesting
companion of [*”"Lu]Lu-1C1m-Fc therapy to predict its efficacy and safety.

Our findings have shed some light on the role of the DOTA conjugation on the in vivo
behavior of a radiolabeled compound. This finding is an opportunity to further improve the
biodistribution and imaging contrast of radiopharmaceuticals. Furthermore, our study highlights the
interest of a theranostic targeting of TEM-1 with a new radiolabeled antibody. The promising results

appear as a prelude to a future translation in patients.



Résumé

La reconnaissance spécifique de cibles tumorales par les anticorps peut étre utilisée en
thérapie anticancéreuse. L'utilisation simultanée du méme anticorps combiné a différents
radionucléides pour I'imagerie et la thérapie, une approche appelée "théranostique”, offre des
possibilités uniques de personnaliser le traitement des patients et d'évaluer rapidement la réponse
thérapeutique au niveau moléculaire. Deux défis majeurs pour cette approche ont émergé :
I'identification de cibles spécifiques des tumeurs et le développement d'anticorps a haute affinité.
Pour ce projet, nous avons décidé de cibler le marqueur tumoral endothélial (TEM-1), glycoprotéine
transmembranaire de type |, décrite comme un excellent antigene thérapeutique en raison de sa
spécificité tumorale et de son expression dans les néo-vaisseaux.

Un panel de nouvelle protéines de fusion, scFv-Fc, ciblant le TEM-1 murin et humain a été
développé par le laboratoire LabCore (Ludwig Institute for Cancer Research, Lausanne). Parmi ces
anticorps, le 1C1m-Fc s'est avére étre le meilleur candidat et a eté sélectionné et étudié
précliniqguement dans ce travail de thése. Le 1C1m-Fc a été conjugué au chélate p-SCN-Bn-DOTA
en utilisant différents ratios moléculaires avant d’étre radiomarqué avec du **Cu ou du *"Lu. Une
caractérisation in vitro et in vivo faisant appel a des modéles de xénogreffes ont été réalisées pour
évaluer l'immunoréactivité, le profil pharmacocinétique et dosimétrique de notre anticorps
radiomarqué et pour déterminer si ce dernier était adéquat pour un usage théranostique.

Nos résultats expérimentaux ont tout d’abord permis de mettre en évidence le potentiel du
[Y""Lu]Lu-1C1m-Fc pour cibler TEM-1. Nous avons ensuite prouvé que le nombre de DOTA par
anticorps joue un réle déterminant dans le ciblage tumoral et qu'un nombre élevé de DOTA a un
impact sur la biodistribution, I'immunoréactivité et le comportement pharmacocinétique de notre
anticorps radiomarqué. Le nombre de chélateurs doit étre aussi faible que possible pour maintenir
un équilibre entre ces différents paramétres et le rendement radiochimique. Nous avons également
démontré que le [**Cu]Cu-1C1m-Fc permet de cibler le TEM-1 en tomographie par émission de
positons (TEP-scan) avec des images de haute qualité et que la dosimétrie résultante pourrait étre
un indicateur prédictif de I’efficacité et de la sécurité d’un traitement au [*""Lu]Lu-1C1m-Fc.

Nos résultats ont mis en lumiere le rle de la conjugaison DOTA sur le comportement in
vivo d'un composé radiomarqué. Cette découverte donne 1’opportunité d’améliorer la
biodistribution et le contraste en imagerie des radiopharmaceutiques. De plus, notre étude souligne
I'intérét d'un ciblage théranostique de TEM-1 avec un nouvel anticorps radiomarqué. Ces résultats

prometteurs pourraient ouvrir la voie vers une future application chez les patients.
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Introduction

1- Theranostic approach in nuclear medicine

1-1 Imaging in nuclear medicine
1-1-1 Background
Molecular imaging in the field of nuclear medicine is defined by the non-invasive
recognition and visualization of biological process at molecular and cellular level relative to
changes and interaction in the living body. Diagnosis radiolabeled probes are injected into the
patients and accumulate in the target tissues where the radioisotope, which is not stable, decays
with emission of radiation (1).

Molecular imaging modalities currently available in nuclear medicine are the gamma
scintigraphy, single photon emission computed tomography (SPECT), and the positron
emission tomography (PET). These two techniques combined with computed tomography (CT)
have gained a central role particularly for the diagnosis and therapy monitoring of oncological

pathologies (2).

1-1-2 Principles of SPECT and PET imaging

SPECT and PET are noninvasive techniques, which provide 3-dimensional functional
information, allow the identification of the disease at the early stage and enable physicians to
personalize patient care. These techniques are able to visualize biological alteration in tumors
in contrast to healthy tissues. The principle of SPECT or PET is based on the detection of
specific radioligands. The emission produced by decay of a radioactive tracer in the targeted
tissue will give information on the location of the decay and, thus, on the dynamic
biodistribution of this one.

Nevertheless, radionuclides used for these two modalities are different. SPECT detects
radionuclides that decay with photons emission (gamma-ray) through the patient’s body while
PET detects annihilation radiation from positron emitting radionuclides (f* emission). The
annihilation process corresponds to the collision between the emitted positron and an electron

to generate two photons of 511 KeV, each in opposite direction (3).

This difference in emission results in technical adaptations for the dedicated cameras.

For SPECT imaging, a detector, sensitive to the position, allows the photon detection.



Nevertheless, as it detects monophotonic emissions, it does not provide the path along which
the photon travels and the incoming location of the photon. To have this information, a
collimator is placed between the patient and the detector to shape the stream of emitted photons
into a beam. This way, each location on the detector is associated to a line called the line of
response (LOR). This line is located into a space where the decay occurred. The collimator only
lets pass photons that approach the detector with certain angles; other photons are discarded.
Thus, an image is formed despite the rejection of most of the emitted photons. Indeed, the
sensitivity constraint imposed by the collimator is the most important factor limiting the
performance of the SPECT (4) (Fig. 1).

The projections of the emitting body are made by rotating the camera around the patient (4, 5).
Then, the electromagnetic signal is converted into an electronic signal using a scintillator

coupled to photomultiplier tubes.

Collimator

L

SPECT detector

Photomultiplier tubes

Position logistic circuits

Figure 1: SPECT imaging principle. Figure adapted from (6).

For PET imaging, scintillation crystals are used to detect the gamma rays generated by
the electron-positron annihilations. They allow converting the high-energy gamma rays into
low energy visible photons. Then, a photosensor converts the light signal into an electrical
signal. A modular detector is used to build a detecting ring to record three electronic signals:
the time when the gamma ray hits the detector, the position where the gamma ray hits the
detector, and the energy of the gamma ray (3, 7). These electronic signals are then processed
through the coincidence unit to obtain the true events generated by the same annihilation which
occur along the LOR. Finally, the raw data of thousands of LORs is used to generate the PET
image through image corrections and reconstructions (3) (Fig. 2).
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Figure 2: Schematic representation of PET imaging principle. Figure adapted from (6, 7).

Unlike in SPECT, a collimator is not necessary for PET imaging. Indeed the LORs are
determined by coincident detection of two photons. Therefore, PET has a much higher
sensitivity than SPECT but also a better resolution and a true potential for quantitative imaging
4).

The major differences between SPECT and PET are summarized in table 1.

SPECT PET
Gamma ray detection Positron detection
Collimator system No collimator

Lower resolution Higher resolution

Table 1: Comparison between SPECT and PET

1-1-3 Quantitative imaging

Currently, the evaluation of the images is performed by qualitative analysis.
Nevertheless, in oncology, nuclear medicine techniques enable to quantify the uptake of the
radiotracers in cancer cells. Quantitative imaging data shows the distribution of the radiolabeled
probes within the patients’ bodies and provides information for diagnosis lesions, such as
expression levels of target molecules (1). The possibility to visualize, with non-invasive
methods, a biological process at a molecular and cellular level in vivo, allows to detect
oncological pathologies at once at the baseline and during therapy. Furthermore, a better
characterization of oncological lesions have become possible by the increased sensitivity and
resolution of the molecular imaging system (such as three-dimensional acquisition (8),
resolution recovery strategies in image reconstruction) combined with the higher resolution of
CT system (9) offered by current generation hybrid SPECT/PET/CT system (2). PET can also
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be used simultaneously with magnetic resonance imaging (MRI) modality. PET/MRI combines
MRI, which provides high soft tissue contrast, essential for local tumor staging, with the
excellent sensitivity of PET for nodal and distant metastatic disease. PET/MRI provides the
functional and anatomic information necessary for accurate whole-body and local tumor staging
in a single examination (10).

Processing methods can be applied to SPECT or PET images to retrieve quantitative or
semi-quantitative parameters from oncological lesions that can be used as in vivo biomarkers
(11). Several strategies have been implemented to increase the accuracy of the quantitation.
Indeed, a better quantitation allows the identification of accurate biomarkers for predicting

therapy outcome (2, 12).

1-2 Radiotheranostics in cancer diagnosis and management
1-2-1 Concept

Precision medicine is based on specific targeting of cancer cells or of its environment.
Progress in the understanding of cancer biology, advances in diagnostic technologies and
developments of new therapeutic options have concurred to the concept of personalized care
(13).

“Theranostics” is the association from the word therapeutics and diagnostics. The term
of theranostics have been created in 1998 by J. Funkhouser, who developed a test for monitoring
the efficacy of a new anticoagulant drug (14). This approach includes an imaging component
that can detect the lesions followed by the administration of a companion agent that is able to
treat the same lesions (13). Although theranostics is involving a growing number of scientific
disciplines, especially in the field of nanotechnology (15), this innovative medical approach is
deeply connected to nuclear medicine (16), especially in oncology. Radionuclide imaging offers
an interesting opportunity to detect and quantify the expression of a specific tumor biomarker
through the use of a certain radiopharmaceutical labeled either with isotopes emitting radiations
suitable for imaging or with another radionuclide emitting alpha, beta particles or Auger
electrons to obtain an anti-tumoral effect (17). Identifying the right target is crucial, since there
is heterogeneity between tumor cells in an individual tumor and/or its metastases (18).
Radiotheranostic approach offers also the possibility to use two probes with equivalent
pharmacokinetics. Another way to follow therapeutic effects of tumor treatments or to propose
theranostic probes is represented by tumor environment targeting as mentioned by Hanahan et
al. (19).



With quantitative analysis of the diagnosis imaging data, the absorbed radiation dose
can be estimated in the lesion sites but also in the normal tissues. Therefore, this data analysis
enables to predict the therapeutic effects in the lesions as well as the side effects in normal
tissues. This approach can greatly improve the personalized medicine because it allows a
selection of patients, a determination of the most appropriate anti-tumoral therapy and an

optimization of drug doses.

1-2-2 Current Clinical applications

Radiotheranostics seems to be the most clinically advanced application of theranostics,
with several developments and emerging opportunities.

The concept of radiotheranostics has been employed for the last 70 years. The first
theranostic approach was the use of different forms of radioactive iodine isotopes to diagnose
(*2%1, gamma emission, half-life = 13.2 hours) and treat (*3!l, beta minus and gamma emission,
half-life = 8.1 days) differentiated thyroid cancer (20, 21). Indeed, iodine is crucial in
physiologic metabolism and function of the thyroid gland. After thyroidectomy, 3%
administration results in the ablation of residual differential thyroid cancer by incorporation of
radioactive iodine and may treat potential distant metastases. With radioactive iodine,
metastatic thyroid cancer was transformed from a disease with a poor outcome to a disease with
about 85% overall survival (22).

Nowadays, radiotheranostics is at a tipping point, and is moving into the mainstream of
cancer therapeutics. The main goals of theranostic indications have been to stabilize end-stage
diseases that are refractive to other therapeutics and to improve the patients’ quality of life.
Current and future objectives consist to treat early-stage cancer through targeted intervention
and to reduce the side effects of systemic radiotherapy (23).

In the past few years, several developments have been made. Theranostics
radiopharmaceuticals carry alpha or beta minus emitters to the target by attaching ligands such
as small molecules, peptides or antibodies, to chelators that complex radioisotopes for systemic

delivery. Radioactive particles are also used to perform catheter-based intra-arterial therapy
(Fig. 3).
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Figure 3: Overview of several radiotheranostic constructs. Figure from (23).

Some non-exhaustive examples of current clinical applications are given below.

One of the radiotheranostic approach currently used for neuroendocrine tumors and
prostate cancer is the peptide receptor radionuclide therapy (PPRT). Peptides have a short blood
clearance which is often desirable for imaging and have a good tumor penetration.

Imaging with peptides began with agonist of somatostatin receptor (SSTR).
Neuroendocrine tumors (NET) often express high levels of SSTR, in particular SST2R at the
cell surface (24, 25) and can be treated by agonist that inhibit MAP-Kinase activity resulting in
an arrest of the tumor growth and in tumor cells apoptosis (26, 27). The two most common
SSTR-targeting agents for neuroendocrine tumors are DOTATATE and DOTATOC. These
peptides, associated to a radiometal, are receptor agonists. They stimulate SSTR as does the
somatostatin that is the natural ligand and the internalization seems to be important for the long

intratumoral retention of radiolabeled SSTR ligand (28). To allow a targeted radiometal tumor
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delivery for imaging and therapy, chelators were conjugated to these peptides. For imaging,
68Ga, a positron emitting radiometal, has increasingly been used this last years (29, 30). %8Ga-
DOTATOC was designated by the Food and Drug Administration (FDA) as an orphan drug in
2013 and in 2016, the FDA approved %Ga-DOTATATE for imaging NET. $8Ga-DOTATOC
and %8Ga-DOTATATE are currently commercialized under the name of Somakit® and
Netspot®.

With respect to therapy, beta-emitter PPRT was introduced and an increasing number
of studies have demonstrated the efficacy of PPRT over the years (13, 31). ®*Y-DOTATOC and
more recently ’’Lu-DOTATATE have been used. Both provided a significant rate of objective
response in NET with a tolerable profile of toxicity. It has been shown that therapy with *°Y or
0V plus 77Lu entailed further side effects such as a higher nephrotoxicity than therapy with
7Lu alone (32).

The cornerstone in PPRT studies has been represented by the phase 3 clinical trial
NETTER-1 (33). 229 patients affected by well-differentiated metastatic midgut NET received
PPRT plus best supportive care consisting in octreotide treatment. This study showed longer
progression-free survival and a significantly higher response than participants treated with high-
dose of octreotide. Furthermore, patients had a longer sustained function in health-related
quality of life (34). 1""Lu-DOTATATE received the approval of the FDA and of the European
Medicines Agency in 2018. ?Ac-DOTATATE targeted alpha therapy was also studied in
patients who were refractory to 1’/Lu-DOTATATE with promising results (35).

Currently, SSTR antagonists are in development. Antagonists may have advantage over
the agonists as SSTR have several conformations and agonists can only bind to active
conformations (36). Nevertheless, there are up to 100 times more SSTR in inactive
conformations on the cell surface and antagonists are also able to bind to receptors that are in
inactive states (28, 37).

A more advanced PPRT indication is the prostate cancer that represents one of the most
common malignancies in men and a leading cause of cancer death in male (16).

In this case, the aim is to target the prostate-specific membrane antigen (PSMA). PSMA is a
transmembrane protein with glutamate-carboxypeptidase activity involved in the intestinal
uptake of folate, the modulation of the neuronal signal transduction and the communication
between neurons and support cells (38). In addition to its enzymatic functions, PSMA is
expressed in all types of prostatic tissues and was found overexpressed (1000-fold more than
physiologic levels) in 90 to 100% of prostate cancer lesions as well as in lymph nodes and

metastasis from prostate cancer (39). PSMA was evaluated as a target of interest for imaging
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and therapy in prostate cancer. Several anti-PSMA probes, labeled with different isotopes, were
developed both for imaging and therapy, showing from moderate to high affinity for PSMA.
Therefore, anti PSMA radiopharmaceuticals has entered in the routine theranostic approach (2,
40). The chelators have to bind to the Lys-Urea-Glu moiety to maintain the specificity for the
PSMA enzymatic pocket (41). A turning point in prostate cancer theranostics was achieved by
the development of 88Ga-PSMA HBED-CC, PSMA-11. This peptide is a PSMA-inhibitor and
can bind to the extracellular portion of PSMA (42). PET-CT imaging with ®Ga-PSMA HBED-
CC has been demonstrated to be able to detect at least one lesion with characteristic suggestive
of recurrent prostate cancer in 79.5% of the examined subjects (43).

For therapy, two other peptides, PSMA-617 and PSMA I&T, that have a slower tracer
kinetics than PSMA-11 are used. Published clinical results with PSMA-based radioligand
therapy have been encouraging (44-46). Indeed, the first interpretable results of the randomized
phase 3 trial (VISION) for metastatic castration-resistant prostate cancer (CRPC) in third line
post novel androgen therapy and post taxane therapy are positive. Indeed, a 40% reduction of
the risk of death was observed and an improvement in overall survival was also reported (47).
The primary endpoints evaluated by this study are overall survival and progression-free

survival.

Another theranostic approach consists to use antibodies against cell antigens to target
the radionuclide to cancer cells. In radioimmunotherapy (RIT), the radiation-induced biological
effects may be combined with the antibody cytotoxic effect.

The first 3XI-labeled polyclonal antibodies against cancer cell antigen were used in 1953.
In 1988, the first clinical trial focused on the treatment of hematological malignancies using
131]-labeled or ¢’Cu-labeled Lym-1 (anti-HLA-DR) monoclonal antibodies (mAbs) (48). And
in 1993 it was followed by the use of 1311 labeled anti CD20 antibodies for treatments of patients
with non-Hodgkin lymphoma (NHL) (49).

It took until 2002 before two radiopharmaceuticals for RIT were approved by the FDA
for the treatment of relapsed or refractory low-grade, follicular, or transformed B-cell
lymphoma: Zevalin®, °°Y-ibritumomab tiuxetan; and Bexxar®, 3l-tositumomab (50, 51).
NHL is the disease on which RIT has the highest success rates. Indeed, the complete response
rate ranged between 20 and 49%, the overall response rate from 60 to 80% with mild toxicity
and the superiority of labeled versus unlabeled mAbs was demonstrated in patients with
recurrent follicular lymphoma (52). Since the licensing of these radioimmunoconjugates,

several radionuclides have been vectorized by mAb derivatives to treat, diagnose or manage
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cancer (53). For exemple, an anti-PSMA immunoglobulin (J591) has also been radiolabeled
with ’Lu and studied in phase 1 and 2 in patients with CRPC. The size and the biodistribution
of this form differ from that of radioligand therapy. J591 does not target the expression of
PSMA in healthy tissues such as renal tubules and salivary glandes. This represents an
advantage as it decreases the risk of renal adverse effect or of xerostomia found with
radiolabeled peptides. The long circulation time of the immunoglobulin is an advantage for the
continuous delivery of the radionucleide to the tumor during several days; but on the contrary,
regarding the myelosuppression it is a disadvantage as it exposes the bone marrow to high

radiation for a long time (54, 55).

Over the last 15 years, small molecules with a low molecular weight have also been
developed for theranostic approach. Among them fibroblast activation protein (FAP) inhibitors
have been radiolabeled and tested in preclinical and clinical studies (28). FAPIs bind to the
FAP, a serine protease that is highly expressed on the cell surface of activated fibroblasts (56).
68Ga-FAPI1-04 have been used for imaging of patients with metastatic tumors and an excellent
imaging contrast was obtained (57). ®°Y-FAPI-04 was studied for therapeutic approach in
patient with advanced breast cancer. Despite the high accumulation of this radiolabeled
compound in the tumor, a fast clearance from the tumor tissue was observed, limiting the
effectiveness of this radiopharmaceutical. Optimizations are necessary to obtain a longer
retention in the tumor tissue (28).

Radiolabeled poly(ADP-ribose)polymerase (PARP) inhibitors have also been studied
for imaging and therapy. Indeed, PARP is an essential deoxyribonucleic acid (DNA) repair
protein that has been found overexpressed in various type of cancer and has emerged as an
interesting target for cancer therapy (58). Phase 1 trials are ongoing with the PARPi [*®F]FTT
in ovarian cancer patients (59) or with [*F]JPARPi in head and neck cancer patients (60).
Furthermore, recent clinical data has demonstrated that [*8F]PARPi imaging can also be useful
for the treatment monitoring of brain cancer (61).

This type of small molecules are also promising for the development of theranostic

approach in nuclear medicine.

The field of theranostic has a rapid development and the accumulated evidence thus far
is encouraging. From the classic and continuing clinical use of radioiodine in thyroid diseases
to the more recent developments for prostate cancer and neuroendocrine tumors, the number of

new agents and indications will certainly grow in the near future. Additional investigations are
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needed to determine the most optimal diagnostic treatment algorithms that incorporate

radiotheranostics (13).

1-3 Optimization of RIT approach

Even if RIT has been successful for hematological disorders, solid tumors constitute a
big challenge. Indeed, solid tumors are less sensitive to radiation and are less accessible to large
size vectors. Moreover, the slow diffusion rate, the long distance of diffusion in poorly
vascularized tumors; the disorganized structure of neo-vessels are the main reasons for the
insufficient tumor localization of radioimmunoconjugates and could explain the limited success
of RIT for solid tumors (62).
Different strategies described in the next sections can be used to improve RIT success.

1-3-1 Antibody engineering

The first generated antibodies were full-length mouse mAb, but these proteins were not
successful due to a low efficacy and a fast clearance. Mouse antibodies induce human antibody
response leading to enhanced elimination in case of repeated administrations, thereby limiting
the frequency of administrations and their effectiveness (62, 63). Afterwards, new
developments conduced to synthetize chimeric and then humanized mAbs that reduce the
immunogenicity and increase the therapeutic efficiency (64). This improvement allowed
important developments in oncological immunotherapy (65).

Other points to consider are the tumor penetration and the blood clearance of the
antibody. These two factors play a major role in the efficacy of RIT. Indeed, most RIT trials
are based on the intravenous injection of a whole radiolabeled mAbs.

Intact immunoglobulins, which have a large molecular size (150 kDa) have a prolonged serum
half-life causing a dose-limiting radiotoxicity to non-target organs and the important size of the
protein limits the diffusion into the tumor. Immunoconjugates derivatives have thus been made.
The use of mAb fragment with a smaller size and pharmacokinetic half-lives such as single-
chain variable fragment (scFv) (25 kDa), antigen binding fragment Fab (50 kDa) or Fab’2 (100
kDa) improves the tumor to background ratio (66, 67). These smaller protein fragments have
reduced immunogenicity. They give an improved efficacy with a better tumor penetration and
a binding to cryptic epitopes that are unreachable by full-size mAbs (68). They also have a
faster blood clearance time and a rapid excretion, reducing the tumor uptake and possibly
leading to renal radiotoxicity (62). Thus, a compromise must be found between small and large

mAb molecular size to improve tumor penetration and blood clearance. Intermediate-size
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fragments such as minibodies are in assessment. This field seems to be promising for

theranostic approach and many developments are in evaluation (69).

1-3-2 Most appropriate isotopes and chelators for RIT

The choice of the best vector is determined by the target, while the one of the
radionuclide depends of the approach (imaging or therapy). This selection is driven by practical
considerations, emission type and physical half-life (70).

The half-life of the radionuclide must match the antibody pharmacokinetics to deliver
the highest absorbed dose to the target after injection and to optimize the tumor retention time.
Therefore, radionuclides with a long half-life are preferred for intact monoclonal antibodies or
for vectors with long tumor residence time and radionuclides with a shorter half-life are more
appropriate for antibody fragments or for imaging proposes.

For diagnosis, in the majority of cases positron-emitting isotopes (p+), suitable for PET imaging
are preferred since PET presents higher spatial resolution than SPECT, also providing the
opportunity of carrying out accurate quantitative information. The positron emitters with low
B+ energy are the most interesting due to a short distance between the emission site and the
annihilation site that increase the resolution. Among them, %8Ga is a short half-life isotope
which can be conjugated to rapidly clearing immunoconjugates such as small fragments of
antibodies or in pretargeting protocols (53). Isotopes with longer half-lives, %*Cu or 8Zr can be
used for immuno-PET using vectors with a slower clearance (71, 72).

For therapeutic application the choice of the radionuclide is dependent of its tumor retention
time as well as its low linear energy transfer (LET). The tumor retention time is determined by
the ability of the tumor cell to excrete the radionuclide. For example, for an antibody
radiolabeled with 311, a de-iodination can occur in the cell leading to an elimination of I-ion in
the extracellular media. Conversely, for 1’7Lu, the radionuclide is sequestered into the cell. Even
if 7Lu has a lower half life than 311, the resulting absorbed dose will be nearly the same
between the two radionuclides due to these sequestration/excretion processes. The LET criteria
is related to the energy released by the radiation per unit of distance (keV/um). Radionuclides
are arbitrarily divided into low- and high-LET radiation emitters. Two types of radionuclides
are used : beta minus (B-) and alpha (o) emitters (62).

Beta minus radionuclides emit low LET radiation compared to alpha emitters with an energy
deposit on a few millimeters. Among them 311, °0Y and 1"’Lu are currently the most used.
Choice and efficacy of the radionuclide will depend of the size of the tumor. For example, Y

have a range of 12 mm and may provide better coverage for larger metastases whereas ’’Lu
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have a range of 2 mm and is more appropriate for treatment of minimal disease. A combination
of these two radionuclides have been studied (32). The efficacy *’/Lu was shown in various
hematological or solid tumors and this radionuclide is currently considered of choice for RIT
(73, 74).

Conversely, alpha emitters such as ?*°Ac, 2*Bi, 2*?Pb or ?!*At are much more ionizing along
their track than beta. Indeed, they have a smaller depth of penetration in tissue (50-100 pm)
which increases the damage to tumor cells. These lesions are poorly repairable and thus, alpha
particles are highly cytotoxic and very attractive candidates for overcoming radio-resistance of
solid tumors (75). These isotopes have already been used to treat patients with hematological
malignancies, solid tumors and for targeting tumor vascular antigens. Nevertheless, despite
encouraging results, clinical translation will probably take more time than for beta minus
emitters because of logistical challenges (e.g. production, cost, waste management, and half-

life) and the potential for more severe toxic side-effects (23).

A bifunctional chelating agent (BFCA) is required to stabilize the radiometal by
chelation and to covalently link the radionuclide complex to the antibody. In most cases, the
ligand is first graft on the immunoconjugate. The modified immunoconjugate is then purified
and characterized before to be combined with the radionuclide during the radiolabeling process.
Chelating agents must lead to thermodynamically stable and kinetically inert complexes (76).
Radioactive metals are currently conjugated to monoclonal antibodies utilizing stable
coordination complexes. The most used are linear (diethylenetriaminepentaacetic acid, DTPA)

or macrocyclic (1,4,7,10-tretraazacyclododedane-tetraacetic acid, DOTA).

1-3-3 Protocol: Pretargeting and Fractionated Dose

A particular aspect of RIT is the possible synergic role of unlabeled drugs. Pretargeting
protocols have been developed to increase the tumor to healthy tissue ratio and to limit the
irradiation of the healthy tissue. Indeed, the prolonged circulation time of
radioimmunoconjugates contribute to a high irradiation dose to healthy tissues. Pretargeting
relies upon performing radiosynthesis within the body. The antibody is injected prior the
radionuclide and the two components will combine at the tumor site. The radioactivity is
delivered to target tissues with a short circulating time. This technique either facilitates the use
of short halve-lives radionuclides that are normally incompatible with vectors with long

pharmacokinetic half-lives (77) or, on the contrary, allows the administration of long half-lives
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radionuclides which will have a long tumor-specific retention time and a short circulating time
(78).

This approach can be done by the administration of the therapeutic mAbs conjugated to avidin
or streptavidin followed later by the injection of radiolabeled biotin with a fast clearance (79).
Another technique consists to inject non-radioactive bispecific antibody and then a radiolabeled
bivalent hapten peptide. The bispecific antibody will bind to tumor cells and after determining
the best delay, the hapten can be injected and will bind rapidly with the tumor-bound specific
antibody. Any unbound hapten is rapidly cleared from the circulation via the renal system (53).
The administration of radiolabeled molecules with a fast blood clearance when all unbound
mADbs are cleared from the blood allows the administration of higher activities to increase the
tumor-absorbed dose, while minimizing the absorbed dose to healthy organs. This method has
been successfully used in hematological disorders or solid tumors but needs complex clinical
assessments to define the best protocol (80-83).

The click-chemistry approach seems also to be promising for SPECT, PET or
radioimmunotherapy. This technique is based on the rapid and bioorthogonal inverse electron
demand Diels-Alder reaction between trans-cyclooctene (TCO) and 1,2,4,5-tetrazine (Tz).
First a TCO-bearing immunoconjugate is administrated, then the antibody will accumulates in
the target tissues and will be cleared from the blood during a multi-day periode. After, the
radiolabeled tetrazine will be administrated to allow the in vivo click ligation between the two

components followed by the rapid clearance of any unreacted radioligand (84).
For therapeutic application, it has also been described that the usage of a fractionated

dose instead of a single dose limits the hematological toxicity. With this type of protocol the

bone marrow regenerates more quickly than tumor cells (85).
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2- TEM-1 (tumor endothelial marker 1)

2-1 Background

TEM-1, also named endosialin or CD248, is a transmembrane cell surface glycoprotein
expressed on pericytes and fibroblasts during tissue development, tumor neovascularization and
inflammation (86).

TEM-1 was first identified in 1992 as an antigen of FB5 monoclonal antibody generated

by immunizing mice with activated fetal mesenchymal fibroblasts (87).
Immunohistochemical analyses where the FB5 resultant antibody was applied to various tissues
revealed that FB5 reacted strongly with vascular cells in 67% of malignant tumor specimens
and weakly with stromal fibroblast in a subset of other specimens (86). TEM-1 expression was
shown to be restricted to the endothelial cells of these solid tumors and was lacking overall in
the blood vessels of normal tissues. This study highlighted that TEM-1 is a tumor-specific
antigen and more specifically a potential antiangiogenic target.

Subsequent studies revealed that TEM-1 is expressed by perivascular cells, stromal
fibroblasts (especially in cancer and inflammation), mesenchymal stem cells and some tumor
cells but not on healthy tissues or adult endothelium (88-90) .

However, in humans and mice, the TEM-1 transcript was found to be ubiquitously
expressed in normal tissues and in somatic tissues (91). Tissues with high TEM-1 transcript
levels expressed the protein, while tissue with lower levels of transcript were negative for the
protein (86). High TEM-1 was detected in fibroblasts and pericytes in human thymus, lymph
nodes and spleen during lymphoid tissue development but was mostly absent in the adult (92).
In normal adults, TEM-1 protein expression appears to be limited to normal endometrial stroma
and occasional fibroblasts (86, 93).

The exact role of TEM-1 is not fully understood but based on its pattern of expression
and its limitation to pathologic conditions, TEM-1 is considered by the research community as

a potential therapeutic target (94, 95).

2-2 Molecular characteristics

The human gene for TEM-1 is localized on the long arm of the chromosome 11, while
the corresponding murine gene is on chromosome 19. In mice, TEM-1 shares 77.5% overall
amino acid sequence homology to human TEM-1 (91).

The molecular cloning of TEM-1 led to its further characterization as a type | cell

surface glycoprotein of 757 amino acids with a predicted molecular mass of 80.9 kDa (96).
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TEM-1 is classified as a C-type lectin-like domains (CTLD) protein and is composed of
an extracellular region and a transmembrane region with a cytoplasmic tail. The N-terminal
portion of the protein corresponds to the signal leader peptide required for the transport into the
endoplasmic reticulum. The signal leader peptide is followed by five globular extracellular
domains; a c-type lectin domain followed by a sushi domain and three epidermal growth factor
(EGF) repeats; and is separated from the membrane by a mucin domain (97). The extracellular
domain may function in cell-cell interactions (98). The cytoplasmic tail of TEM-1 contains
putative PDZ binding domains (99). These domains are involved in a number of protein-protein

interactions and contribute to modulate intracellular signaling pathways (94, 100) (Fig. 4).
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Figure 4: Endosialin/TEM-1 structure and sequence homology with thrombomodulin and C1qRp/CD93. Figure
from (101).

Transgenic animals’ expression TEM-1 with deletion of the cytoplasmic tail develop
significantly smaller tumors following subcutaneous injection of fibrosarcoma cells T241 than
wild type animals (99). Thus, the cytoplasmic tail of TEM-1 seems to be important for the
growth of some tumor types (94).

The N-terminal residue of TEM-1 is most closely related to two others CTLD:
thrombomodulin (39% sequence homology) and the complement receptor (C1qRp) (33%
sequence homology) (96, 102, 103).
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TEM-1, thrombomodulin and C1gRp are involved in the angiogenesis process and may
be overexpressed under pathological conditions or participate to physiological vascular
functions (thrombomodulin, C1gRp). Similar to TEM-1, thrombomodulin has also been
detected in malignant tissues. Thrombomodulin and C1gRp are known for their function in
immune responses (104, 105), yet the role of TEM-1 in this context has not been thoroughly
investigated. The similarities in protein structure between TEM-1, thrombomodulin and C1gRp
suggest that this line of research may hold value in further elucidating the function of TEM-1.

2-3 Gene regulation and binding partners of TEM-1
2-3-1 Gene regulation

Although the structure of TEM-1 is well characterized its function has not been fully
elucidated.

The rapid proliferation of cancer cells promotes hypoxia as it overtakes the development
of the blood vessels. With an inadequate delivery of oxygen, hypoxia inducible transcription
factor (HIF) is upregulated and induces a vascular remodeling (106). As angiogenesis in tumors
and in embryo development is stimulated by a low oxygenation, it was supposed that hypoxia
might influence TEM-1 expression. This hypothesis was validated as it was shown that the
transcription of TEM-1 gene is upregulated in vitro in the context of hypoxia (107). The
promoter region of the gene contains several hypoxia-responsive elements (HRE) that
constitute binding sites for HIF.

It also has been demonstrated that expression of TEM-1 is modified by the cell density
in mouse models expressing TEM-1 (91). The density in human cells has an effect and it may
be partially mediated by pericellular hypoxia, which occurs in cells growing to high density
(108). The response of TEM-1 to high cell density is mediated, at least in part, by the binding
of the transcription factor SP1 to the promoter. SP1 may also be upregulated by HIF and
provides a molecular link between hypoxia and cell density mediated upregulation of TEM-1.
Nevertheless, the cell density can affect the TEM-1 expression under both normoxic and

hypoxic conditions (107).
2-3-2 TEM-1 interaction partners

The multidomain architecture of the TEM-1 extracellular domain suggests that it may

have multiple protein partners. Several TEM-1 ligands have been identified (Fig. 5).
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Figure 5: TEM-1 interaction with binding partners. Figure from (90).

It has been demonstrated that the extracellular matrix (ECM) proteins fibronectin and
collagen types I and 1V bind to the extracellular domain of TEM-1. This binding may play an
important role in the cells attachment and migration during tumor invasion. TEM-1 knockdown
resulted in a decrease of migration and proliferation of fibroblasts, reinforcing a supposed role
in adhesion (109). This binding also promotes the release of active matrix metalloproteinase
(MMP)-9, implicating TEM-1 in ECM degradation, a key step in angiogenesis, tumor
metastasis and invasion (110).

Recently a direct interaction of TEM-1 with the endothelial ECM protein multimerin-2
(MMRN2) has been shown having a role in the binding to endothelial ECM, angiogenesis and
tumor progression (111).

The Mac-2 binding protein has also been identified as a TEM-1 ligand and may promote

metastatic spread of tumor cells (112). This protein is weakly expressed in the small intestine,
stomach, colon, ovary and kidneys but strong staining was observed on several tumor tissues
including adenocarcinoma of the uterus and colon, carcinoma of the small intestine and renal
cell carcinomas (113).
TEM-1-Mac-2 interaction occurred during tumorigenesis and a correlation has been
demonstrated between the level of Mac-2 in the circulation and the frequency of metastasis
(86).

The removal of the interaction between TEM-1 and these proteins could be a target for

the future development of therapeutics.
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Currently, no interacting partner has been described for the cytoplasmic domain of
TEM-1 but this structure is crucial for facilitating an inflammatory response in models of
arthritis and for promoting tumor growth in mouse model (95, 99, 114).

2-4 Physiological expression of TEM-1

2-4-1 In vitro expression of TEM-1

The first studies identified TEM-1 as a marker of tumor endothelium. However, it was
demonstrated later that TEM-1 is primarily expressed by cultured embryonic fibroblasts,
pericytes and smooth muscle cells; but not by human umbilical vein cells (HUVEC); primary
blood vessel endothelial cells, cells of lymphatic endothelium or epithelial cells (88, 93, 94).
After immunohistochemical analysis, TEM-1 expression has been shown in mesenchymal cells,
whereas in healthy tissues only low level of TEM-1 was found. TEM-1 expression was also
detected in mesenchymal stem cells originating from bone marrow (94, 115). This expression
is very interesting as cells of the mesenchymal lineage conserve multipotent differentiation
capacity and may differentiate into a variety of cell types such as chondrocytes, osteoblasts or
adipocytes. Depending on the microenvironment of tumors, the mesenchymal stem cells could
differentiate into activated synovial fibroblasts, cancer-associated fibroblasts or pericytes that
promote fibrovascular network expansion, progression of inflammatory lesion or tumor
development (95, 116, 117).

2-4-2 TEM-1 expression during development

In non-pathological conditions, TEM-1 is expressed during development, at a high level
in the embryo and decreases progressively postnatally. Indeed, in mice embryos, transcripts are
detectable at embryonic day 9.5 (118) in the central nervous system, spleen, thymus and
lymphatic nodes (92). Then, TEM-1 expression remains high throughout fetal development.
After, TEM-1 is diminishes in postnatal organs except for the perivascular cells in lung, the
stromal cells of the uterus, the endometrium and ovaries, the kidney glomeruli, the bone
marrow fibroblast and the red pulp of the spleen (119). In a healthy adult organism, TEM-1 is
expressed in tissues in need of active angiogenesis, during wound healing.

Although TEM-1 is a marker of mesenchymal and stromal cells, it is also selectively
expressed by the surface of naive CD8+ T-lymphocytes, as it probably negatively regulates
their proliferation, ensuring they remain in a quiescent state and playing a role in suppressing
T-cell proliferation (120).
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TEM-1 knockout (KO) mice are viable and were unaffected with regard to embryonic
development, phenotype and wound healing responses, suggesting that compensatory
mechanisms may be employed during development (121).

2-5 Pathological expression of TEM-1

2-5-1 TEM-1 expression during inflammation and fibrosis

During inflammation an increase of TEM-1 expression was observed.

In psoriatic and rheumatoid arthritis, the synovium is transformed from a thin
paucicellular tissue into an invasive and joint destructive tissue, characterized by hyperplasia,
angiogenesis, immune and mesenchymal cell infiltration, and development of secondary
lymphoid structures (86). Synovial tissue biopsy samples from rheumatoid and psoriatic
arthritis showed that TEM-1 expression is upregulated in fibroblasts and pericytes of synovial
tissue (114) and has been also observed in the sublining layer of a distinct subset of synovial
fibroblasts (122). Compared to wild-type mice, a reduction in experimental arthritis, an
important decrease in synovial inflammation with lower plasma levels of pro-inflammatory cell
accumulation and a reduced leukocytes infiltration were observed with KO mice or mice
lacking the cytoplasmic domain of TEM-1.

TEM-1 is also implicated in bone formation as it is expressed by osteoblasts but not by
osteoclasts in mice and human (123). TEM-1 KO mice have a higher bone mass and superior
mechanical properties compared to control mice probably due to an increase of mineral
formation that would normally be inhibited by PDGF signaling which is disrupted in TEM-1
deficient cells. Targeting TEM-1 in rheumatoid arthritis may reduce the inflammation but also
the bone loss associated to arthritis (90).

In healthy human and mouse kidney, TEM-1 is expressed in the mesangial cells of the
glomerulus, in pericytes and fibroblasts. TEM-1 can be considered as a predictor of renal failure
as it is overexpressed in chronic kidney disease (124) and as it was shown to have a potential
role in the development of kidney fibrosis in mice (125). TEM-1 KO mice with renal damages
were protected from microvascular rarefaction and fibrosis, probably due to less production of
collagen by fibroblasts and to the absence of differentiation of the pericytes into myofibroblasts,
that are involved in fibrosis (126).

TEM-1 was also upregulated in liver fibrosis. KO TEM-1 mice were protected against
liver fibrosis following liver injury and an enhanced hepatocyte proliferation and a reduction

of collagen expression was observed (127). TEM-1 expression was detected in human samples
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of liver fibrosis, on myofibroblasts and perivascular cells and was elevated in human liver
fibrosis samples compared to healthy controls as well as correlating with levels of collagen
deposition (90).

High expression of TEM-1 was observed in idiopathic pulmonary fibrosis patients and
may serve as a marker of the severity of the disease (128).

TEM-1 is expressed in vascular smooth muscle cells (VSMCs) and is implicated in the
pathogenesis of atherosclerosis. TEM-1 KO mice exhibited marked reductions in macrophage
infiltration into atherosclerotic plaques, due to reduced chemokine expression in VSMCs (129).

All these observations highlight the role of TEM-1 in inflammation and fibrosis. TEM-
1 could be an interesting target for these diseases (90).

2-5-2 TEM-1 expression in Cancer

An important increase of TEM-1 expression levels on tumor-associated stroma have
been reported in several primary tumor types such as glioma, colorectal carcinoma, melanoma
as well as brain metastases (130, 131).

Immunohistochemistry studies showed that TEM-1 co-localizes with the pericyte
marker NG2 in breast cancer specimens (86, 88, 132). TEM-1 is expressed in numerous tumor
cell lines and clinical samples of sarcoma and neuroblastoma but is absent in cancer cells of
epithelial origin (89).

Lack of TEM-1 in transgenic mice results in a slower tumor growth, suggesting that a
TEM-1 positive stroma promotes malignancy. TEM-1 may also play a role in cell-cell adhesion
and in adhesion to extracellular matrix protein (110, 133).

The first indication that TEM-1 may be expressed by malignant cells was in 1992, by
Rettig et al. who reported immunoreactivity of FB5 anti TEM-1 antibody in several
neuroblastoma and sarcoma cell lines (87). In 2005, Rouleau et al. analyzed 94 clinical sarcoma
specimens and 84% of them were TEM-1 positive (89). More recently one, TEM-1 expression
was evaluated in a group of 203 clinical sarcoma specimens and 96% of expression was
reported (89, 134). A retrospective analysis of diagnostic reports showed that TEM-1 was
detected in high-grade diseases and metastasis.

TEM-1 is expressed in stromal cells, endothelial cells and pericytes in several tumors.
However, a few studies focused on expression in malignant cells. Dolznig et al. demonstrated
that the TEM-1 protein was present in human sarcomas and showed the expression of the

protein in malignant cells (119).
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Amongst central nervous system tumors, glioblastoma is the most aggressive subclass.
This type of tumor has massive neovascularization. Although TEM-1 is not expressed in normal
adult brain, it is expressed in the angiogenic vasculature of high-grade glioma (86) and by the
perivascular cells (135).

Metastasis process is linked on the interaction between the metastasizing tumor cells
and the local microenvironment within tumor stroma, pericytes and myofibroblasts have
upregulated TEM-1 expression. Studies in wild-type and TEM-1-deficient mice showed that
stromal TEM-1 promoted spontaneous metastasis (136). TEM-1 expressing pericytes in the
tumor facilitated distant site metastasis. Indeed, TEM-1 promotes the intravasation of tumor
cells in a cell contact-dependent manner, resulting in higher circulating tumor cells. In
independent cohorts of primary human breast cancers, upregulation of TEM-1 expression is
correlated with increased metastasis (86).

To summarize, the presence of TEM-1 in a wide variety of cell types is associated with
malignant diseases and validates TEM-1 as a potential therapeutic target (132). Furthermore,
clinical studies have shown a direct correlation between TEM-1 transcript levels and patients’
outcome. The degree of TEM-1 expression was correlated to the patients’ prognosis, with

elevated levels associated with nodal involvement and disease progression (137-139).

The landscape of cellular expression of TEM-1 is summarized in Fig. 6.
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3- Targeting TEM-1: Potential applications in clinic

3-1 Background

Laboratory techniques for molecular biology have promoted a field of molecular-
targeted therapies in oncology. By the identification of specific gene expression, it is possible
to give to the patient drugs that are adapted to the molecular composition of their tumors and to
select the treatment with the best efficacy.

The prevalence of TEM-1 in the vasculature and the stroma of solid tumors and in
malignant cells of sarcomas suggests that an anti-TEM-1 therapy in combination with other
modalities could have therapeutic benefits. The development of anti TEM-1 companion
diagnostic may assist in the personalized medicine approach, whereby TEM-1 expression is
exploited as a biomarker to select patients that would most benefit from a treatment directed
towards the TEM-1 antigen (101).

3-2 TEM-1 and neuroblastoma

Neuroblastoma is the most common extra-cranial cancer in the childhood (140). This is
a peripheral nervous system tumor derived from neural crest. Its pathobiology is various. Low-
risk diseases can be cured with surgery, whereas high-risk diseases require intensive
radiotherapy, chemotherapy and/or immunotherapy. Stage 4S neuroblastoma, which is defined
by dissemination to liver and skin, cannot be treated and requires supportive care (141).

TEM-1 expression was studied in neuroblastoma. In this type of tumor, TEM-1 was not
only expressed by tumor vasculature, but also by malignant cells (as it was observed for
sarcomas) (142). A side population analysis was also done by Rouleau et al. to determine
whether tumor stem cells could be detected in the neuroblastoma cell lines and whether the side
population cells would express TEM-1. In both cell lines tested, levels of TEM-1 were similar
in the total cell population and in the side population cells, showing that TEM-1 is a possible
therapeutic target for neuroblastoma stem cell-like cells. On all cell lines tested in this study,
the highest level of TEM-1 staining was observed in SK-N-AS tumors. Furthermore, when SK-
N-AS cells were implanted subcutaneously in immunodeficient mice, the resulting tumors were
TEM-1 positive. Therefore, they concluded that TEM-1 expression detected in cell culture was
maintained in vivo and in different tissue environments (142).

The reported low level of expression of TEM-1 in normal tissue and the expression of

TEM-1 on malignant cells and tumor vasculature in neuroblastoma suggests that TEM-1 may
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be a suitable therapeutic target for advanced disseminated neuroblastoma, a disease with poor
prognosis (141). In our studies, we have thus decided to work on murine neuroblastoma models
with mice grafted with SK-N-AS positive cell lines.

3-3 Anti TEM-1 in clinical trials

A humanized anti-TEM-1 monoclonal antibody called Ontuxizumab (MORAb-004) has
been tested in clinical studies for sarcoma. MORADb-004 is derived from antibody FB5 and was
later humanized by grafting six complementarity determining regions into a human IgG1l
framework (143).

MORADb-004 was the first agent to enter in clinical development for TEM-1 targeting.
In the first-in human phase | study, the selected patients had solid tumors refractory to
treatment. The antibody was administrated intravenously one time per week in 4-week cycles
(144). 36 patients were treated with antibody dose levels from 0.0625 to 16 mg/kg. During this
study, preliminary antitumor activity was observed. Safety profile, pharmacokinetics and early
antitumor activity suggested that MORAb-004 should be studied further for efficacy (144, 145).

In a second time, a randomized, placebo controlled, phase Il study was performed to
evaluate the safety and the efficacy of MORAD-004 in patients with chemo-refractory
metastatic colorectal cancer (146). 126 patients received weekly intravenous injections of
MORADb-004 (8 mg/kg) or a placebo plus best supportive care until progression or toxicity. No
difference in progression-free survival, overall survival or overall response rate were observed
between the Ontuxizumab and the placebo. The treatment-related adverse events were fatigue,
nausea, decreased appetite and constipation. The antibody was well tolerated.

Another Phase Il study was done in metastatic melanoma patients who had received at
least one prior systemic treatment (147). The aim of this study was to evaluate progression-free
survival, pharmacokinetics, and tolerability of two doses of MORADb-004. Patients received
either 2 or 4 mg/kg of Ontuxizumab weekly, until disease progression. No difference was found
on the progression-free survival between the two groups (8.3 weeks). The median overall
survival was 31 weeks. The efficacy of Ontuxizumab as single treatment at this dose in
melanoma was low.

A phase | trial was conducted in children with relapsed or refractory solid tumors
(neuroblastoma, Ewing sarcoma, rhabdomyosarcoma and other tumors) (148). The antibody

was administrated intravenously weekly during 4 weeks at three dose levels (4, 8, and 12
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mg/kg). 12 mg/kg was determined as the recommended dose for Phase 11 trial and was well
tolerated.

Based on a Phase | study conducted in sarcoma patients, Ontuxizumab received FDA
orphan drug designation for sarcoma (86).

A phase 11 study was performed to examine the safety and efficacy of Ontuxizumab in
combination with gemcitabine and docetaxel in metastatic soft-tissue sarcomas (149).
Ontuxizumab plus gemcitabine/docetaxel showed no enhanced activity over chemotherapy
alone in soft-tissue sarcomas, whereas the safety profile of the combination was consistent with

gemcitabine/docetaxel alone.

3-4 TEM-1 targeting experimental therapeutics

3-4-1 Antibody-drug conjugates

A few research groups have developed antibody-drug conjugates (ADCs) modality.
ADCs are monoclonal antibodies conjugated to cytotoxic agents. They use antibodies that are
specific to tumor cell-surface proteins and have tumor specificity and potency not achievable
with traditional drugs. Antitumor activity is reached by conjugating antibodies with different
effector molecules that promote cell death after antibody binding and internalization. These
effector molecules include cytotoxic agents, bacterial or plant protein toxins (immunotoxins)
(150) (Fig. 7). The optimal ADC has antigen recognition that is similar from the unconjugated
antibody. The linker connects the cytotoxic part to the monoclonal antibody and maintains the
stability of the ADC in the circulation. Most linkers are labile in the intracellular environment,
resulting in the release of the cytotoxic payload after internalization (151, 152). Other linkers
need intracellular enzymatic cleavage for the release of the cytotoxic payload. A stable linker
reduces non-specific systemic release of the cytotoxic drug. This point is determinant for the
ADC safety (150). ADCs usually include 2 to 4 highly potent anticancer agent small molecule
drugs.
The requirement for an ADC is to have a target expressed on the cell surface and to be
internalized into the cell along with the target protein to enable delivery to the cytotoxic drug
payload (153).
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Figure 7: Structure of an ADC. Figure from (150).

In the past few years, ADCs have benefited from several technological advancements.
Early ADCs were mouse monoclonal antibodies covalently linked to anticancer drugs. Mouse
antibodies were then replaced by humanized or fully human antibody to prevent
immunogenicity. It is also necessary to note that as ADCs contain a protein component, an
immune response can be induced after administration. Indeed, antibody responses may be
directed against the mAb as we mentioned previously but also against the linker or the cytotoxic
drug portion of the biotherapeutic (154). Immunogenicity assessment of these compounds is
recommended for clinical development (155). Furthermore, careful target and antibody
selection improved selectivity and efficiency of internalization (150).

The accessibility of TEM-1 as a cell surface antigen to antibodies and its high level of
expression in sarcomas and neuroblastomas makes it a potentially suitable ADC target (95).

An anti-TEM-1 ADC, MC-VC-PABC-MMAE, was prepared and tested in cell culture
and was found to be selectively cytotoxic to TEM-1. It also achieved a profound and durable
antitumor efficacy in preclinical human tumor xenograft models in TEM-1 positive disease
(153).

Another study, provided the evidence of the preclinical efficacy of a novel ADC. This
ADC consisted of a humanized TEM-1 monoclonal antibody, named hMP-E-8.3, conjugated
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to a duocarmycin derivative. In TEM-1 expressing cell lines, this ADC showed an important
target-dependent killing activity. High expression of TEM-1 in cells correlated with efficient
internalization and cytotoxic effect in vitro. In a cell line-based model of human osteosarcoma,
efficacy studies demonstrated that this ADC treatment leads to a long tumor growth inhibition
(156).

These studies demonstrated that TEM-1 is an interesting target and that ADCs have the
potential to be developed as therapeutic agents.

3-4-2 Specific DNA vaccination

DNA vaccine approaches against TEM-1 have also been attempted preclinically.

Facciponte et al. generated a vaccine with murine TEM-1 cDNA fused to cDNA of the
C fragment of tetanus toxoid (TT) (157). TEM-1-TT vaccination generated CD8+ and CD4+ T
cell responses against immune dominant TEM-1 protein sequences. As an adjuvant TT may
enhance immunogenicity (158, 159).

Prophylactic immunization with TEM-1-TT prevented or delayed tumor formation in
mice. Vaccination of tumor bearing mice decreased tumor vascularity, increased T cell
infiltration, and slowed tumor progression. The vaccination did not detrimentally affect wound
healing and reproduction.

Antitumor effects were reported in both the prophylactic and therapeutic vaccine setting
(157). The therapeutic effectiveness of this new vaccine can be summarized in three parts as
schematically shown in Fig. 8.

Firstly, TEM-1-TT vaccine elicits cytotoxic T lymphocytes (CTLs) that specifically attack the
tumor vasculature. TEM-1-TT vaccine modifies the tumor vessel architecture. As TEM-1 is
expressed by tumor-vessels associated to pericytes cells, the vaccine may also target pericytes
directly, with subsequent destabilization and inhibition of tumor endothelial cell network (157).
TEM-1-TT vaccine functionally destabilizes the tumor vasculature, induces vessel collapse, as
well as possibly impedes the assembly of new vasculature (160).

Secondly, authors supposed that the lack of a constant stream of metabolites and oxygen leads
to an increased hypoxic and inflammatory tumor microenvironment that promotes tumor cell
death. Indeed, an increase of apoptosis was shown in tumors cells from mice vaccinated with
TEM-1-TT (160).

The last step of the TEM-1-TT therapeutic effectiveness was the ability of the vaccine to
provide a secondary tumor-specific immune response. The events such as hypoxia, apoptosis

can generate a source of antigenic determinants that can interact with antigen-presenting cells
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(APCs) like dendritic cells and macrophages. These APCs are able to promote a secondary
immune response against the tumor specific antigen (160, 161).
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Figure 8: Proposed mechanism for TEM-1-TT fusion DNA experimental vaccine. Figure from (160).

Facciponte et al. also illustrate the safety of the vaccine in murine model. They showed
that TEM-1-TT vaccine does not induce an immune response against physiological
neoangiogenesis compared with other anti-angiogenic therapies that are associated with
important safety concerns, including wound healing and pregnancy (162, 163).

TEM-1 could be considered as a new immunotherapeutic target for cancer treatment
with an interest to develop translatable DNA based immunotherapy and further investigations
are necessary (160).

3-4-3 TEM-1 Imaging

Currently, the ability to assess the clinical expression of TEM-1 in patients with
metastatic disease relies on immunohistochemistry of biopsies of single lesions or primary
tumors that may not represent true TEM-1 expression compared to the total tumor burden in a
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patient. Negative staining for TEM-1 may represent an artifact of processing or a biopsy
selection, while positive staining may only relate to the specific tumor that was biopsied and
not the entire tumor burden (164).

To improve the screening of the patients, Ontuxizumab (MORAb-004) was radiolabeled
and tested in preclinical and clinical studies. Indeed, antibody-based SPECT and PET are
imaging modalities that provide a real-time non-invasive detection of pathologies. Although
human and mouse TEM-1 share 87% homology, MORADb-004 binds to human and monkey
TEM-1 but has no cross-reactivity with murine TEM-1 (110). This preclinical study requires
chimeric graft models (143). Furthermore, in this case it is important to note that the uptake in
the murine neo-vessels is not specific. This point has to be considered for the analysis of the
biodistribution results.

This antibody has first been labeled with 1?4l to evaluate the feasibility of using PET
imaging to visualize TEM-1 in a cell line engineered to express high levels of this target (165).
Biodistribution studies demonstrated a lower clearance of the radiolabeled antibody in TEM-1
positive tumors compared to negative and also a high uptake in tumors compared to normal
tissues (165).

Others experiments were performed with Ontuxizumab radiolabeled with 8°Zr. Indeed,
this radionuclide is known to be trapped inside cells after metabolism and to have the potential
of generating images with higher quality (166). Lange et al. tested the 8Zr-Ontuxizumab on
non-engineered sarcoma cell lines to assess the clinical utility of this radiolabeled compound
(164). Development of PET for TEM-1 expression may allow stratification of patients,
potentially enhancing outcomes for patients with TEM-1 expressing tumors. Biodistribution
studies in xenograft-bearing mice confirmed high tumor uptake of 8Zr-Ontuxizumab that can
be used to determine TEM-1 expression (164, 165, 167).

Furthermore, this data showed that a theranostic approach could be evaluated. Indeed,
in addition to the effects of mAbs leading to an inhibition of tumors described above, delivery
of isotopes emitting local radiation directed to either vascular or parenchymal tumor cells can

be used. TEM-1 targeted radioimmunotherapy could lead to tumor destruction.

3-4-4 First fully human anti-TEM-1 sc-Fv

A novel single-chain variable fragment (scFv), 78scFv, against TEM-1 was isolated
from a human display scFv-Fc library. This ScFv recognizes both human and murine TEM-1.
The convenient human/murine cross-reactivity of this molecule was very promising for

preclinical evaluation of the compound. Contrary to MORADb-004, the binding on both murine
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and human TEM-1 has allowed bio-distribution studies evaluating the specificity of the
antibody.

The scFv was fused to the fragment crystallizable (Fc) region of human IgG1, creating a dimeric
protein (78Fc) (Fig. 9) which was conjugated with a fluorochrome for near-infrared (NIR)

optical imaging (168, 169).

scFv [VL-VH]

hulgG1 [CH2CH3]

Figure 9: scFv-Fc format was obtained by fusing the scFv (in red) to the constant domain of human IgG1 (in
blue).

The biodistribution of the selected Fc-fusion protein presented a minimal binding to
normal organs. Nevertheless, an efficient 78Fc homing to tumors which express strongly TEM-
1 in the vasculature and a weakly uptake in tumor cells in vivo were observed (134). 78Fc
internalizes upon binding to cell-surface TEM-1 (170). The NIR imaging provided the first in
vivo imaging data of TEM-1 expression in the mouse, which was consistent with the previously
established expression profile of TEM-1 using in situ hybridization (171). Specific and sensitive
tumor localization of 78Fc was confirmed with optical imaging in mouse tumor model that has
highly endogenous mTEM-1 expression in the vasculature.

Optical imaging of TEM-1 could be interesting in clinical applications, including
intraoperative imaging with NIR fluorescence dyes (172).

Based on this properties, Guo et al. theorized that 78Fc could also be an ideal candidate
for drug delivery to TEM-1 positive sarcomas. They generated a scFv78-saporin
immunoconjugate that exerted dose-dependent cytotoxicity with high specificity to TEM-1
positive cells in vitro.

78Fc was also studied preclinically after radiolabeling with *%In and a specific uptake
was observed in TEM-1 positive tumors (173).

All this data indicates that scFv78 presents advantages for the development of imaging
probes or antibody-toxin conjugates for a large spectrum of human TEM-1 positive solid tumors
(169).
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3-4-5 1C1m-Fc a novel anti TEM-1 fusion protein antibody

A new fusion protein antibody, named 1Clm-Fc was produced by the LabCore
laboratory, Ludwig Institute for Cancer Research, Lausanne.

1C1m-Fc was isolated from a naive human antibody phage display. This fusion protein
is composed of a scFv part, made bivalent by fusion to a human Fc domain (IgG1). The Fc part
allows increasing the size, the avidity and the stability of the monovalent scFv antibody
fragment in vivo leading to an improvement of the pharmacokinetic.

Furthermore, the interest of this new fusion protein is to bind to both human and murine
TEM-1, enabling the evaluation of anti-TEM-1 theranostic approach in a mouse model.
1C1m-Fc presents a high affinity towards human TEM-1 (1nM) and murine TEM-1 (6nM)
compared to 78Fc which has an affinity of 5.6 nM towards human TEM-1(168). The strong
cross-reactivity of 1C1m towards murine TEM-1 is also directly compatible with translation in
syngeneic models.

The specificity of 1C1m-Fc in staining has been evaluated by the LabCore laboratory
within tissue sections. 1C1m-Fc was shown to co-localize with a proportion of neonatal
pericytes but also in sections of Lewis lung carcinoma and MC38 colon carcinoma tissue.
1C1m-Fc staining signal co-localized with the pericyte marker NG2.

All these characteristics made this antibody a promising candidate for preclinical and clinical
testing. We thus decided to radiolabel it and to evaluate its theranostic potential in tumor mouse

model.
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4- Conclusion

Tumor vasculature and stroma targeting represents an effective strategy for early
detection, diagnosis and treatment of many tumors (169). TEM-1 was proved to be an attractive
surface molecule and a promising target. The universally high expression of TEM-1 in almost
all types of solid tumors offers a variety of clinical applications, including molecular imaging.

Currently, only one anti-TEM-1 antibody, MORAbOO4, is under clinical development.
This humanized antibody recognizes the fibronectin-binding domain of TEM-1. Unlike
ScFv78, MORADb-004 does not cross-react with murine TEM-1. ScFv78 is the first fully human
scFv antibody in the field and its properties including rapid internalization and specificity for
mouse and human TEM-1, make it suitable for a variety of applications in tumor theranostics
across a wide spectrum of solids tumors (169).

In our studies we explored the utility of targeting TEM-1 through a fusion protein
antibody ScFv-Fc which could be used as imaging agents as well as delivery system for
therapeutic payloads. Thus, a novel anti-TEM-1, 1C1m-Fc, isolated from phage display and
made bivalent by fusion to a human Fc domain (IgG1) was radiolabeled with 84Cu or ’Lu and

studied in preclinical investigations.
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Summary of results

Chapter 1: *"Lu radiolabeling and preclinical theranostic study of 1C1m-Fc: an

anti-TEM-1 scFv-Fc fusion protein in soft tissue sarcoma

This article has been published in the European Journal of Nuclear Medicine Research,
EIJNMMI Research (2020) 10:98 (174).
| also presented a part of this work at the following congresses: European association of Nuclear
Medicine Congress (EANM 2019, oral presentation), 4™ Nuclear Technologies for Health
Symposium (NTHS 2020, oral presentation), SwissTech Convention Center Symposium
(SCCL 2019, poster presentation), and Swiss Association of Public Health Administration and
Hospital Pharmacists Congress (GSASA 2020, poster presentation).
My contribution to this work was the definition of the methodology, the project administration
(execution of the experiments) and the writing of the manuscript under the supervision of my
director, Prof. Prior, and my co-director, Prof. Faivre-Chauvet.

The aim of this project was to study preclinically a novel scFv-Fc fusion protein antibody,
1C1m-Fc, which was radiolabeled with *"7Lu.

Prior to this work, five fusion protein antibodies (78-Fc, 2B11-Fc, 3B6-Fc, 1C1-Fc and
1C1m-Fc) were studied by high performance liquid chromatography (HPLC), flow cytometry
analysis, immunoreactivity testing and their capacity to be radiolabeled was also evaluated.
Following these experiments, 1C1m-Fc was shown to be the best candidate and was selected
for this PhD work.

1C1m-Fc was isolated by phage display from a naive human antibody phage display
library by the LabCore laboratory, Ludwig Institute for Cancer Research, Lausanne.

In this study, 1C1m was first conjugated with three concentrations of DOTA,; 10, 20 and
40 equivalents, corresponding respectively to 2, 3 and 6 DOTA added per antibody in mass
spectrometry analysis. 1C1m-Fc and its conjugates were tested for binding to TEM-1 using
flow cytometry analysis. A high percentage of binding was observed for 1C1m-Fc at each
concentration tested and for each ratio used in the coupling reaction, showing that the
conjugation does not affect the binding. Then, 1C1m-Fc was successfully radiolabeled with

177LLu with a radiochemical purity release criterion of 95%. The ratio of 20 equivalents, thus 3
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DOTA per antibody was selected to optimize the specific activity of the radiolabeling and was
used for the experiments. The immunoreactivity following the radiolabeling was determined by
Lindmo assay and was 86.2% = 3.9%, showing that the conjugation with 3 DOTA and
radiolabeling has no impact on the immunoreactivity.

After performing a dose escalation study (from 2.5 to 500 ug), the total injected dose of
50 g was chosen for the biodistribution experiments. Indeed, this dose provides the best tumor-
to-healthy tissues ratios and allows to have a sufficient specific activity for a therapeutic
approach.

Biodistribution experiments were conducted in two groups of mice grafted with either
TEM-1 positive tumors (SK-N-AS cell lines, from neuroblastoma) or TEM-1 negative tumors
(HT-1080 cell lines, from fibrosarcoma) after injection of radiolabeled 1C1m-Fc conjugated
with 3 DOTA. Mouse Fc receptors are highly abundant in mouse liver and spleen and these
receptors are known to bind human Fc. Thus, to evaluate the impact of Fc receptor blocking on
biodistribution and uptake, the first group received a pre-saturation with 200 pg of a commercial
IgG, Kiovig®, followed 24 hours after by an injection of 2.5 pg of [*’Lu]Lu-1C1m-Fc and
47.5 ng of the non-radiolabeled antibody. The time point of the pre-saturation was chosen to
allow the biodistribution of Kiovig® and its link to the Fc receptor. In this test, a significant
uptake was shown in TEM-1 positive tumors compared to the negative ones. Furthermore, the
uptake in the positive tumor remains constantly high (15.8% = 1.9 IA/g) 3 days after injection,
demonstrating a retention of TEM-1 targeting antibody. The same test was performed in the
second group but without Kiovig® pre-saturation and it was demonstrated that Kiovig® pre-
injection had no influence on the biodistribution.

Another biodistribution experiment made in the same conditions, without Kiovig®
saturation and with 1C1m-Fc conjugated with 6 DOTA, revealed a really high uptake in the
liver and in the spleen 79% + 12.5 1A/g and 82% + 40 IA/g respectively, at 24 h.

As the pre-saturation had no impact on the biodistribution we hypothesized that other
factors could be responsible of this high non-specific liver uptake; among them the
glycosylation of the 1C1m-Fc and the number of DOTA attached per antibody.

To explore the glycosylation impact, biodistributions were done with a [*"’Lu]Lu-1C1m-Fc
non-glycosylated form. These results were not described in the published article.

The TEM-1 + tumor uptake with the non-glycosylated form (conjugated with 5 DOTA) was
low (<10%) whereas the spleen uptake in the liver was up to 30%. No difference was shown

with or without saturation (Fig. 10).
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This test excluded the glycosylation as the cause of liver uptake. A second biodistribution was
done with non-glycosylated 1C1m-Fc conjugated with 2 and 5 DOTA (Fig. 11) and the

tumor/liver ratio was improved by the 2 DOTA compound.
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Figure 10: Biodistribution at 24 hours of [*”’Lu]Lu-1C1m-Fc non-glycosylated form in Balb/c nu mice bearing
TEM-1 positive tumor with or without Kiovig® pre-injection.
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Figure 11: Biodistribution at 24 hours of [*”’Lu]Lu-1C1m-Fc non-glycosylated form conjugated with 2 or 5 DOTA
in Balb/c nu mice bearing TEM-1 positive tumor.

These tests reinforce the hypothesis of the impact of the number of ligands attached to the
antibody on the biodistribution.

A murine dosimetry has been done based on the biodistribution results between 4
hours and 6 days on SK-N-AS bearing mice injected with 2.5 pg of [*/’Lu]Lu-1C1m-Fc
conjugated with 3 DOTA and 47.5 pg of the non-radiolabeled antibody. The organ receiving
the highest absorbed dose was determined to be the liver (2.23 Gy/MBq), followed by the
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uterus (1.5 Gy/MBq), the spleen (1.2 Gy/MBq) and the stomach (1.15 Gy/MBq). The total
body dose was 0.4 Gy/MBq and the tumor dose was 1.82 Gy/MBq.

SPECT imaging was performed with mice bearing both TEM-1 positive and negative
tumor at 24, 48 and 72 hours after injection of [*’Lu]Lu-1C1m-Fc conjugated with 3 DOTA
(50 pg total antibody). The obtained images confirm the specificity of the uptake on TEM-1
positive tumor and validate our fusion protein antibody as a promising candidate for theranostic
approach (Fig. 12).

Min Max Min Max Min Max

Figure 12: [*"7Lu]Lu-1C1m-Fc dorsal view SPECT/CT fusion maximum intensity projection imaging on mice with
TEM-1 positive tumor (SK-N-AS, left flank, red arrow) and TEM-1 negative tumor (HT-1080, right flank, white
arrow), (a) at 24 h, (b) at 48 h, (c) at 72 h.

These experiments suggest that [*’Lu]Lu-1C1m-Fc is a potentially useful and safe tool
for TEM-1 positive tumor therapy. SPECT imaging can also be used to monitor the therapeutic
effect of this radiopharmaceutical. The number of DOTA molecules attached per 1C1m-Fc
seems to have an impact on the biodistribution. The aim of our next experiments was thus to
validate this hypothesis and to find the best ratio of DOTA per antibody to develop an optimal

radiolabeled 1C1m-Fc suitable for theranostic application.
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Chapter 2: Impact of DOTA Conjugation on Pharmacokinetics and
Immunoreactivity of [Y’Lu]Lu-1Clm-Fc, an Anti TEM-1 Fusion Protein
Antibody in a TEM-1 Positive Tumor Mouse Model

This article has been published in Pharmaceutics Journal (2021), 13(1), 96 (175).
| also presented a part of this work at the following congresses: European association of Nuclear
Medicine Congress (EANM 2020, oral presentation), SwissTech Convention Center
Symposium (SCCL 2020, oral presentation) and Swiss Association of Public Health
Administration and Hospital Pharmacists Congress (GSASA 2020, poster presentation).
My contribution to this work was the definition of the methodology, the project administration
(execution of the experiments) and the writing of the manuscript under the supervision of my
director, Prof. Prior, my co-director, Prof. Faivre-Chauvet and of Dr. Barbet who helped us to

define a pharmacokinetic model.

The aim of this project was to validate the hypothesis emitted in my first article (174);
namely the influence of the number of ligands on the biodistribution of the radiolabeled fusion
protein antibody. Therefore, we evaluated the effect of coupling an increasing number of DOTA
per 1C1m-Fc on the pharmacokinetic behavior, immunoreactivity, and dosimetry of the
radiolabeled antibody complex to develop an optimal radiolabeled 1C1m-Fc suitable for

theranostic application.

1C1m-Fc was conjugated to 6 concentrations of DOTA corresponding in mass
spectrometry analysisto 1, 2.5, 3, 6, 8 and 11 DOTA attached to the antibody and the purity of
each conjugate was analyzed by HPLC.

All these conjugates were radiolabeled with "/Lu non carrier added and the
immunoreactive fraction assessment was performed by Lindmo assay. The immunoreactivity
was shown to not be affected by the conjugation up to 8.5 DOTA whereas a significant loss of
immunoreactivity was obtained with the highest number of ligand (11 DOTA per 1C1m-Fc).

A biodistribution experiment was conducted with injection of a mixture of 2.5 ug of
[*"Lu]Lu-1C1m-Fc conjugated with respectively 1, 2.5, 3, 6, 8, and 11 DOTA per 1C1m-Fc
and 47.5 pg of native unlabeled 1C1m-Fc into the lateral tail vein of the mice bearing TEM-1
positive tumor. The mice were sacrificed for analysis 24 h after injection. The increasing

number of DOTA led to a decrease of the tumor uptake, an accelerated blood clearance and a
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increase of the liver uptake. An increase of spleen and bone uptake was also obtained with the
highest ratio of DOTA. Finally, an inversed correlation of the tumor/liver ratio was observed
(Fig. 13).
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Figure 13: Ratio between the tumor and the liver uptake at 24 h with respect to the number of DOTA per
[*7Lu]Lu-1C1m-Fc in Balb/c mice bearing TEM-1 positive tumor. Spearman test gives a rho =-0.99, p < 0.0001.

For the [*""Lu]Lu-1C1m-Fc conjugated with 1 and 3 DOTA, complementary time points have
been added for the biodistribution, and animals were euthanized 4, 24, 48, 72 h, and 6 days after
injection. The uptake in TEM-1 positive tumors was unchanged between the two groups.
However, in the case of [/’Lu]Lu-1C1m-Fc conjugated with 1 DOTA, the non-specific uptake
in the liver was significantly lower than the one observed with 3 DOTA conjugated at 24 and
48 h (p = 0.02 and 0.01 respectively).

To ensure the consistency of the data, a multi-compartment pharmacokinetic model was
defined. In this model, the injected antibody was distributed from a central compartment,
representing the blood, into peripheric compartments corresponding to all investigated organs
plus an additional compartment representing all uncounted tissues.

The following assomptions obtained regarding the data of the biodistribution were made: the
rate of liver uptake is proportional to the number of DOTA per antibody and that the rates of
uptake into tumor and uterus (a normal tissue expressing low amounts of antigen) increased
linearly with the immunoreactivity. Conversely, the rates of spleen and bone uptake decrease
linearly with the immunoreactivity. Then, all available biodistribution data, at all time-points
for 1 and 3 DOTA per 1C1m-Fc, and at 24 h after injection for the other conjugates were fitted

simultaneously using a single set of kinetic parameters.
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Kinetics with 1C1m-Fc conjugated respectively with 1 and 3 DOTA were satisfactorily fitted
by the model. More interestingly, the trends in 24 h biodistributions for the six different
concentrations of DOTA were well replicated (Fig. 14).
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Figure 14: Comparison between the results obtained by biodistribution (in grey) and pharmacokinetic
modeling (in red) at 24 h for [Y’Lu]Lu-1C1m-Fc conjugated with 1 to 11 DOTA in Balb/c nu mice bearing TEM-
1 positive tumor.

The increased liver uptake at higher numbers of DOTA effectively decreases the amount of
circulating [*"7Lu]Lu-1C1m-Fc and consequently the amount of [*’/Lu]Lu-1C1m-Fc in most of
other organs. The loss of immunoreactivity explains the decrease of the TEM-1 specific uptake
in the tumor and the uterus, especially at the two highest DOTA per antibody ratios. Finally,
the increase of the spleen and bone uptake at the highest concentrations of DOTA is linkedby
a higher uptake of non-immunoreactive [*"’Lu]Lu-1C1m-Fc.

This pharmacokinetic model allows to validate our hypothesis and to explain the observations
made in the biodistribution experiments.

A murine dosimetry has been done based on the biodistribution results between 4 hours
and 6 days on SK-N-AS bearing mice injected with 2.5 pg of [*//Lu]Lu-1C1m-Fc and 47.5 pg
of the non-radiolabeled antibody conjugated with 1 DOTA.

The organs that receive the highest absorbed dose was the uterus (1.83 + 0.14 Gy/MBQ),
followed by the liver (1.79 + 0.13 Gy/MBQq), the stomach wall (1.66 + 0.08 Gy/MBq) and the
kidneys (1.32 £ 0.05 Gy/MBQ). The total body dose was 0.55 + 0.04 Gy/MBq and the tumor
dose was 2.53 = 0.25 Gy/MBg. Data was compared to the one obtained with radiolabeled
1C1m-Fc conjugated with 3 DOTA (published in (174)). The tumor/liver absorbed dose ratio
increased from 0.8 for the [*"Lu]Lu-1C1m-Fc conjugated to 3 DOTA to 1.4 for the [*"Lu]Lu-
1C1m-Fc conjugated to 1 DOTA. The non-specific uptake in the kidneys, the lungs and the
specific uterus uptake was higher with the fusion protein conjugated with 1 DOTA showing

again the impact of the number of ligands conjugated to the antibody.
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In these experiments 1C1m-Fc appeared to be a very promising compound for a
theranostic approach. We have demonstrated that the number of chelators per fusion protein
antibody plays a significant role in determining successful tumor targeting. Thus, there is an
opportunity to further improve the biodistribution and imaging contrast. ['/’Lu]Lu-1C1m-Fc
conjugated with 1to 3 DOTA seem to be the best ratios to maintain a balance between the
specific activity, immunoreactivity, and pharmacokinetic behavior and appear as interesting
candidates for further theranostic development.

The aim of our next experiments was to use this candidate in a theranostic approach

allowing imaging with 84Cu and therapy with "7Lu.
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Chapter 3: Copper-64-labeled 1C1m-Fc, a new tool for TEM-1 PET imaging and
prediction of Lutetium-177-labeled 1C1m-Fc therapy efficacy and safety

This article has been published in Cancers Journal (2021), 13(23), 5936.
My contribution to this work was the definition of the methodology, the project administration
and the writing of the manuscript under the supervision of my director, Prof. Prior, my co-
director, Prof. Faivre-Chauvet. The experiments have been performed in Lausanne and in
Nantes with the help of the Equipe 13 (Recherche en oncologie nucléaire), CRCINA, UMR
1232 INSERM.

In our previous works we selected 1C1m-Fc, a fusion protein antibody, then
radiolabeled it with 17Lu and studied preclinically this radiolabeled compound. We
demonstrated that [*/’Lu]Lu-1C1m-Fc was a suitable tool for therapeutic approach and that
the number of ligand per fusion protein antibody should be chosen carefully to have the best
tracer biodistribution and pharmacokinetic.

In order to perform a complete theranostic application, 1C1m-Fc was radiolabeled with ¢*Cu
and studied preclinically. The aim of this work was to determine if [¢*Cu]Cu-1C1m-Fc can be
considered as a new tool for TEM-1 PET imaging and to predict the dosimetry of the

[*"Lu]Lu-1C1m-Fc companion therapy.

1C1m-Fc was first conjugated to 3 to 4 DOTA. The DOTA ligand has been chosen to
have the same chelator for imaging and therapy. The number of DOTA per antibody has been
defined to have the capacity to radiolabel the fusion protein antibody, taking into account the
variability of the specific activity of the copper source and to avoid a final purification.
Furthermore, this number of DOTA offers sufficient specific activity for theranostic approach.
Regarding our previous experiments this ratio of ligand per antibody was the best compromise
to maintain an adequate balance between radiochemical yield, immunoreactivity and
pharmacokinetic behavior.

1C1im-Fc was successfully radiolabeled with %‘Cu (release criteria > 95%).
Immunoreactivity in serum media was assessed until 48 h and was up to 70%, meaning that
the conjugation and the radiolabeling process do not affect the binding. ®*Cu has been selected
as PET radionuclide as its half-life (12.7 h) was compatible with PET immuno-imaging and
its
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physical decay properties: low energy beta positive (17%, 0.655 MeV), beta minus particles
(39%, 0.573 MeV) and electron capture (44%) made it suitable for theranostic applications.

Imaging studies were performed at 4, 24 and 48 h (Fig. 15). The best tumor to liver ratio was

obtained 48 h after injection of the radiolabeled antibody.

.

Figure 15: [**Cu]Cu-1C1m-Fc dorsal view PET/CT fusion maximum intensity projection on mouse bearing
TEM-1 positive tumor (SK-N-AS, left flank, red arrow), (a) at 4 h, (b) at 24 h, (c) at 48 h.
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Furthermore, imaging with mice bearing both TEM-1 positive and negative tumors was
done and confirmed the specific uptake in TEM-1 positive tumor contrary to control tumor.
Nevertheless, a low uptake was observed in TEM-1 negative tumors, that can be due to the
presence of TEM-1 in tumor stroma and neo-vessels and by the cross reactivity of our antibody

for human and murine TEM-1.

Biodistribution experiments were conducted with two groups. For the first one, mice
were grafted with TEM-1 positive tumor and sacrificed at around 4, 24 and 48 h after the
injection of [®*Cu]Cu-1C1m-Fc (50 g total antibody). (Fig. 16). An important specific uptake
was observed in the tumor (24.5 + 1.5% 1A/g) at 24 hours. The tumor to organ ratios were

comprised between 1.6 (tumor to uterus) to 8 (tumor to muscle) at 24 hours.
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Figure 16: Biodistribution of [%*Cu]Cu-1C1m-Fc (a) in Balb/c nude mice bearing TEM-1 positive tumor (group
1). Data are shown as mean * SD.

The second biodistribution experiment was performed in the same conditions but in mice
bearing both TEM-1 positive and negative tumors to ensure a control group. This test underlines
the specific TEM-1 binding. The uptake in TEM-1 positive tumor was 2.4 times higher than
the one in TEM-1 negative tumor. A high uptake in the uterus was also observed as this tissue
expressed a low level of TEM-1 (91).

The biodistribution profile with [#*Cu]Cu-1C1m-Fc was compared to the ones obtained
with [*"Lu]Lu-1C1m-Fc in our previous studies (174, 175). The profiles were very closed.
Nevertheless, as the radionuclides differ in coordination geometry, number of DOTA and
charges some differences were found.

A higher uptake in the tumor was observed with the ®*Cu conjugate. This may be due to the
difference in charges between the 3 DOTA 7Lu and %Cu conjugates (176). The major
discrepancy was the uptake in the gastrointestinal tract that was higher with the %*Cu compound.
This can be explained as the hepatobiliary system is the most important excretion route for 64Cu
compounds (177). Furthermore, the absence of excretion from the gastro intestinal tract and the
liver between 24 and 48 h can be explained by the transchelation of [*Cu?*] ions due to the
instability of the DOTA complexation.

The blood uptake was closer between [**Cu]Cu-1C1m-Fc and [*/“Lu]Lu-1C1m-Fc conjugated
with 1 DOTA and conversely the hepatic uptake was closer to [*’/Lu]Lu-1C1m-Fc conjugated
with 3 DOTA.
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Dosimetry study was also performed. The organs which received the highest doses were
the liver, the uterus, the heart, the kidneys and the lungs. The dose in the tumor was 225
mGy/MBq and exceeded the liver one by a factor of 1.2.

To determine if [**Cu]Cu-1C1m-Fc is a good tool to predict the dosimetry of the
[*7Lu]Lu-1C1m-Fc companion therapy, the absorbed doses obtained with 84Cu were
extrapolated to "/Lu and compared to the absorbed doses obtained experimentally in our
previous studies with [/Lu]Lu-1C1m-Fc (1 and 3 DOTA chelation).

For parenchymal organs, the comparative between the extrapolated doses and the
experimental doses obtained with [1/’Lu]Lu-1C1m-Fc conjugated with 1 DOTA results were
close (< 20% of discrepancies). The matching was inferior with the 3 DOTA form and
correlates with the results of the biodistribution study. An overestimation is done by the
extrapolated dose for the gastrointestinal tract,for the tumor and uterus. For the gastrointestinal
tract, the potential origin of this high uptake has been described previously. Furthermore, for
the uterus and the tumor the overestimation could also come from lack of later time acquisition
point (> 50 h for the "’Lu extrapolated biodistribution). In fact, for these tissues, the
extrapolated 1"7Lu effective normalize time activity curve (nTAC) is still not decreasing at 50
h post injection (the last measured time point). Indeed, the tail of the nTAC to infinite was
assumed to follow the physical decay of ’’Lu possibly overestimating the actual value. An
interesting perspective would be to use a radionuclide with a longer half-life such as 8Zr (78.4
h).

In this study, we have demonstrated that [**Cu]Cu-1C1m-Fc is a good tool to visualize
TEM-1 expression with high resolution PET images. Furthermore, extrapolated dosimetry
based on [5“Cu]Cu-1C1m-Fc data could be an indicator to predict the toxicity in parenchymal
organs.
1C1m-Fc radiolabeled with ®*Cu appears as an interesting companion for therapeutic
application with 1C1m radiolabeled with "7Lu. To go further with this work, some
improvements could be done, such as human extrapolation dosimetry or evaluation of the
predictive potential of 1C1m-Fc radiolabeled with 8Zr to determine the [*’Lu]Lu-1C1m-Fc

dosimetry and safety.
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Discussion

The current challenge in oncology is to give personalized medicine to the patients with
a specific targeting of cancer cells. In this context, theranostic application plays a central role
to increase the therapy efficiency, minimize the adverse effects and improve patient’s outcome.
The aim of this PhD work was then to select a promising target, TEM-1, and to explore a new
ScFv-Fc fusion protein antibody, 1C1m-Fc, in a theranostic approach with dual radiolabeling:

®4Cu for imaging and ""Lu for therapy.

1- Main findings of the project

1-1 Interest of a new type of fusion protein antibody

Several fusion protein antibodies were produced from a naive human antibody phage
display library by the LabCore laboratory (Ludwig Institute for Cancer Research, Lausanne).
Among them 1C1m-Fc was selected regarding its in vitro properties (purity, immunoreactivity,
flow cytometry profile).

The interest of this new fusion protein antibody lies first in its structure. Indeed, the
major defect of the monovalent scFv antibody fragments was to have a short half-life associated
with a relative in vivo instability (178). 1C1m-Fc results of the fusion of ScFvs to 1gG constants
domain. This construct leads to an improved blood kinetics with an increase stability. This point
is relevant for therapeutic approach as long half-life nuclides are requested.

Furthermore, 1C1m-Fc has the ability to cross-react to murine and human TEM-1. Thus, 1C1m-
Fc presents a superiority to other TEM-1 antibodies currently studied in clinic such as MORADb-
004 (143). Indeed, this cross reactivity allows the evaluation of TEM-1 in xenograft mouse
models. In this case, the fusion protein antibody can not only target the TEM-1 expressed by
the human cancer cells but also the physiological expression of TEM-1 in mice and the
neoangiogenic vasculature of the tumors. Due to these properties, in our experiments we have
been able to observe a specific uptake of our radiolabeled compound in TEM-1 positive tumor,
in the uterus (normal tissue with TEM-1 expression (86)) but also an uptake in TEM-1 negative
tumor due to the neo-angiogenesis (as negative tumors used in our mouse model were highly
vascularized). The uptake in the uterus will have to be considered in perspective of a human
therapy. Further investigations will have to be done to define if this uptake will be a limitating

factor for therapy development.
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1-2 Validation of the radionuclide used for theranostic approach

Theranostics in nuclear medicine is relative to the synergic use of a radionuclide pair
coupled to a vector for imaging and therapy. Companion nuclear imaging radiopharmaceuticals
based on the same platform as therapeutic ones allow the selection and the monitoring of the
patients as well as the optimization of the therapeutic doses (77).

The aim of our work was to design a preclinical theranostic study with the radiolabeling
of the 1C1m-Fc fusion protein antibody. We have chosen the radionuclide pair ®4Cu/*""Lu
respectively for imaging and therapy. These two radionuclides are long-life isotopes adequate
for the radiolabeling of fusion protein antibody.

For the imaging part, due to its physical properties, (B*, 17.4%, Emax 0.656 MeV; [,

39%, Emax 0.573 MeV, electron capture 44%), %*Cu gives higher radiation dose and a lower
images quality compared to'®F (B* 96.7%) or %8Ga (B* 88.9%) (179). Nevertheless, at later time
points, the long half-life of 4Cu gives an advantage by increasing the tumor delineation (180).
The long circulating time of 8*Cu allows achieving good tumor to background ratios.
Several studies showed that instability of macrocyclic copper-chelates in vivo can lead to free
radionuclide. Free ®*Cu can be released in the blood or be transchelated by protein such as
ceruloplasmin, or superoxide dismutase and accumulates in organs such as the liver or the
uterus (181, 182). On the opposite, it has been demonstrated that copper ions have a very high
affinity for cancer cells. Indeed, the human copper transporter is overexpressed in malignancies
(183, 184). %4Cu has been presented as attractive for long term PET imaging (185) and in our
study we have demonstrated that [¢*Cu]Cu-1C1m-Fc allows to visualize TEM-1 tumors with
high quality images in PET/CT modalities.

17 u is a radionuclide of choice for therapy. Indeed, this B~ and y emitter is able to
induce damages to neighboring healthy cells with a low energy emission (Eg-max 0.49 MeV) and
a maximal tissue penetration of 2 mm. Furthermore, the long half-life of /Lu (6.7 days) is
adapted to therapeutic applications with radioimmunoconjugates. For therapy, the absorbed
dose in the tumor must be higher than in the normal tissue. This criteria was reached with
[*"Lu]Lu-1C1m-Fc conjugated either with 1 and 3 DOTA. Indeed, we observed a good tumor
to normal tissue absorbed dose ratio. Another point of interest for ’Lu is the capability to
perform imaging after therapy to monitor the response to the treatment and perform dosimetric
analysis through the emission of two photons at 113 KeV (6.4%) and 208 KeV (11%).

The biodistribution profiles of 1C1m-Fc radiolabeled with 84Cu or *’’Lu are closed. This

suggests that [5“Cu]Cu-1C1m-Fc could be used as a companion imaging agent for [*"7Lu]Lu-
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1C1m-Fc therapy. The comparison between the extrapolated doses based on the [**Cu]Cu-
1C1m-Fc biodistribution data and the experimental results obtained with the [*""Lu]Lu-1C1m-
Fc suggests that the *Cu compound could be of interest to give a predictive indication of the
toxicity in parenchymal organs after a therapy with 1C1m-Fc radiolabeled with *"7Lu.
Nevertheless, an overestimation has to be considered for the gastrointestinal tract (due to the
natural elimination of the 64Cu (186)) and for the uterus and the tumor that are TEM-1 positive
tissues. Two other factors might have a role in the high uptake in the tumor and in the uterus
observed with [®*Cu]Cu-1C1m-Fc . The first one is the transchelation of [¢*Cu]Cu-1C1m-Fc
and the second may results in the fact that 1/’Lu effective nTAC is still not decreasing at the
latest point of biodistribution (50 h).

In our work, we validated that 1C1m-Fc radiolabeled with ®*Cu for imaging would
appear as an interesting radionuclide companion for therapeutic application with [Y"7Lu]Lu-
1C1m-Fc.

1-3 Determination of the dose and of the condition of pre-saturation

An important liver uptake was observed after injection of the radiolabeled compound in
our experiments. This uptake was non-specific as the absence of TEM-1 antigen was already
demonstrated by quantitative polymerase chain reaction (PCR) on liver biopsies. It was
described that the high level of Fc receptors in the liver of mice is associated to an important
liver uptake (187, 188). However, we invalidated this hypothesis in our model as no difference
in the biodistribution results was found with a pre-saturation with a commercial 1gG, Kiovig®.
Therefore, we chose to inject our radiolabeled compound without pre-saturation.

Saturation assays have been performed to determine the best amount of total antibody
to administrate. The quantity of 50 g per dose has been chosen for the study. Indeed, this dose
gave the best tumor to tissues ratio and allowed to use a sufficient specific activity for a
theranostic approach. With 1’Lu the specific activity with the 3 DOTA conjugate was 400
MBg/mg and for 84Cu 180 MBg/mg (this activity has been defined by taking into account the

variability of the specific activity of the copper source).

1-4 Impact of the conjugation

In this work we have underlined the impact of the chelation on the biodistribution, the
immunoreactivity and the pharmaceutical behavior of a radiolabeled compound.

We have observed that a high number of DOTA resulted in a loss of immunoreactivity,

a high liver uptake and an accelerated blood clearance.
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Until now, several contrary opinions were published. Some of them have conclusions
closed to ours, indicating that immunoreactivity can be affected by a high number of chelates
per antibody. Indeed, the conjugation, which is non-specific, can appear on the variable chains
of the antibody compromising the antigen binding and the targeting of the radiolabeled
compound (176, 189). Furthermore, the hydrophilic property of the DOTA chelator has been
described to be linked to a modification of the pharmacokinetic behavior with a fast blood
clearance and an increase of the liver uptake (190, 191). On the other hand, other groups
reported that the negative charge conferred by the DOTA chelators induces a repulsion between
the phospholipid bi-layer and the radiolabeled compound, resulting in a decrease of the liver
uptake (192, 193). In these studies, the negative charged conjugates presented less liver uptake
than the positive ones (194-197). The differences of results compared to our observations can
be explained by the methodology used. Indeed, these authors studied several chelators but the
number of chelates per antibody was fixed. In our project, a new analysis was performed as we
have studied the impact of a various chelate to antibody ratios but with a unique chelator,
DOTA.

The understanding of this point is really important to optimize the biodistribution of a
radiolabeled compound. It seems that the impact of the ligand number is specific to each
antibody and chelator and have to be studied preclinically to determine the best ratio to use.

A compromise has to be done to use the lowest number of chelates per antibody to
ensure the best radiochemical yield, a sufficient specific activity (that can differ between

imaging or therapeutic application) and the best tumor to organ ratio.

1-5 Interest of pharmacokinetic modeling

As described in the precedent paragraph, no clear mechanism was defined in the
published works to explain the role of the number of chelators grafted per fusion protein
antibody. Therefore, we have used a multi-compartment model to validate the hypothesis made
with our experiments. Simultaneous fit correlated with the biodistribution results. Data obtained
from the model showed that a high DOTA per antibody ratio increases the liver uptake, depletes
the antibody circulating in the blood and the rate of antibody in the tissues (including the tumor).
We also underlined that the specific absorption in the tumor and in the uterus decreases with
the loss of immunoreactivity.

This type of modeling contributes to validate the hypothesis based on the experiments

and provides useful information to improve the biodistribution of the radiolabeled compound.
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2 - Perspectives of this study

2-1 Optimisation of the radioimmunoconjugate

2-1-1 New fusion protein antibody

Two additional forms of dimeric 1C1m-Fc have been engineered by the LAbCore
laboratory, Ludwig Institute for Cancer Research Lausanne Branch.

The 1C1m-Fc used in our work was a scFv with a variable light chain (VL) linked to
the variable heavy chain (VH) [VL-link-VH] orientation, fused to a human IgG1 Fc to yield a
homodimer upon expression to the extracellular media. The linker used was a flexible spacer
peptide designed to allow the two VH chains to come together to form the mature Fv domain.
This linker is bounded by unique restriction cloning sites to allow simple and convenient
exchange of modified VH or VL domains.

An alternative homodimer similar to the initial 1C1m-Fc was generated by reversing the
scFv chain orientation [VH-link-VL], and incorporating a modified inter-domain linker (minus
cloning sites) that is more similar to those found in approved antibody-based drugs. It was
observed that this version retains good expression and TEM-1 target recognition, and appears
to have slightly improved stability over the parental 1C1m-Fc.

The second molecule is a novel experimental heterodimer lacking a Fc domain. This
molecule is produced by the assembly of a two-chain humanized Fab with 1C1m scFvs fused
to the C-terminus of each of the two Fab constant domains (CH1 and Ck). Production of this
molecule thus requires the co-transfection of two genes. This heterodimer, in which the 1C1m
scFv can be in either the VL-link-VH or VH-link-VL domain orientation is termed a TriloBiTE
(198). This molecule was designed to escape glomerular filtration (similar size to 1C1m-Fc)
and not to interact with Fc-receptors or undergo Neonatal Fc Receptor (FCcRn) recycling (hence,
a faster clearance than the Fc is expected). The heterodimerizing Fab arm in the TriloBIiTE is
specific for a human antigen and does not recognize the corresponding murine ortholog target.

The objective would be to test these two new forms using the knowledge we have
acquired with the initial 1C1m-Fc and to evaluate if the biodistribution, the pharmacokinetic

and the dosimetry are improved.

2-1-2 Site specific conjugation
In addition to the number of ligand per antibody, the site of the conjugation is a key

factor. In our work, we have performed non-specific conjugations. In this case, chelators are
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conjugated to the antibody through lysine or cysteine, leading to heterogeneous mixture with
various conjugation sites and chelate to antibody ratios (199). Site-specific conjugation have
been described to improve the consistency of the conjugation batch. Indeed it avoids the
interaction between the ligand and the variable chain compromising the antigen binding or the
pharmacokinetics change when the coupling occurred to FcRn domains (200).

In the past years, several groups have evaluated different site-specific approaches such as
introduction of extra cysteine residues (201), enzymatic conjugation (176), sugars modification
(202), genetic code expansion and click chemistry (199).

To increase the reproducibility of the 1C1m-Fc conjugation, in particular with an
objective of studying our radiolabeled compound clinically, it will also be interesting for our
group to standardize the process. A new antibody conjugation technology (AbYlink™) studied
in Lausanne Molecular Imaging Research Laboratory could be of interest. Indeed, this
technique allows a specific targeting of the Fc region and could thus be tested on ScFv-Fc
forms. With this technology, the antibody keeps its affinity for the target after conjugation due
to the excellent selectivity for Fc region-labelling (203).

2-1-3 Test of new bifunctional ligands

In our work we have chosen to use DOTA as BFCA. Indeed, this commercially available
chelator is the most frequently used in clinic for radiolabeling with 1"7Lu. The role of the BFCA
is to stabilize the radiometal after conjugation, and to ensure a covalently link between the
vector and the radionuclide. For %Cu, it is really important to have an inert and
thermodynamically stable complex. Indeed, as mentioned previously, free copper ions can be
transchelated by metalloprotein and accumulate in the liver (181). Even if DOTA is
thermodynamically stable, it has been described that this chelate is not sufficiently inert in
acidic or reducing conditions (186). The transchelation can increase the background noise in
imaging and cause nonspecific irradiations. We have seen in our experiments that transchelation
can lead to an increase of the uptake in parenchymal organs such as the liver.

To avoid this effect and evaluate the impact of the type of chelator on the biodistribution
of [6*Cu]Cu-1C1m-Fc it would be interesting to compare the results obtained with DOTA to
another chelating system. 8Cu experiments have been performed in collaboration with the
CRICNA, INSERM 1232 group. This group has synthetized a new copper chelator, TELPA
which is a monopicolate cyclam. This new chelator has a favorable complexation kinetics and
has been described to be more stable thermodynamically and more inert than DOTA (76, 204).

In a previous study, hepatic uptake of TELPA was shown to be more important at the early
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times, nevertheless the complexes presented an important resistance to transchelation in the
liver. Therefore, the chelator has been described of interest for later time imaging which is
compatible with the use of radioimmunoconjugates (76).

2-1-4 Test of other radionuclides

We have demonstrated in our experiments that [**Cu]Cu-1C1m-Fc is an interesting
radiopharmaceutical for TEM-1 PET imaging. Furthermore, the estimated dosimetry based on
[6*Cu]Cu-1C1m-Fc data appears to be an indicator to predict [*’Lu]Lu-1C1m-Fc toxicity.
Nevertheless, some overestimations were found, in part due to the difference of half-life
between 64Cu and *"7Lu. Indeed, for 84Cu the late interpretable biodistribution point is around
48 h whereas it was 6 days for 1’”Lu. Complementary PET imaging developments with longer
half-life radionuclide, such as 8Zr, a positron-emitting radionuclide (half-life 78.2 h) could be
of interest. As well as for 84Cu, a stable chelation is required for 8Zr. Indeed, free 8Zr can bind
to bones (205).

Another possibility was to use 8Cu for the diagnosis (low dose) and the therapeutic part
(high dose) as an alternative option to 1"’Lu. Indeed, as discussed previously, this radionuclide
emits low-energy positrons, 3~ particles and Auger electrons, and can be used either for high
resolution PET-images or for electing a therapeutic effect (206). The use of the same

radionuclide allows thus to give an exact prediction of the dosimetry after therapy.

2-2 Complementary experiments necessary for human translation study

2-2-1 Preclinical therapeutic experiment

In our work, we have validated the target, the vector and the model. To go deeper in the
analysis, it would be interesting to plan a dose-escalation and a therapeutic study. The
hematological, kidney and liver toxicities would also have to be monitored with blood
sampling.

Four arms could be defined for this preclinical evaluation: the first two with injection
of the radioimmunoconjugate [*7’Lu]Lu-1C1m-Fc (50 ug total antibody, and respectively 10 or
15 MBq of ¥"7Lu ), the third one with injection of the non-radiolabeled antibody 1C1m-Fc (50
Mg total antibody) and a fourth control group with injection of saline. This way, we could
validate the therapeutic efficacy of [Y"Lu]Lu-1C1m-Fc in murine model and compared the
results between immunotherapy and radioimmunotherapy. The aim being to obtain a permanent

cure, we expect to have a superior therapeutic efficacy of [*/Lu]Lu-1C1m-Fc compared to
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1C1m-Fc due to ""Lu-related crossfire and bystander effects that can fight against resistant
cancer cells, irregular vascularization and hypoxia as described by other groups (207, 208).

It would also be of interest to validate the absence of significant effect of a pre-injection
of [#*Cu]Cu-1C1m-Fc on the biodistribution of [*’Lu]Lu-1C1m-Fc.

2-2-2 Dosimetric study with human extrapolation

For clinical translation of new radiopharmaceuticals in clinical study, a human radiation
dosimetry is mandatory. Usually, prior to the first-in-human-use study, the dose assessment is
based on the animals preclinical studies (209). We have planned to generate dosimetry
estimates using mouse biodistribution data to extrapolate the radiation absorbed dose to human
with both [®*Cu]Cu-1C1m-Fc and [*""Lu]Lu-1C1m-Fc.

For this extrapolation, the tumor sink is an important aspect to take into account (173).
Indeed, the size of the tumor is relatively important regarding the total mass of the animal in
tumor bearing mouse. Thus, we have to consider that the availability of the fusion protein
antibody for the healthy tissue would be higher if this antigenic sink was not present. Relatively,
human tumors present a smaller size. A specific formula will have to be applied to consider this
difference of biodistribution.

Then, it will be then interesting to compare the obtained results of this human
extrapolation to those of a radioimmunoconjugate used in clinic such as [*Y]lbritumomab-
tuixetan, Zevalin®. Zevalin® is the only radiolabeled antibody approved for clinical
application for the treatment of recurrent or refractory non-Hodgkin’s lymphomas (210).

Finally, the aim of this dosimetry extrapolation is to validate that [*Cu]Cu-1C1m-Fc
and [*"Lu]Lu-1C1m-Fc can be safely used for further evaluation in human and to determine
the most appropriate dose for [/’Lu]Lu-1C1m-Fc therapy. The dosimetry in organs such as
liver or uterus will have to be considered to determine if the absorbed dose in these tissues is a

limiting point for therapeutic application.

2-3 From bench to bedside

Before performing clinical studies, preclinical drug development is required with in
vitro and in vivo experiments. With the in vivo tests done in our project we have provided the
evidence that 1C1m-Fc have a favorable tumor targeting in animals. Valuable biodistribution
and pharmacokinetic data obtained in animals could be used to plan the starting dose and

program a phase | study (211).
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The final aim of this project would be to translate the knowledge obtained with the
preclinical data to the patient, conducting a first-in-human theranostic study, using 1C1m-Fc
for nuclear imaging (PET/CT) with 8Cu as well as radioimmunotherapy based on *"7Lu.

This study could be conducted in soft tissue sarcoma (STS), a disease in dire need of new
therapeutic strategies, and in which TEM-1 is highly expressed.

After obtaining all preclinical data (previously discussed) three steps would be foreseen.
The first one would be to obtain Swiss regulatory approval for a phase | study. The second step
would focus on conducting nuclear imaging study. We would use [**Cu]Cu-1C1m-Fc for
PET/CT imaging in patients with known advanced STS who failed conventional chemotherapy
and have a documented local or distant recurrence. A dose escalation scheme would be followed
and parallel biopsies would allow us to correlate the imaging results with tissue expression of
TEM-1. The last step would be to extend the phase 1 study and to add radio-immunotherapy,
once PET/CT would be established as a non-invasive method of TEM-1 detection. In this case,
we would use ['7’Lu]Lu-1C1m-Fc and the same population would be enrolled following a dose
escalation scheme.

This study would be innovative on several points. Indeed, it would be a first in human
trial, using a new class of molecules, developing a theranostic approach and giving the
opportunity to offer a new treatment for sarcoma. If successful, this study would have the
potential to make a significant contribution in the treatment of sarcoma, using
radioimmunotherapy. In addition, this study may have profound implications for most common
carcinomas, as well as neuroblastoma, melanoma and glioblastoma, which also express TEM-
1 in their vasculature and where TEM-1 targeting therapeutic antibodies are expected to have
powerful vascular disrupting effects.
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Conclusion

TEM-1 is an excellent therapeutic target since it is tumor-specific, it is associated with
more aggressive tumor phenotypes, and its elimination leads to severe attenuation of tumor
growth and metastasis without toxicity or any obvious phenotype.

Our work has illustrated the potential of a fusion protein antibody, 1C1m-Fc to target
this biomarker after radiolabeling. After several optimizations to improve the antibody
biodistribution and imaging contrast, we have validated that 1C1m-Fc radiolabeled either with
®4Cu or "7Lu is a promising tool to target TEM-1 with high quality PET/CT images and to
develop therapeutic applications.

The perspectives of this work will therefore be to complete the knowledge we have
acquired with additional developments, in order to consider a future transfer of the preclinical

data to a first in human clinical study.
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Abstract

Purpose: TEM-1 (tumor endothelial marker-1) is a single-pass transmembrane cell surface glycoprotein expressed at
high levels by tumor vasculature and malignant cells. We aimed to perform a preclinical investigation of a novel
anti-TEM-1 scFv-Fc fusion antibody, 1C1m-Fc, which was radiolabeled with '’Lu for use in soft tissue sarcomas
models.

Methods: 1CTm-Fc was first conjugated to p-SCN-Bn-DOTA using different excess molar ratios and labeled with
""/Lu. To determine radiolabeled antibody immunoreactivity, Lindmo assays were performed.

The in vivo behavior of [177Lu]Lu-1C1m-Fc was characterized in mice bearing TEM-1 positive (SK-N-AS) and
negative (HT-1080) tumors by biodistribution and single-photon emission SPECT/CT imaging studies. Estimated
organ absorbed doses were obtained based on biodistribution results.

Results: The DOTA conjugation and the labeling with '"/Lu were successful with a radiochemical purity of up to
95%. Immunoreactivity after radiolabeling was 86% + 4%. Biodistribution showed a specific uptake in TEM-1 positive
tumor versus liver as critical non-specific healthy organ, and this specificity is correlated to the number of chelates
per antibody. A 1.9-fold higher signal at 72 h was observed in SPECT/CT imaging in TEM-1 positive tumors versus
control tumors.

Conclusion: TEM-1 is a promising target that could allow a theranostic approach to soft-tissue sarcoma, and 1C1m-
Fc appears to be a suitable targeting candidate. In this study, we observed the influence of the ratio DOTA/
antibody on the biodistribution. The next step will be to investigate the best conjugation to achieve an optimal
tumor-to-organ radioactivity ratio and to perform therapy in murine xenograft models as a prelude to future
translation in patients.
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Background

The tumor endothelial marker 1 (TEM-1) also known as
endosialin or CD248 is a type I single-pass transmem-
brane cell surface glycoprotein of 757 amino acids (80.9
kD) belonging to the C-lectin receptor superfamily.
TEM-1 is composed of a signal leader peptide, five
extracellular domains (including three EGF repeats), a
mucin-like region, a transmembrane region, and a short
cytoplasmic tail [1-3].

TEM-1 is expressed on mesenchymal lineage cells in-
cluding pericytes and fibroblasts during tissue develop-
ment, tumor neovascularization, and inflammation [4, 5].

Initially identified as the target antigen of an antibody
(named FB5) raised in mice inoculated with human fetal
fibroblasts, endosialin was found to be associated with the
tumor vascular endothelium. TEM-1 expression has been
localized to tumor vasculature, mainly in pericytes and
stromal fibroblasts and in some cases to malignant cells
[6, 7]. TEM-1 is implicated in tumor cell adhesion and mi-
gration, development, neoangiogenesis, and tumor pro-
gression [8, 9]. It has also been associated with tumor
aggressiveness and poor patient prognosis [10, 11].

Studies with TEM-1 knockout mouse models were un-
affected with regard to phenotype and wound healing re-
sponses, but showed an important reduction in tumor
growth, invasiveness, and metastasis [12].

In human adults, TEM-1 expression is limited to
endometrial stroma and occasionally fibroblasts, and has
been shown to be upregulated in certain pathologies (in-
cluding tumor progression and metastasis) [13].

TEM-1 has been described as an excellent therapeutic
target since it is tumor specific, is associated with more
aggressive tumor phenotypes, and its elimination (gen-
etic or immune-mediated) leads to severe attenuation of
tumor growth and metastasis without toxicity or any ob-
vious phenotypic alterations [12, 14].

Soft-tissue sarcomas (STS) are a group of 50 different
tumor entities arising from mesenchymal cells that ex-
hibit great differences in terms of genetic alterations,
pathogenesis, and clinical behavior [15]. Current treat-
ment, besides surgery for local disease, comprises radio-
therapy and chemotherapy.

Only a few patients may benefit from curative resection,
however, and prognosis of metastasized or otherwise
unresectable tumors is poor. For advanced stages, survival
is less than 50% at 5years [16]. The treatment for these
advanced-disease patients is currently palliative.

Rouleau et al. analyzed 94 clinical sarcoma specimens and
showed TEM-1 staining in 84% [17]. More recently, expres-
sion of TEM-1 was assessed in a group of 203 clinical sar-
coma specimens and 96% of expression was reported [18].
Among many tumor types, sarcomas appear quite attractive
for TEM-1 targeted therapy due to simultaneous expression
of TEM-1 in the vasculature, stroma, and tumor cells [19].
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Several endosialin targeting antibodies have already
been developed for oncological applications. An anti-
TEM-1, the MORADb-004 antibody, which is a human-
ized FB5 antibody has completed a phase-I clinical trial
and is currently in phase II [20]. A few research groups
have developed antibody-drug conjugates (ADCs) [21,
22] and a human antibody ScFv-Fc fragment has already
been used for optical imaging and immunotoxin-based
therapy [18, 23].

In this study, a fully human single-chain variable frag-
ment (scFv) Fc-fusion, 1C1m-Fc, that cross-reacts with
both mouse and human TEM-1 was used. 1C1m-Fc was
conjugated to DOTA and labeled with "Ly, a y and S~
emitting radionuclide that can be used at low activity for
diagnostic applications in single-photon emission com-
puted tomography (SPECT), and high activity for thera-
peutic applications (Fig. 1). "“Lu is a favorable isotope
for theranostic application with a half-life of 6.7 days, a
maximal tissue penetration of 2 mm, and a low energy
emission (Eg.max 0.49) that causes damage to neighbor-
ing healthy cells. '""Lu emits 2 photons at 113 KeV
(6.4%) and 208 Kev (11%) which allows both imaging for
monitoring and dosimetry of the same compound [24].

As anti-TEM-1 imaging could both detect tumors and
monitor responses, and could help identify patients suit-
able for targeted therapy, we decided to perform in vitro
and in vivo preclinical evaluations of this novel fusion
protein antibody.

Materials and methods

Fusion protein antibody

1C1lm-Fc, also named HS06 mut (molecular weight
106196.8 Da, molar extinction coefficient 162830 M ™"
cm™ at 280 nm) was isolated by phage display from a
naive human antibody phage display library at the LAb-
Core immunoglobulin discovery and engineering facility,
Ludwig Institute for Cancer Research, Lausanne. The
scFv was made bivalent by fusion to a human Fc domain
(IgG1). The fusion protein was expressed and secreted
from HEK293-6E cells, purified by Protein A affinity
chromatography, and buffer exchanged into PBS. Affin-
ity to human and murine TEM-1 was respectively 1 and
6 nM [25].

Cell lines

The murine endothelial 2H-11 (TEM-1 positive), human
neuroblastoma SK-N-AS (TEM-1 positive), and human
fibrosarcoma HT-1080 (TEM-1 negative) cell lines were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA).

All cell lines were cultured in DMEM (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific, Wal-
tham, MA, USA) and 1% penicillin/streptomycin
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ff A1
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Fig. 1 Schematic figure of 1CTm-Fc (a) and of 1C1m-Fc conjugate radiolabeled with '”"Lu (b)

(Thermo Fisher Scientific, Waltham, MA, USA). Cells 5um, 300A, 4 x 150 mm (Thermo Fisher Scientific,
were incubated in a flask at 37 °C in a humidified atmos-  Waltham, MA, USA), and ammonium acetate 50 mM

phere at 5% CO,. pH7.0 at 0.3 mL/min as mobile phase. By knowing the
average mass of the antibody and the center of the con-
Conjugation jugated antibody average mass distribution (broader

Absorbance at 280 nm of the fusion protein antibodies peak in MS spectrum than the unconjugated form), an

was measured using a spectrophotometer (NanoDrop  average number of chelators linked to the antibody was

Lite, Thermo Fisher Scientific, Waltham, MA, USA), and  calculated.

the molar concentrations were obtained from the ab-

sorbance and the respective molar extinction coefficients  Radiolabeling

(M tem™). The radiolabeling was optimized with 500 pmoles of
1C1m-Fc was conjugated with increasing ratios from  DOTA-conjugated 1C1m-Fc and 20 MBq of *""Lu (with-

10 to 40 equivalents of p-SCN-Bn-DOTA (Macrocyclics, out carrier, EndoleucineBeta 40 GBq/ml, ITM, in aque-

Plano, TX, USA) using the following procedure: after  ous 0.04 M HCI solution) in acetate buffer 0.4 M pH 5.6.

conditioning a concentration of 5 mg/ml of 1Clm-Fc in  After 1h incubation time at 37°C, the radiochemical

carbonate buffer 0.2 M pH9.0 by three ultrafiltrations  purity was determined by instant thin layer chromatog-

on 50 kD membrane (Amicon Ultra, 0.5mL, 50 kD, raphy (ITLC) and by HPLC.

Merck, Darmstadt, Germany), a calculated volume of a

solution of p-SCN-Bn-DOTA at 1 equivalent per pl in a  Purity and stability

mixture of 50 ul of dimethyl sulfoxide (DMSO) and The 1Clm-Fc candidate was tested for chemical purity

450 ul of carbonate was added to the buffered 1C1m-Fc by reducing and non-reducing SDS-PAGE using

solution. Mixtures were incubated for 1h at 37°C, and NuPAGE Bis-Tris gradient gels. The purity and the sta-

the conjugated antibodies were washed by four ultrafil-  bility of the native and conjugated fusion protein anti-

trations using PBS pH7.4 before performing high- body were also evaluated at 3, 6 months, and 1 year by

pressure liquid chromatography (HPLC) to assess integ- HPLC. The profiles at the given timepoints were com-

rity of the conjugates. Material was subsequently stored  pared to the initial chromatogram.

between 2-8 °C. The stability of [177Lu]Lu-1C1lm-Fc in human serum

was also assessed at 24 and 48 h by iTLC.

Mass spectrometry analysis

The mass spectrometry (MS) analysis was performed HPLC

using a Q Exactive™ HF Orbitrap with BioPharma option =~ HPLC analyses were performed using an Ultimate 3000

(Thermo Fisher Scientific, Waltham, MA, USA) operat- SD System (Thermo Fisher Scientific, Waltham, MA,

ing in the high mass range. The mass spectrometry spec- USA) coupled to a GabiStar detector (Raytest, Strauben-

tra were deconvoluted using the Protein Deconvolution  hard, Germany). Compound were separated with a size

Software (Thermo Fisher Scientific, Waltham, MA, exclusion column, XBridge protein BEH 200A SEC

USA). UPLC was also performed on the samples. The 3.5um, dimension 7.8 x 300mm (Waters, Baden-

separation was done using the MAbPAC SEC-1 column, Dittwil, Switzerland). Elution was performed using
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phosphate buffer pH 6.8 (1 mL/min) as mobile phase
and was monitored via absorbance at 220/280 nm or y
detection.

iTLC

iTLC analysis were performed using dried iTLC-SG Glass
microfiber chromatography paper impregnated with silica
gel (Agilent Technologies, Folsom, CA 95630).

Detection of the radioactivity were obtained on a mini-
GITA scanning device (Raytest, Straubenhard, Germany)
using the Gina star software after manual integration of
the peaks. In this system, the [177Lu]Lu-1Clm-Fc re-
main at Rf = 0 while the unbound '“Lu migrate to the
solvent front.

In vitro characterization

Flow cytometry

1C1m-Fc and its conjugates were tested for binding to
TEM-1 using FACS analysis. Either human cell lines
(SK-N-AS or HT-1080) or murine cell lines (2H-11)
were distributed in a 96 well plate (100 ul at 0.5 x 10°
per mL). After spinning down, the wells were washed
once with 100 pL of flow cytometry staining buffer (PBS
containing 2% FBS) and the cells were incubated with
this FACS buffer (10-30 min) to block any unspecific
binding. 1C1m-Fc or its conjugates (from 0.2 ug/mL to
2 pg/mL) were then added and incubated at 4 °C for 45
min. After washing, 50 uL of the secondary antibody
(anti-human Fc, Alexa Fluor 647, Thermo Fisher Scien-
tific, Waltham, MA, USA) was added with incubation in
the dark for 30 min at 4 °C. Cells were washed and re-
suspended in FACS buffer before being analyzed using a
BD LSR-II (BD Biosciences) flow cytometer. The sec-
ondary antibody and unstained cells were used as nega-
tive controls. Median fluorescence intensity (MFI) was
studied for 1IC1m-Fc and its conjugates.

Radio-immunoreactivity

The immunoreactive fraction was assessed using Lindmo
assay [26]. A fixed concentration of radiolabeled 1C1m-Fc
(0.07 pg/mL) was incubated with increasing numbers (0.25-
8 x 10° of SK-N-AS cells in PBS containing 0.5% BSA
(PBS/BSA) for 3h at 37°C on a shaking platform. Non-
specific binding was evaluated by the addition of an excess
of native non-radiolabeled 1C1m-Fc (> 100-fold excess).

Unbound activity was washed away twice with PBS/BSA
after centrifugation for 5 min at 300 g. The cell-bound ac-
tivity was measured with a gamma counter (AMG Auto-
matic Gamma Counter, Hidex, Turku, Finland).

All conditions were tested in triplicate. The binding
curve was extrapolated to an infinite number of cells
using nonlinear regression from the Graphpad Prism 8.0
software (GraphPad Software, San Diego, CA, USA).
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In vivo characterization
Murine xenograft model
All animal experiments were conducted in compliance
with the cantonal authorization VD-2993 and the guide-
lines of the Institution.

Tumors expressing huTEM-1 were established by sub-
cutaneous injection of 3 x 10° SK-N-AS cells in mouse
flank of 6-10-week-old female Balb/c nude mice
(Charles River Laboratories, Wilmington, MA, USA). A
negative control was also obtained with injection of 3 x
10° HT-1080 cells (TEM-1 negative).

Tumors were allowed to grow to 5-10 mm (largest
diameter) before initiating studies. For SPECT imaging,
some mice were injected with both TEM-1 positive and
negative tumors. In this case, and due to differences in
tumor cell growth rate, injection of HT1080 cells (3 x
10°) was delayed by 10 days.

Saturation assay

To assess the non-specific targeting and to optimize the
dose to inject for the biodistribution studies, a blocking
experiment was performed. Mice bearing SK-N-AS tu-
mors were injected in the lateral tail vein without
anesthesia with 100 ul of a saline solution containing
2.5 pug of [177Lu]Lu-1C1lm-Fc conjugated with 3 DOTA
and an increasing amount of unlabeled native 1C1m-Fc
(respectively 2.5, 50, 100, 200, and 500 pg).

In each group, three animals were euthanized by CO,
inhalation and exsanguinated at 24 h after injection of
the radiolabeled product. Blood was collected, organs
and tumors were removed, weighed, and counted with a
gamma counter (AMG Automatic Gamma Counter,
Hidex, Turku, Finland).

Biodistribution studies

[177Lu]Lu-1C1lm-Fc conjugated with 3 DOTA was
injected into the lateral tail vein of the mice without
anesthesia and sterile filtration. Animals were divided
into 2 groups, the average weight of animals was 20.18 +
1.7 g. Group 1 received an injection of 200 pg of a non-
specific unlabeled human immunoglobulin Kiovig™
(Shire, Switzerland GmbH) on the first day (D0) and a
mixture of 2.5ug (1MBq) of 3 DOTA’s [177Lu]Lu-
1C1lm-Fc and 47.5pg of unlabeled 1Clm-Fc the day
after (D1). Group 2 received a mix of 2.5 ug (1 MBq) of
3 DOTA’s [177Lu]Lu-1C1lm-Fc and 47.5 pg of unlabeled
1C1lm-Fc at D1, without Kiovig™ injection at DO. The
volumes for all the injection were 100 pl, sodium chlor-
ide was used to perform the dilution.

In each group, three animals per time point were eu-
thanized by CO, inhalation and exsanguinated at 4, 24,
48, 72h, and 6 days after injection of the radiolabeled
product. Blood was collected, organs and tumors were
removed, weighed, and counted with a gamma counter
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(AMG Automatic Gamma Counter, Hidex, Turku,
Finland).

A second experiment was performed with the same
conditions as for group 2, but with [177Lu]Lu-1C1lm-Fc
conjugated with 6 DOTA.

Results were expressed as the percentage of injected

activity (IA) per gram of tissue (%IA/g).

Animal imaging study

Three hours static images were acquired with a small-
animal PET/SPECT/CT (Albira, Bruker Biospin Corpor-
ation, Woodbridge, CT, USA). Mice of two groups (with
or without Kiovig™ at D0) were injected with 50 pg cor-
responding to 18.5 + 1.8 MBq of [177Lu]Lu-1Clm-Fc
via tail vein injection. Mice were anesthetized for the
duration of the imaging sequence by inhalation of 1.5%
isoflurane/O, and placed on a heated bed. SPECT/CT
images were acquired at 24, 48, and 72 h after injection
of the radiolabeled antibody for mice with either TEM-1
positive tumors, TEM-1 negative tumors, or both. The
acquisition parameters were for SPECT: 80 mm trans-
versal field-of-view, with a single pinhole collimator and
for CT: 400 pA intensity and 35kV voltage. Six animals
were imaged: four belonging to group 1 with Kiovig™
saturation (respectively, one with a TEM-1 negative
tumor, one with a TEM-1 positive tumor, and two with
both TEM-1 positive and negative tumors), and two be-
longing to group 2 without Kiovig™ saturation (one with
a TEM-1 positive tumor and one bearing both TEM-1
positive and negative tumors). For two animals belong-
ing to group 2, imaging at 72 h was performed and then
the mice were sacrificed to allow a biodistribution study.
The image reconstruction methods were for SPECT: or-
dered subset expectation-maximization algorithm, 2 iter-
ations and with scatter correction, and for CT: filtered
back-projection algorithm with de-ringing correction.
The tumor volumes of interest (VOI) were obtained by
manual segmentation on axial CT slices using the
PMOD software (PMOD technologies, version 3.709,
Zurich, Switzerland).

Mouse dosimetry

Estimated absorbed doses to organs were based on the
biodistribution results on SK-N-AS bearing mice of
group 2. Considered source organs for the biodistribu-
tion study were the liver, the kidneys, the lungs, the
spleen, the heart, the stomach, the small intestine, the
colon, the urinary bladder, and the total body. We ob-
tained the reminder by subtraction of the signal mea-
sured in source organs from the total body. For each
mouse at each time point, the activity in each source
organ and the remainder was normalized by the total
injected activity to obtain the normalized injected
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activity (nA). For each source organ at each time point,
an average nA value was obtained + SD.

We fitted the source organs normalized time-activity
curves (nTACs) with bi-exponential functions using the
kinetic module of OLINDA/EXM 2.1 (HERMES Medical
Solution AB, Stockholm, Sweden). We derived time-
integrated activity coefficients (TIACs) by analytical
time-integration of fitted source organ nTACs obtained
with the average nA, nA + SD and the nA-SD values,
respectively.

A specific absorbed dose estimated was obtained for
the uterus, this organ, in fact, exhibited an important
specific tracer uptake, but was not among the source/
target organs available in the murine model of the
OLINDA/EXM 2.1 software.

In the liver, the stomach, the bladder, the uterus, and
in the TEM-1 positive tumor, the radioactivity was still
in the uptake phase 48 h post-injection. For these tissues,
the TIAC was obtained by trapezoidal integration using
the Matlab software (release 2017a, The MathWorks,
Inc., Natick, Massachusetts, USA), between ¢ = 0 and ¢ =
6 days, whereas a mono-exponential analytical integra-
tion to infinity was calculated after the last measure (¢ >
6 days) considering the ”“Lu physical decay constant.

Finally, the TIACs were entered into the OLINDA/
EXM® 2.1 software kinetic module for organ absorbed
dose estimates considering the 25 g murine model where
the phantom source organ masses were adjusted to the
average organ masses obtained from the mice population
used in our experiment. In this process, the TIAC of the
uterus was part of the remainder of the body.

A specific absorbed dose estimate for the uterus was
obtained using the sphere model of OLINDA/EXM 2.1
where the average organ TIAC and the average organ
mass were applied.

Statistics

The data are expressed as mean + SD. Significant differ-
ences between means were analyzed by an unpaired, 2-
tailed Student ¢ test with a correction for multiple com-
parison using the Holm-Sidak method (& = 0.05). Curve-
fitting and statistical analyses were conducted using
Prism 8.0 (GraphPad Software, San Diego, CA, USA).

Results
Conjugation, radiolabeling, and stability tests
SDS-page of native 1C1-m and of 1C1m-Fc conjugated
with 3 and 6 DOTA was performed (Fig. 1, supplemen-
tary data).

1C1m-Fc and its conjugates were analyzed by HPLC
(Fig. 2).

For native 1C1m-Fc, the main peak was observed at
8.8 min. An aggregate peak at 7.5 min and another peak
at 12.7 min were also observed. This profile served as a



Delage et al. EINMMI Research (2020) 10:98

Page 6 of 14

7 FRAG TEM 1_300118_2019_2020 #28 [manually integrated)

UV_VIS_1WVL 220 nm

d

750

Abseorbance [mAU]

Time [min]

10.0 16.0 180 20.0

2 FRAG TEM 1_300118_2019_2020 #29 [manually integrated)

UV_VIS_1WVL 220 nmi

30004 b
25004

2000+

1500

Absorbance [mAU]

10004

4

500

.

Time [min]

10.0 12.0 140 16.0 180 20.0

Fig. 2 Results of HPLC analysis. a Native 1C1m-Fc. b 1C1m-Fc conjugated with 20 eq. of DOTA

reference antibody retention time. The area under curve
(AUC) of the aggregates increase after conjugation
(Table 1).

Mass spectrometry analysis gave a DOTA conjugation
number of two, three, and six respectively for 10, 20,
and 40 equivalents of DOTA added (Fig. 2 and Table 1,
supplementary data).
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1C1m-DOTA was successfully radiolabeled with *””Lu.
The best radiochemical purity, evaluated by radio thin
layer chromatography (TLC), was obtained with 20
equivalents of DOTA and the release criteria was 95%.
HPLC profile of [177Lu]Lu-1Clm-Fc was assessed by
HPLC (Fig. 3, supplementary data). We decided to use
this antibody/DOTA ratio for the study. The maximal
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Table 1 HPLC analysis results of the native and conjugated 1C1m-Fc

Native 1CTm-Fc

1CTm-Fc + 10 equivalents DOTA

1CTm-Fc + 20 equivalents DOTA  1C1m-Fc + 40 equivalents DOTA

% of the main peak 974 94.5
% of aggregates 212 53
% of other impurities 0.5 0.17

924 94.9
6.7 46
0.75 0.5

specific activity was 400 MBq/mg. Stability in serum was
also assessed by iTLC and was up to 93% 48 h after la-
beling (n = 1) (Fig. 3).

HPLC showed that the native antibodies (stored at
-80°C) and the conjugates (stored at 2-8 °C) were stable
for up to 1 year without any additional formulation.

Results: In vitro binding

In flow cytometry analysis, native 1Clm-Fc bound to
both human (MFI respectively 8959 and 7714 at 2 and
0.2 pg/ml) and murine TEM-1 positive cells.

For conjugates, the binding to TEM-1 positive cells
was respectively 8654, 8095, 8321 at 2 pug/ml for 10, 20,
and 40 equivalents of DOTA; 7714, 7679, 7454 at 0.2 ug/
ml for 10, 20, and 40 equivalents of DOTA and 58.6 for
the isotype control (Fig. 4).

A ratio of 20 DOTA per antibody has been selected
for this study to optimize the specific activity of the
radiolabeling.

The immunoreactivity following the radiolabeling was
determined by Lindmo assay and was 86.2% + 3.9% for
[177Lu]Lu-1C1m-Fc (n = 2) (Fig. 5).

Results: In vivo characterization

Saturation assay

The biodistribution results of the 1Clm-Fc dose-

escalation study are shown in Fig. 4, supplementary data.
The total 1C1m-Fc dose of 50 pug provided the best

biodistribution in the tumor and a sufficient specific ac-

tivity for a theranostic approach. This amount was

chosen for the biodistribution experiments.

Biodistribution study

A biodistribution study of [177Lu]Lu-1Clm-Fc conju-
gated with 3 DOTA was performed with and without
saturation with Kiovig™ (respectively, groups 1 and 2)
(Fig. 6).

For group 1 with Kiovig™ saturation, uptake in TEM-1
negative tumor was significantly lower than TEM-1 posi-
tive tumor with uptake clearing over time from 8.4 *
0.97% IA/g at 24h (p = 0.0006) and 4.4 + 1.9% IA/g on
day 6 (p = 0.02). Pre-injection with Kiovig™ had no influ-
ence on biodistribution (p > 0.05, ¢ test). For group 1
and 2, uptake in TEM-1 positive tumor was 10.8% +
1.55 IA/g 4h after injection and remained consistently
high even 3 days after injection (15.8% + 1.9 IA/g), dem-
onstrating retention of TEM-1 targeted antibody. Uptake
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in TEM-1 positive tumor decreased to 7.6 + 1.8% IA/g 6
days after injection.

A second experiment was done with the same condi-
tions as for group 2, without Kiovig™ saturation, but with
[177Lu]Lu-1C1m-Fc conjugated with 6 DOTA. The up-
take in the liver and in the spleen was 79% + 12.5 IA/g
and 82% * 40 IA/g, respectively, at 24 h (Table 2).

SPECT/CT study

The SPECT/CT imaging showed a specific uptake in
TEM-1 positive tumor (Fig. 7) and liver uptake. The up-
take ratio between TEM-1 positive tumor and TEM-1
negative tumor was determined at 24, 48, and 72h
(Table 3). A 1.9-fold higher signal at 72 h was observed
in SPECT/CT imaging in TEM-1 positive tumors versus
control tumors.

The signal ratio TEM-1 positive to TEM-1 negative
tumor obtained with the SPECT/CT at 72 h was similar
to the one obtained in biodistribution (with a factor of
2.2 and 1.9, respectively).

Dosimetry
Extrapolated organ absorbed doses for mice derived
from the injection of [177Lu]Lu-1Clm-Fc are reported
in Table 4.

The organ receiving the highest absorbed dose was de-
termined to be the liver (2.23 Gy/MBq), followed by the
uterus (1.5 Gy/MBq), the spleen (1.2 Gy/MBq) and the
stomach (1.15 Gy/MBq). The total body dose was 0.4
Gy/MBq and the tumor dose was 1.82 Gy/MBq.

Discussion

Two major challenges in the field of theranostics must
be considered: firstly, the identification of suitable
tumor-specific targets and secondly, the development of
high-affinity antibodies. Ideal targets should present the
following criteria: high and exclusive expression in tu-
mors and a broad expression across a variety of tumor
types, affording opportunities for universal cancer
therapies.

TEM-1 is a robust target overexpressed specifically in
the tumor vasculature of a large number of adenocarcin-
omas. Tumor vasculature cells provide critical support
for tumor survival, growth, and invasion and act as phys-
ical and molecular barriers that protect tumor cells from
the host immune system [27, 28]. In addition, endothe-
lial cells are accessible directly via the bloodstream.
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Sarcoma is a heterogeneous group of tumors with a
high unmet medical need. The literature consistently re-
ports a strong expression of TEM-1 in sarcomas, which
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is localized in malignant cells and perivascular and stro-
mal cells, allowing simultaneous targeting of tumor cells
and the tumor vasculature [17-19].

Given the very short half-life and the relative in vivo
instability of monovalent scFv antibody fragments, a bi-
valent Fc-fusion protein based on a novel single-chain
antibody, 1C1m-Fc, was chosen for evaluation in this
study. The fusion of scFvs to the IgG Fc constant do-
mains adds significant size, avidity, and stability to the
targeting moiety and would be expected to lead to im-
proved blood pharmacokinetics. In contrast to the previ-
ously described anti-TEM-1 MORADb-004 antibody, the
cross-reactivity of 1C1m toward both human and mur-
ine TEM-1 allows the evaluation of anti-TEM-1 thera-
nostic approaches in the mouse.

1C1m-Fc was conjugated and radiolabeled with *”’Lu
to allow its use both for SPECT imaging and for the po-
tential delivery of a therapeutic payload. We have there-
fore performed a preliminary preclinical evaluation of
this fusion protein. The conjugation and the radiolabel-
ing process were optimized to obtain a radiochemical
purity up to 95%.

For the in vitro characterization, 1C1m-Fc and its con-
jugates were tested for binding to TEM-1 using flow cy-
tometry analysis. A high percentage of binding was
observed for 1C1m-Fc at each concentration tested and
for each ratio used in the coupling reaction. A concen-
tration of 20 equivalents of DOTA has been chosen as
suitable for achieving an optimal specific activity of
radiolabeling.

The results of the Lindmo analysis demonstrated that
the radiolabeling did not affect the immunoreactivity.

A first biodistribution study using [177Lu]Lu-1Clm-
Fc with co-injection of Kiovig™ was performed. The aim
was to examine the influence of Fc receptor blocking on
biodistribution and uptake, as mouse Fc receptors are
highly abundant in mouse spleen and liver and are
known to show appreciable binding to human Fc [29].
Kiovig™ is a readily available commercial IgG that does
not bind or mask TEM-1 on SK-N-AS cells.

The results of this biodistribution experiment were
compared with a second study arm performed without
Kiovig™ co-injection. This experiment revealed specific
tumor targeting in the two mouse xenograft models with
no impact of the Kiovig™ co-injection on biodistribution.
The [177Lu]Lu-1C1lm-Fc was found to enrich mainly in
the liver and the spleen, as has been observed for many
antibodies [28, 30, 31]. Quantitative PCR, performed by
other groups on biopsies taken from mice upon sacrifice
has shown an absence of detectable TEM-1 in the liver,
confirming this uptake to be non-specific in nature.

As no difference was shown with or without satur-
ation, we asked whether the liver and the spleen uptake
could be explained by the number of conjugated DOTA
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moieties on the fusion protein. Indeed, the number of
DOTA attached per antibody can vary depending on the
molar ratios of both the antibody and DOTA used for
the conjugation. To achieve a high radiolabeling effi-
ciency and probe sensitivity it is often desirable to conju-
gate a higher number of chelators per antibody.
However, the hydrophilic character of DOTA can sig-
nificantly perturb the lipophilicity/hydrophilicity proper-
ties of the acceptor antibody with unpredictable
consequences for pharmacokinetics.

Regarding the DOTA conjugate, antibody ratio, other
authors have reported that a reduction of non-specific
hepatic uptake is correlated with an increased number of
DOTA per antibody. Indeed, it has been suggested that
the negative charge conferred to the antibody by DOTA
conjugation results in a reduced isoelectric point (pl),
causing a net repulsion between the molecule and the
phospholipid bi-layer [32, 33]. However, Rinne et al.
working with gallium-68 and indium-111 did not ob-
serve a clear relationship between the extent of negative
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Table 2 Liver and tumor uptake regarding the estimated number of DOTA fixed on 1C1

m-Fc

Estimated number of DOTA

Liver uptake (%lA/g) (T = 24 h)

Tumor TEM-1 positive uptake (%IA/g) (T = 24 h)

6
3

7912
128 £09

116+03
158 £ 1
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charge and uptake [32]. As isotopes differ in charge, co-
ordination number, and chelation geometry, the biodis-
tribution of any conjugate is likely to be significantly
influenced by not only the choice of targeting antibody
but also by the combination of chelator and radio-
isotope, in addition to the conjugation ratio. Hence, each
conjugate should be optimized accordingly [32, 34].

In our study, the 1Clm-Fc fusion protein was conju-
gated with DOTA and radiolabeled with *”’Lu. The num-
ber of DOTA per antibody was evaluated by mass
spectrometry and the uptake and retention in the liver
was found to increase with the number of DOTA fixed on
1C1lm-Fc. Our results are in accordance with reports
showing that a high number of chelators coupled to an
antibody can result in accelerated blood clearance and
high liver uptake [34, 35]. Moreover, at high DOTA con-
jugation ratios, the possibility of DOTA attachment to im-
portant residues in the antigen-targeting variable domains
of the antibody increases, potentially compromising the
immunoreactivity of the molecule [36]. Additionally, high
chelator conjugation ratios could cause conformational
changes to an antibody that can result in rapid sequestra-
tion of the radio conjugate into the liver and spleen, as
well as accelerated uptake by the reticuloendothelial sys-
tem, resulting in unfavorable pharmacokinetic properties
[37]. Elevated uptake in the liver can also indicate a lower
stability of the radiolabeling such as trans-chelation to
transferrin [38].

We observed that an optimization of the tumor/liver
ratio could be achieved by reducing the number of

Table 3 SPECT imaging of tumor uptake at 24, 48, 72 h

DOTA coupled to 1Clm-Fc. We have performed a con-
ventional conjugation, which can produce heterogeneous
mixtures with respect to conjugate ratio and sites of con-
jugation. In this case, site-specific conjugation could be a
technique to be evaluated for the improvement of batch
to batch consistency of the conjugates and to avoid the
potential risks of non-specific conjugation [39, 40].

Although the binding of 1C1m has been shown to be
TEM-1 specific, we have observed significant retention of
the conjugates in TEM-1 negative tumors. This uptake
could be explained by possible TEM-1 expression by the
neo-vessels that form in these tumors. In this case, the
antibodies are probably distributed only in the neo-vessels
and not retained by any binding to tumor cells. As the ap-
pearance of the tumors was highly vascularized, this stasis
in the neovessels could be due to the EPR effect in the
neovessels. These hypotheses will be tested in future ex-
periments using fluorescence microscopy.

Biodistribution data were used for dosimetry calcula-
tions. The organ receiving the highest absorbed dose
would be the liver (2.23 Gy/MBq) followed by the uterus
(1.5 Gy/MBq), the spleen (1.2 Gy/MBq), and the stomach
(1.15 Gy/MBq). The total body dose would be (0.4 Gy/
MBq) and the tumor dose 1.82 Gy/MBq. In particular, a
specific dose estimate was performed for the uterus
using the spherical model available in the OLINDA/
EXM 2.1 software. This approach does not consider the
specific morphology of the organ but it is at present the
best approximation we can provide without applying

Time post-injection SK-N-AS (Cps/tumor volume)

HT-1080 (Cps/tumor volume) Ratio SK-N-AS/HT-1080

24 h 2.17E+07
48h 3.17E+07
72h 3.03E+07

1.61E+07 13
1.85E+07 1.7
1.60E+07 1.9

82



Delage et al. EINMMI Research (2020) 10:98

Table 4 Mouse dosimetry of [177Lu]Lu-1C1m-Fc. These
estimates come from mouse TIACs calculated from source
organ time-activity curves

Source Mouse average Average TIAC Absorbed dose
organ organ mass (g) (MBg:h/MBq) (mGy/MBq)
Tumor 0.16 391 1.82E+03
SK-N-AS

Liver 1.28 3042 2.23E+03
Kidneys 033 204 7.05E+02
Lung 0.15 071 5.39E+02
Spleen 0.09 1.12 1.20E+03
Heart 0.20 0.33 3.63E+02
Stomach  0.10 0.55 1.15E+03
Small 1.38 2.73 4.38E+02
intestine

Colon 0.87 1.74 328E+02
Bladder 0.10 0.13 3.16E+02
Uterus* 0.08 1.66 1.5 E+03
Total 20.19 98.78 4.25E+02
body

*The uterus is not part of the source/target organ in the murine model of the
OLINDA/EXM 2.1 software. Specific dosimetry was obtained with the sphere
model of the OLINDA/EXM 2.1 where the organ-specific average mass and
TIAC were applied

specific Monte Carlo dose calculations which are beyond
the scope of this study.

To evaluate the organ radiotoxicity after therapy ad-
ministration in humans it would be necessary to ex-
trapolate the human dosimetry to from the pre-clinical
model. This study will be the subject of a forthcoming
analysis in which the extrapolation will be performed for
the optimized radiolabeled compound.

We have performed SPECT/CT imaging experiments
on an scFv-Fc antibody that binds both human and
mouse TEM-1, and generated data showing that TEM-1
was either absent or present at negligible levels in nor-
mal mouse organs and that [177Lu]Lu-1Clm-Fc was
able to efficiently target a TEM-1 positive tumor in vivo.
The imaging at the 72h timepoint compared with the
biodistribution data for the same mouse showed that the
results of the two techniques can be complementary.

Hence, SPECT molecular imaging of sarcoma or other
solid tumors could contribute in radiologic staging and
in applications such as the preoperative evaluation of pa-
tients to assess tumor resectability or radio-guided sur-
gery of metastases.

Conclusion

The highly specific expression of TEM-1 in several types
of solids tumors suggests that [177Lu]Lu-1C1m-Fc could
prove a potentially useful and safe tool for molecular im-
aging and theranostic applications.
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The number of DOTA molecules attached per antibody
moiety plays a significant role in determining the success
of tumor targeting employing radiolabeled antibodies [36].
Further experiments could be done to find the best ratio
of DOTA per antibody to maintain a balance between
radiochemical yield, immunoreactivity, and pharmacoki-
netic behavior to develop an optimal radiolabeled 1C1m-
Fc suitable for theranostic application.
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Abstract: 1C1m-Fc, an anti-tumor endothelial marker 1 (TEM-1) scFv-Fc fusion protein antibody,
was previously successfully radiolabeled with 7Lu. TEM-1 specific tumor uptake was observed
together with a non-saturation dependent liver uptake that could be related to the number of
dodecane tetraacetic acid (DOTA) chelator per 1C1m-Fc. The objective of this study was to verify
this hypothesis and to find the best DOTA per 1C1m-Fc ratio for theranostic applications. 1C1m-
Fc was conjugated with six concentrations of DOTA. High-pressure liquid chromatography, mass
spectrometry, immunoreactivity assessment, and biodistribution studies in mice bearing TEM-1
positive tumors were performed. A multi-compartment pharmacokinetic model was used to fit the
data and a global pharmacokinetic model was developed to illustrate the effect of liver capture and
immunoreactivity loss. Organ absorbed doses in mice were calculated from biodistribution results.
A loss of immunoreactivity was observed with the highest DOTA per 1C1m-Fc ratio. Except for
the spleen and bone, an increase of DOTA per 1C1m-Fc ratio resulted in an increase of liver uptake
and absorbed dose and a decrease of uptake in tumor and other tissues. Pharmacokinetic models
correlated these results. The number of DOTA per antibody played a determining role in tumor
targeting. One DOTA per 1C1m-Fc gave the best pharmacokinetic behavior for a future translation of
[Y77Lu]Lu-1Clm-Fc in patients.

Keywords: TEM-1; fusion protein antibody; DOTA conjugation; 1””Lu radiolabeling; biodistribution;

tumor/liver ratio; theranostic

1. Introduction

Radiolabeled monoclonal antibodies (mAbs) have been actively investigated for thera-
nostic applications [1]. The radiolabeling of a mAb with a metallic radionuclide, generally
involves the use of suitable bifunctional chelating agents (BFCAs) with high metal-chelate
stability constants. BFCAs are designed to stably coordinate the radionuclide and to allow
a covalent attachment to protein functional groups [2,3]. Most protocols used to conjugate
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antibodies with BFCAs are not site-specific and result in a variable number of BFCAs
per antibody, depending on experimental conditions and antibodies themselves. With
non-site-specific processes, the average number of BFCA attached per antibody depends
upon the molar ratios of antibody and BFCA used for the conjugation as well as on the
reaction conditions employed for the conjugation [4].

Dodecane tetraacetic acid (DOTA) derivatives, which are hydrophilic macrocyclic lig-
ands, have been used as the most popular BFCAs for the development of radio-lanthanide-
labeled mAbs [5].

An increasing chelator-to-antibody ratio often allows to improve the specific activity
of the radiolabeled compound. Nevertheless, the hydrophilicity/lipophilicity, the charges
of the conjugate, and consequently the pharmacokinetics of the antibody can be modified
by the conjugation of hydrophilic DOTA chelator [4].

Authors showed that an increasing number of DOTA per antibody resulted in a
decrease of the non-specific liver uptake [6,7]. The provided explanation was the reduction
of the isoelectric point (pl) correlated to the increase of the negative charge given by the
DOTA chelator resulting in important repulsion between the lipid bilayer and the conjugate.
However, the impact of the increasing number of negative charges on the biodistribution
was unclear. On the opposite, some groups observed a rapid blood clearance, a decrease
of the tumor uptake and an increase of the hepatic uptake with high number of chelators
conjugated to an antibody [8,9]. The conjugation with a high number of DOTA can alter
the immunological properties of the antibody due to the possibility of DOTA to bind the
variable domains of the antibody, involved in antigen targeting [4]. Moreover, a high
number of chelators per antibody could change the tumor targeting pharmacokinetic due
to the uptake of the conjugate by the reticuloendothelial system in liver and spleen [1].

The biodistribution of radiolabeled conjugated antibody is determined by the chelator
to antibody ratio but also by many different parameters of the radionuclide such as the size,
the chelation geometry and the coordination number. It would be necessary to optimize
the conjugate regarding these criteria [6,8].

In this study, 1C1m-Fc, a scFv-Fc fusion antibody constructs which bind to murine and
human tumor endothelial marker 1 (TEM-1) was conjugated to p-SCN-Bn-DOTA chelator.
After conjugation 1C1m-Fc was radiolabeled with 17”Lu. This radionuclide, which is a y
and 3~ emitter allowing theranostic approach.

TEM-1, also named endosialin/CD248, is a 80.9 kDa type I cell surface transmembrane
protein of the C-lectin receptor family [10-12] implicated in development, vascular cell
adhesion and migration, neoangiogenesis, and tumor progression [13,14]. TEM-1 over
expression correlates with a poor patient prognosis and a tumor aggressiveness [15,16].

Its high expression on the tumor vasculature of several solid human cancers, with
limited expression in normal adult tissue, makes TEM-an ideal target for theranostic
applications [17,18].

Our previous study showed that ['7”Lu]Lu-1C1m-Fc could prove as a potentially
useful and safe tool for theranostic applications [19]. In these experiments, while the
TEM-1 positive uptake was specific, we also observed an important liver uptake that was
not saturation-dependent. Our hypothesis for this phenomenon was the influence of the
number of DOTA on the biodistribution.

The conjugation of antibodies and antibody fragments with chelator plays a significant
role in determining the success of tumor targeting employing radiolabeled antibodies [4,8].
Therefore, the goal of this study was to evaluate the effect of coupling an increasing number
of DOTA per 1C1m-Fc on the pharmacokinetic behavior, immunoreactivity, and dosimetry
of the radiolabeled antibody complex to develop an optimal radiolabeled 1C1m-Fc suitable
for theranostic application.
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2. Materials and Methods
2.1. Fusion Protein Antibody

Complete description of the single-chain variable fragment (scFv) 1C1m-Fc (Molecular
Weight = 106196.8 Da) was done in Delage et al [19] and Fierle et al [20]. Briefly, this fusion
protein antibody recognizes efficiently human and murine TEM-1 antigen over expressed
in tumor cells and in SK-N-AS cell line that was chosen to develop the animal model.

2.2. Cell Lines

The human neuroblastoma SK-N-AS (TEM-1 positive) cell lines was purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).

SK-N-AS cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 0.1 mM Non-Essential Amino Acids (Thermo Fisher Scientific,
Waltham, MA, USA), 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were incubated at 37 °C in a humidified atmosphere at 5% CO5.

2.3. Conjugation

Antibody concentration was measured at 280 nm using a spectrophotometer (Nan-
oDrop Lite, Thermo Fisher Scientific, Waltham, MA, USA). To obtain conjugates with
increasing ligand-to-antibody ratios, 6 concentrations of p-SCN-Bn-DOTA (Macrocyclics,
Plano, TX, USA; MW: 551.6) from 5 to 50 equivalents were used.

Prior to the coupling procedure, the 1C1m-Fc was conditioned in carbonate buffer
0.2 M pH 9.0 by ultrafiltration on a 50 kDa ultrafiltration membrane (Amicon Ultra, 0.5 mL,
50 kDa, Merck, Darmstadt, Germany). To 1 mg (9.4 nmol; 200 uL) of 1C1m-Fc was added
a calculated quantity of a 25.9 mg/mL (47 umol/mL) p-SCN-Bn-DOTA solution in an
extemporaneously made mixture of 10% DMSO (v/v) in the same carbonate buffer. The
BFCA-to-1C1m-Fc ratios used were 5, 10, 20, 30, 40, and 50.

Antibody coupling solutions were incubated for 1 h at 37 °C and the conjugated
antibodies were washed by four ultrafiltrations using PBS pH 7.4 before performing high-
pressure liquid chromatography (HPLC) to assess integrity of the conjugates. Conjugated
fusion protein antibodies were subsequently stored between 2 and 8 °C.

2.4. Mass Spectrometry Analysis

Mass spectrometry (MS) analysis was performed using a Q Exactive HF Orbitrap
(Thermo Fisher Scientific, Waltham, MA, USA) and separation was done using a MAbPAC
SEC-1 column, (Thermo Fisher Scientific, Waltham, MA, USA) with a mobile phase of
ammonium acetate 50 mM pH 7.0 at 0.3 mL/min as previously described [19]. After
deconvolution of the mass spectrometry spectra, the drug-to-antibody ratio (DAR) is

calculated using the formula:
Y(n*Int) /% (Int)

where 1 = number of attached molecules for this peak and Int = intensity of the peak.

2.5. Radiolabeling

The radiolabeling was optimized in acetate buffer 0.4 M pH 5.6 with respectively
500 pmol of DOTA-conjugated 1C1m-Fc and 20 MBq of 1”7Lu without carrier in aqueous
0.04 M HCl solution (EndoleucineBeta 40 GBq/mL, ITM, Garching bei Miinchen, Germany).
After 1 h incubation time at 37 °C, the radiochemical purity was determined by instant thin
layer chromatography (iTLC) in citrate buffer 0.1 M pH 5.0.

The release criterion was radiochemical purity over 95%.

If necessary, the excess of 1”/Lu was removed with one to three ultrafiltrations on
50 kDa membrane (Amicon Ultra, 0.5 mL, 50 kDa, Merck, Darmstadt, Germany) in acetate
buffer 0.4 M pH 5.6.
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2.6. Purity and Stability

Chemical purity of 1C1m-Fc was tested using HPLC and gel electrophoresis as de-
scribed in Delage et al. [19]. Stability of the fusion protein was evaluated at 3, 6, and 12
months after his production by HPLC only. Radiochemical purity after antibody radiola-
belling was assessed by TLC on iTLC-SG at 24 and 48 h.

2.6.1. HPLC

As described in Delage et al. [19], HPLC analyses were done using an Ultimate 3000
SD System (Thermo Fisher Scientific, Waltham, MA, USA) and a GabiStar radiodetector
(Elysia-Raytest GmBH, Straubenhard, Germany). A size exclusion chromatography was
performed using phosphate buffer pH 6.8 as solvent and a 200 kDa size exclusion column
(XBridge protein BEH, Waters, Baden-Déttwil, Switzerland). Each chromatography profile
was analyzed at 280 nm.

2.6.2. iTLC

TLC on iTLC-SG (Agilent Technologies, Folsom, CA, USA) was performed in citrate buffer
0.1 M pH 5.0. Using these conditions, unbound ”“Lu is complexed by the solvent and migrates
at retention factor (Rf) = 1 while charged [ Lu]Lu-1C1m-Fc remains at Rf = 0.

2.7. In Vitro Characterization of Immunoreactivity

Immunoreactive fraction assessment was done as in Delage et al. [19]. Briefly, each
coupled 1C1m-Fc-DOTA and native 1C1m-Fc were evaluated by Lindmo assay [21]. An in-
creasing number of SK-N-AS cells (0.25-8 x 10°) were incubated with a fixed concentration
of radiolabeled 1C1m-Fc (0.07 ug/mL; 0.659 pmol/mL). A fusion protein antibody excess of
100-fold concentration was used to evaluate the non-specific binding. The immunoreactive
fraction was calculated by extrapolation to an infinite cells number by fitting the curve
with a non-linear regression method (Graphpad Prism 8.0, 2018 GraphPad Software, San
Diego, CA, USA).

2.8. In Vivo Characterization
2.8.1. Murine Xenograft Model

All animal experiments were performed in accordance with the Swiss legislation for
the care and use of laboratory animals under the license VD-2993 (09/2018) delivered after
approbation by the Veterinarian Office of the canton of Vaud and the ethics committee.

Female Balb/C nude mice (Charles River Laboratories, Wilmington, MA, USA) be-
tween 8 and 10 weeks were subcutaneously grafted with 3.00 x 10° SK-N-AS cells as
described in Delage et al. [19]. Mice were assigned to the experimental groups when the
tumor reached 5-10 mm diameter size.

2.8.2. Biodistribution Studies

To define the impact of the conjugation on the biodistribution, a mixture of 2.5 ug
(23.5 pmol) of [”Lu]Lu-1C1m-Fc conjugated with respectively 1,2.5, 3, 6, 8, and 11 DOTA
per 1C1m-Fc and 47.5 pg (447.3 pmol) of native unlabeled 1C1m-Fc was injected into the
lateral tail vein of the mice (1 = 3) without anesthesia. The volume for all the injections was
100 L and sodium chloride 0.9% (B.Braun, Sempach, Switzerland) was used to perform
the dilution. The injected solution was not filtered.

The average weight of animals was 18.4 + 1.8 g. The dose of 50 pg (470 pmol) of
antibody has been selected from our previous study [19].

Mice were sacrificed by CO2 inhalation 24 h after radiolabeled antibody injection.
Blood was collected by exsanguination. Organs and tumors were weighted after drying
and them and counted with a gamma counter (AMG Automatic Gamma Counter, Hidex,
Turku, Finland).
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For the ['77Lu]Lu-1C1m-Fc conjugated with 1 and 3 DOTA, complementary time
points have been added for the biodistribution, and animals (1 = 3) were euthanized 4, 24,
48,72 h, and 6 days after injection.

Results were expressed as a percentage of injected activity (IA) per gram of tissue
(%lA/g).

2.8.3. Pharmacokinetic Modeling

Data were expressed as percent injected activity per gram of tissues. A multi- com-
partment pharmacokinetic model was used in which the injected antibody was distributed
from a central compartment, representing the blood, into peripheric compartments cor-
responding to all investigated organs plus an additional compartment representing all
uncounted tissues. Tissue contents were calculated as the content of the tissue compartment
plus a fraction of blood activity. This is equivalent to consider fast and a slow distribution
compartments as in similar models [22] given that the fast kinetics cannot be accounted
for from data collected over 6 days. The biodistribution kinetics for all studied tissues
were modelled for the 1 and 3 DOTA per 1C1m-Fc using a software package developed in
Arronax Laboratory available upon request (www.arronax-nantes.fr). This software pack-
age, similar to and validated by comparison with WinSAAM [23], allows pharmacokinetic
modelling directly from a Microsoft Excel worksheet. Differential equations were solved
numerically using the Chu-Berman algorithm [24]. Variable parameters were estimated
using the non-linear weighted least squares Levenberg—Marquardt algorithm.

It was then assumed that the rate of liver uptake was proportional to the number of
DOTA per antibody and that the rates of uptake into tumor and uterus (a normal tissue
expressing low amounts of antigen) increased linearly with the immunoreactivity. Con-
versely, the rates of spleen and bone uptake were assumed to decrease linearly with the
immunoreactivity. Then all available biodistribution data, at all time-points for 1 and 3
DOTA per 1C1m-Fc, and at 24 h after injection for the other conjugates were fitted simulta-
neously using a single set of kinetic parameters. The model is described in Appendix A
(Figures A1-A3 and Table A1.).

2.8.4. Murine Dosimetry

Estimated absorbed doses to organs were based on the biodistribution results of mice
bearing TEM-1 positive tumor injected with ['7Lu]Lu-1C1m-Fc conjugated with 1 DOTA.
Considered source organs were liver, kidneys, lungs, spleen, heart (cardiac muscle), blood
pool, stomach, small intestine, colon, ovaries, uterus, urinary bladder, salivary glands,
and the total body. The reminder was obtained by subtraction of the signal measured in
source organs from the total body. For each mouse at each time point, the activity in each
source organ and the remainder was normalized by the total injected activity to obtain the
normalized injected activity (nA). For each source organ at each time point, an average nA
value was obtained £SD.

For all source organs with the exception of stomach, uterus, salivary glands and
the urinary bladder, the normalized time activity curves (nNTACs) were fitted with bi-
exponential functions using the kinetic module of OLINDA /EXM 2.1 (HERMES Medical
Solution AB, Stockholm, Sweden). Time-integrated activity coefficients (TIACs) were
derived by analytical time-integration of fitted source organ nTACs obtained with the
average nA, nA + SD and the nA — SD values, respectively.

The nTACs for stomach, uterus, salivary glands, urinary bladder and the tumor were
not conveniently fitted by monotonically decreasing bi-exponential functions. For these
tissues, the TIAC was obtained by trapezoidal integration using Matlab software (Release
2019b, The MathWorks, Inc., Natick, MA, USA), between t = 0 and f = 6 days, whereas a
mono-exponential analytical integration to infinity was calculated after the last measure
(t > 6 days) considering the ”/Lu physical decay constant.

Finally, source organ TIACs were entered into the OLINDA /EXM® 2.1 software kinetic
module for organ absorbed dose estimates considering the 25 g murine model where the
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phantom source organ masses were adjusted to the average organ masses obtained from
the mice population considered for the dosimetry experiment. In this process, the TIAC of
the ovaries, uterus and the salivary glands was part of the remainder of the body.

A specific absorbed dose estimation was obtained for ovaries, uterus and the salivary
glands. These organs, in fact, exhibit an important specific tracer uptake, but were not
among the source/target organs available in the murine model of OLINDA /EXM 2.1
software. For these organs, the absorbed dose estimation was obtained using the sphere
model of OLINDA /EXM 2.1 where the average organ TIAC and the average organ mass
were applied.

Estimated absorbed doses to tumor and selected organs based on the biodistribution
results on TEM-1 positive tumor bearing mice injected with [\7”Lu]Lu-1C1m-Fc conjugated
respectively with 1 and 3 DOTA were compared. The dosimetry with the 3 DOTA conjuga-
tion was obtained from our previous study [19]. The selected organs were the liver, the
lungs, the kidney, the spleen and the uterus.

2.9. Statistics

The data are expressed as mean =+ SD (standard deviation) or SEM (standard error
to the mean). Significant differences between immunoreactive fractions were analyzed
by ordinary one-way Anova using the Turkey’s multiple comparisons method. Data
from biodistribution studies were analyzed by an unpaired, 2-tailed Student t test with a
correction for multiple comparison using the Holm-Sidak method (« = 0.05). Correlation
between the tumor/liver ratio and the ratio of DOTA per 1Cm-Fc were analyzed with
a Spearman test. Curve-fitting and statistical analyses were conducted using Prism 8.0
(GraphPad Software, San Diego, CA, USA). Pharmacokinetics analyses were performed
with Kinetics software.

3. Results
3.1. Conjugation and Radiolabeling
1C1m-Fc was conjugated with six concentrations of DOTA between 5 and 50 equiva-

lents. The number of DOTA was estimated for each concentration (Table 1, Figure S1) and
was between 1 and 11 DOTA.

Table 1. Estimated number of DOTA per 1C1m-Fc based on mass spectrometry and purity analyses
of the conjugates from 5 to 50 equivalents (eq) of DOTA. The estimated DAR is calculated using the
formula: X(n*Int) /% (Int), where n = number of attached molecules for this peak, Int = intensity of

the peak.
Estimated Number
Compound Mass Weight (Da) of DOTA per % Purity (HPLC)
1C1m-Fc
Unmodified 1C1m-Fc 108,394 NA (not applicable) 97.4%
DOTA (- HCI-H,0) 551 NA NA
1C1m-Fc 5 eq DOTA 108,395-108,985 1 95.6%
1C1m-Fc 10 eq DOTA 108,986-110,758 2.5 96.2%
1C1m-Fc 20 eq DOTA 109,496-111,746 3 95.7%
1C1m-Fc 30 eq DOTA 110,755-113,117 6 96.9%
1C1m-Fc 40 eq DOTA 111,746-114,664 8.5 96.2%
1C1m-Fc 50 eq DOTA 113,711-116,068 11 96.8%

1C1m-Fc and its conjugates were analyzed by HPLC. The purity of conjugated anti-
bodies is reported in Table 1. The HPLC profiles, the stability of the native and conjugated
fusion protein antibody, and the stability in serum of ['”” Lu]Lu-1C1m-Fc were given in our
prior publication [19].
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The release criteria for the radiochemical purity (RCP) evaluated by TLC was more
than 95%. To reach this criterion with antibodies modified with 1 and 2.5 DOTA, ultrafiltra-
tion on amicon membrane (Amicon Ultra, 0.5 mL, 50 kDa, Merck, Darmstadt, Germany)
was used. HPLC was not used in this study to evaluate the RCP as this test was done in
our previous study [19] and the results were similar to that obtained using TLC.

3.2. Immunoreactive Fraction

The immunoreactivity following the radiolabeling was assessed by Lindmo assay
(Table 2; Figure S2).

Table 2. Radioimmunoreactive fraction results for [’ Lu]Lu-1C1m-Fc conjugated with 1 to 11 DOTA.

Number of DOTA per 1C1m-Fc Immunoreactivity (%) &= SEM
1 85.1+1.3
3 86.2 £2.7
6 87.5+ 1.0
8.5 78 £14
11 24+17

For validation tests comparative immunoreactivity assessment with incubation at
37 °C and 4 °C were carried out and the results obtained showed no difference at 3 h.
Furthermore, internalization results of 1C1m-Fc radiolabeled with >°T have been published
and showed that the rate of internalization was quite slow suggesting that the antibody does
not trigger the rapid migration of TEM-1 from the cell surface [25]. The immunoreactivity,
that was 85.1 = 1.3, 86.2 £+ 2.7, 87.5 + 1.0, and 78 + 1.4% for 1, 3, 6, and 8.5 DOTA,
respectively suggesting that it was not affected by the conjugation up to 8.5 DOTA (Turkey’s
multiple comparisons test, p > 0.068, n = 17).

On the other hand, a significative loss of immunoreactivity to 24 & 1.7% was obtained
with the highest number of BFCA (11 DOTA per fusion protein antibody) compared to the
others ratios (Turkey’s multiple comparisons test, p < 0.0001, n = 17).

3.3. In Vivo Characterization
3.3.1. Biodistribution Study at 24 h

The biodistribution of ['7”Lu]Lu-1C1m-Fc conjugated with 1,2.5, 3, 6, 8, and 11 DOTA
units respectively was performed 24 h after injection.

A decrease of tumor uptake was observed with the 1C1m-Fc conjugated with more
than 3 DOTA (18.8 + 1.5% IA /g up to 3 DOTA to 5.3 & 1.6% IA /g for 11 DOTA). In parallel,
an accelerated blood clearance was observed with the increasing number of chelator and
the radiotracer circulating in the blood at 24 h varied from 10.2 £ 0.6% for 1 DOTA per
antibody to 2.2 & 0.7% for 11 DOTA per antibody (Figure 1a).

An inverse correlation of the tumor/liver ratio was observed with the increasing
number of DOTA per antibody, from 2 with 1 DOTA per antibody to 0.15 with 11 DOTA
per antibody (Spearman test, rho = —0.99, p < 0.0001) (Figure 1b).
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Figure 1. (a) Biodistribution at 24 h of ['7”Lu]Lu-1C1m-Fc conjugated with 1 to 11 DOTA in Balb/c nu mice bearing TEM-1
positive tumor. Data are shown as mean =+ SD. (b) Ratio between the tumor and the liver uptake at 24 h with respect to the
number of DOTA per ['7/Lu]Lu-1C1m-Fc in Balb/c mice bearing TEM-1 positive tumor. Spearman test gives a tho = —0.99,

p < 0.0001.

3.3.2. Complementary Analyses for 1C1m-(DOTA); and 1C1m-(DOTA)3

For the ['”7Lu]Lu-1C1m-Fc conjugated with 1 and 3 DOTA, complementary time
points have been added for the biodistribution and animals were euthanized at 4, 24, 48,

72 h, and six days after injection.

The uptake in TEM-1 positive tumors was unchanged between the two groups. How-
ever, in the case of [Y””Lu]Lu-1C1m-Fc conjugated with 1 DOTA, the non-specific uptake
in the liver was lower than that observed with 3 DOTA conjugated at 24 and 48 h, where
p = 0.02 and 0.01 (unpaired t-test, n = 3) respectively (Figure 2a,b).
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Figure 2. Biodistribution of [””Lu]Lu-1C1m-Fc in Balb/c nu mice bearing TEM-1 positive tumor, (a) conjugated with 1
DOTA; (b) conjugated with 3 DOTA. Data are shown as mean + SD, (n = 3).

3.3.3. Pharmacokinetic Modeling

Kinetics with 1C1m-Fc conjugated respectively with 1 and 3 DOTA were satisfactorily
fitted by the model (Figure S3a,b).

Tissues showing highest uptake were the tumor and the uterus and, for 1C1m-Fc
conjugated with 3 DOTA, the liver. For the liver, the estimated uptake rate constants of the
1C1m-Fc conjugated with 3 DOTA was 3.5 times that of the 1 DOTA, in line with the higher
uptake. The wash-out rate was relatively fast for the 3 DOTA, but, because of a single
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high value at six days, was fitted to 0 for the 1 DOTA, preventing further comparison. The
differences in estimated rate constants and tissue blood contents for the other tissues were
hard to interpret because of relatively high SD on measurements, particularly for uterus
and bone.

As expected, the simultaneous fit (Figure S4) represented less closely the biodistribu-
tion data, but the general shape and trends were conserved.

More interestingly, the trends in 24 h biodistributions for the six different concentra-
tions of DOTA were well replicated (Figure 3).

@2.5 DOTA @3 DOTA m6 DOTA m8.5DOTA m11DOTA
@2.5 DOTA (model) @3 DOTA (model)  m6 DOTA (model) ~ m8.5 DOTA (model) m11 DOTA (model)

Liver Spleen Blood Kidney Bone Uterus

Figure 3. Comparison between the results obtained by biodistribution (in grey) and pharmacokinetic modeling (in red) at
24 h for [ Lu]Lu-1C1m-Fc conjugated with 1 to 11 DOTA in Balb/c nu mice bearing TEM-1 positive tumor.

The increased liver uptake at higher numbers of DOTA effectively decreases the
amount of circulating ['7”Lu]Lu-1C1m-Fc and consequently the amount of [*”/Lu]Lu-
1C1m-Fc in most of other organs. The loss of immunoreactivity explains the decrease
of the TEM-1 specific uptake in the tumor and the uterus, especially at the two highest
DOTA per antibody ratios. Finally, the increase of the spleen and bone uptake at the
highest concentrations of DOTA was accounted by a higher uptake of non-immunoreactive
['”7Lu]Lu-1C1m-Fc. This condition was simulated by a linear decrease of the spleen uptake
rate with immunoreactivity.

3.3.4. Murine Dosimetry

Extrapolated organ absorbed doses for mice derived from the injection of ['7”Lu]Lu-1Clm-
Fc conjugated with 1 DOTA are given in Table 3. The organs receiving the highest absorbed
dose was the uterus (1.83 £ 0.14 Gy/MBq), followed by the liver (1.79 & 0.13 Gy/MBq), the
stomach wall (1.66 £ 0.08 Gy/MBq) and the kidneys (1.32 + 0.05 Gy/MBq). The total body
dose was 0.55 & 0.04 Gy /MBq and the tumor dose was 2.53 & 0.25 Gy /MBq. The tumor-to-liver
absorbed dose ratio was 1.41.

The absorbed doses for tumor, liver, kidneys, lungs, uterus and bladder were compared
between ['”/Lu]Lu-1C1m-Fc conjugated respectively with 1 DOTA and 3 DOTA (Table 4).
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Table 3. Considered organ masses, estimated source organ TIAC and organ absorbed doses [Y7Lu]Lu-1C1lm-Fc. Organ masses of

the 25g mouse model of Olinda/EXM 2.1 were used for: brain, thyroid, testes, skeleton, pancreas and the heart content, for all other

organs we used the experimental mean masses.

Organ Mean Organ Mass (g) TIAC (MBq-h/MBq) Abs. Dose (mGy/MBq)

Mean SD Mean SD
Brain t 0.50 - - 4,08 x 102 2.70 x 101
Large intestine 5t 0.78 1.98 0.33 7.03 x 102 8.10 x 10!
Small intestine 5t 1.20 3.33 0.25 5.77 x 102 4,00 x 10!
Stomach St 0.26 0.77 0.03 1.66 x 10° 8.00 x 10!
Heart 0.11 0.48 0.06 1.10 x 10° 1.50 x 102

Heart content S 0.2 1.84 0.35

Kidneys 5t 0.31 3.37 0.13 1.32 x 103 5.00 x 10!
Liver st 1.13 21.49 1.72 1.79 x 108 1.30 x 102
Lungs % 0.15 1.03 0.31 9.83 x 102 2.07 x 102
Pancreas ! 0.30 441 x 102 2.80 x 10!
Skeleton * 2.20 418 x 102 2.80 x 10!
Spleen 5t 0.10 1.06 0.03 1.18 x 103 1.00 x 10?
Ovaries 5* 0.04 0.41 0.08 7.42 x 102 9.90 x 10!
Uterus 5* 0.11 2.54 0.24 1.83 x 10° 1.40 x 102
Testes t 0.16 4.09 x 102 2.60 x 10!
Thyroid ¢ 0.01 4.09 x 102 2.70 x 10!
Salivary glands * 0.11 0.75 0.02 5.41 x 102 1.70 x 10!
Urinary Bladder st 0.02 0.17 0.01 5.34 x 102 3.70 x 101
Total Body 18.44 111.08 6.54 549 x 102 3.80 x 10!
Tumor S* 0.21 6.81 0.71 2.53 x 103 250 x 102

(®) Source organs with experimentally derived TIAC; in walled organs, the TIAC included the content. (*) Target organs available for the 25g
mouse model in OLINDA /EXM 2.1 from which mean absorbed dose was obtained; in walled organs, the absorbed dose is computed for
the wall. (*) Absorbed dose computed with the sphere model of OLINDA /EXM 2.1. The organ %IA /g decay corrected and the normalized
time-activity curves for the considered source organs are presented in the Supplementary Materials (respectively Figures S5 and S6).

Table 4. Mouse dosimetry comparison between [Y77Lu]Lu-1C1m-Fc conjugated with 1 or 3 DOTA.
The selected organ of interested are the TEM-1 positive tumor, the liver, the kidneys, the lungs, the
spleen and the uterus.

Source Organ Absorbed Dose (mGy/MBq)

1 DOTA

3 DOTA

Tumor SK-N-AS 2.53 x 103 4 2.50 x 102 1.82 x 103 £ 3.23 x 10?
Liver 1.79 x 10% £ 1.30 x 10? 2.23 x 103 £ 3.99 x 10?
Kidneys 1.32 x 10% £ 5.00 x 10! 7.05 x 10% + 6.03 x 10!
Lungs 9.83 x 10? 4 2.07 x 102 5.39 x 10? & 1.30 x 102
Spleen 1.18 x 10% £ 1.00 x 10? 1.20 x 10% £ 7.51 x 10!
Uterus 1.83 x 10% + 1.40 x 10? 1.50 x 103 £ 5.15 x 10?
Tumor/Liver ratio 1.4 0.8

The tumor/liver absorbed dose ratio increased from 0.8 for the [1”Lu]Lu-1C1m-Fc
conjugated to 3 DOTA to 1.4 for the ['”/Lu]Lu-1C1m-Fc conjugated to 1 DOTA. The non-
specific uptake in the kidneys, the lungs and the specific uterus uptake was higher with
the fusion protein conjugated with 1 DOTA.

4. Discussion

Because of its expression across many tumors, its low expression in normal tissues and
accessibility from the vascular circulation, TEM-1 is emerging as an interesting biomarker
for theranostics [26]. Several IgG antibodies targeting the lectin-like domain of TEM-1 have
already been developed for oncological application [13,26].
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Given the very short half-life and the relative in vivo instability of monovalent scFv
antibody fragments, a bivalent Fc-fusion protein based on a novel single chain antibody,
1C1m-Fc, has been synthesized. The fusion of scFvs to the IgG Fc constant domains adds
significant size, avidity and stability to the targeting moiety and would be expected to lead
to improved blood pharmacokinetics.

Our previous study showed the relevance of this novel fusion protein antibody radi-
olabeled with 7Lu for a theranostic approach [19]. The aim of the present work was to
study the effect of the DOTA conjugation on the immunoreactivity, the pharmacokinetics
and the dosimetry of [Y"7Lu]Lu-1C1m-Fe.

Six different conjugates were obtained by incubating 1C1m-Fc with several molar ratio
of DOTA respectively: 5, 10, 20, 30, 40, and 50 equivalents of DOTA. All the conjugates were
analyzed by mass spectrometry and the number of DOTA moieties attached per 1C1m-Fc
were respectively 1, 2.5, 3, 6, 8.5, and 11. Even if the HPLC profile of these conjugates was
similar, they are expected to have different pharmacokinetics behavior.

Radiolabeling was performed with 1”/Lu to obtain formulation with a RCP of more
than 95%. The immunoreactivity following the radiolabeling was assessed by Lindmo assay.
The immunoreactivity was not affected by the conjugation up to 8.5 DOTA. Nevertheless,
a significative loss of the immunoreactivity was observed with 11 DOTA (IR = 24%).
Several studies indicated that immunoreactivities of radiolabeled antibody were getting
compromised with the increase in the number of BFCA attached per antibody moieties.
Indeed, conjugation of the variable chain can weaken or abrogate antigen binding which in
turn decreases the efficacy of the targeting of the immunoconjugate [27,28]. Wangler et al.
demonstrated that the size of the conjugated dendritic structure does not significantly
influence the immunoreactivity of the antibodies over a wide molecular weight range,
whereas the number of derivatization sites is the major factor that determines the binding
affinity of the conjugates [29]. Grunberg et al. and Fischer et al. [28,30] showed that
an enzymatic conjugation leads to immunoconjugates with a uniform and well-defined
substitution only on the heavy chain. With this technique increasing numbers of DOTA
moieties was accompanied by an increasing specific activity of the immunoconjugates
when labeled with 177Lu. The advantage of the high specific activity was not counteracted
by the simultaneous decrease of immunoreactivity. A site-specific enzymatic conjugation
to the constant region could be better by less altered radio-immunoreactivity [31].

A biodistribution study of ['””Lu]Lu-1C1m-Fc conjugated with all the DOTA conju-
gates was performed. A significant decrease of the tumor uptake was observed 24 h after
injection with the 1C1m-Fc conjugated with more than 3 DOTA. This time point has been
chosen as we have seen in our previous study that it was the most informative one [19].
This behavior could be attributed to the increased hydrophilicity of ['”Lu]Lu-1C1m-Fc
with the number of DOTA attached to the molecule. Indeed, highest number of hydrophilic
DOTA or chelator has been described to exhibit a rapid blood clearance resulted in an
increasing uptake in the liver [4,8,32,33], but the mechanism was unclear. Knogler et al.
proposed that it can be due to the conformational change of the backbone structure of the
antibody induced by over-coupling, resulting in a rapid sequestration by the reticuloen-
dothelial system in the liver but invalidated this hypothesis as no difference was found in
CD spectra between substituted and unsubstituted antibody [1,8].

On the other hand, it has been suggested that the negative charge conferred to the
antibody by DOTA conjugation results in a reduced isoelectric point (pl), causing a net
repulsion between the molecule and the phospholipid bilayer, reducing the hepatobiliary
excretion or the hepatic uptake [6,7]. Several publications indicate that a decrease of the
liver uptake could be observed with negatively charged peptides or antibodies derivates
compared to neutral or positively charged conjugated variants [9,34-36]. General approach
described to improve imaging contrast in the liver include increasing the hydrophilicity via
a hydrophilic chelator or linker, modifying the positioning and composition of potential
purification tags or increasing negative charge [34-36]. These observations differ to the
results of our experiment. However, it is relevant to note that, in these publications,
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different types of chelates grafted on same vector were compared but with the same
chelate-to-vector ratio. The impact of the different chelators on biodistribution and imaging
contrast was assessed. On the contrary, we have studied the effect of a same chelate, DOTA,
with various antibody-to-ligands ratios. This difference in the methodology could explain
the different results.

Complementary analysis has been added for 1 and 3 DOTA to ensure the consistency
of the model. The biodistribution of the radiolabeled antibody was well described using a
multi-compartment model that showed a clear increase in the liver uptake rate between 1
and 3 DOTA per antibody. To further rationalize this effect, all available data were fitted
simultaneously using the same compartment model, assuming linear relationships between
the liver uptake rate constant and the number of DOTA and between the tumor and uterus
uptake rate constants and the immunoreactivity. Finally, uptake in the spleen and the bone
was assumed to increase with the loss of immunoreactivity. Linear relationships were
selected as first order approximations. This model was consistent with the observed data:
increased liver uptake at higher DOTA-substitution ratios depletes the circulating antibody
and the amount of antibody found in all tissues. In addition, the loss of immunoreactivity
further decreases the specific absorption into the tumor and uterus. Assuming a faster
uptake of non-immunoreactive antibody in spleen and bone accounts for the high uptake
seen with the 11-DOTA antibody. While a model cannot be considered a proof, this
one shows that simple hypotheses may explain the observations made in biodistribution
experiments.

We decided to evaluate the extrapolated organ absorbed doses for mice derived from
the injection of ['7”Lu]Lu-1C1m-Fc conjugated with the two lowest concentrations of DOTA,
namely 1 and 3 DOTA per fusion protein antibody as they gave the best specific/non-
specific uptake ratio in the biodistribution study. Organ receiving the highest doses were
liver and uterus. Two other anti TEM-1 antibodies, 78Fc labeled with 111In and Morab-004
labeled with 1241 showed similar results in these organs [26,37].

The tumor/liver absorbed dose ratio increased from 0.8 for the [*7“Lu]Lu-1C1m-
Fc conjugated to 3 DOTA to 1.4 for the [/ Lu]Lu-1C1m-Fc conjugated to 1 DOTA. The
absorbed dose ratio tumor/liver was multiplied by 1.75 with the ['77Lu]Lu-1C1m-Fc
conjugated to 1 DOTA compared to 3 DOTA.

Even if the theorical and experimental specific activity for 3 DOTA is higher than for 1
DOTA (experimentally 400 MBq/mg vs. 200 MBq/mg; data not shown), this difference
has not been taken into account in this study considering it small influence in therapeutic
applications. Indeed, regarding the professional practices in radioimmunotherapy the
amount of antibody usually injected in human is comprised between 1 and 1.5 mg/kg. If
we consider the lowest specific activity obtained with 1 DOTA, the quantity of antibody
injected will be sufficient to reach more than 8 GBq for all patients of more than 45 kg weight.
Therefore, 1C1m-Fc appeared as a very promising compound for a theranostic approach.

5. Conclusions

Antibody labeling with metal radionuclides requires the use of a bifunctional chelator
to attach radioactive metal to the protein, ideally without affecting the pharmacokinetics
of the antibody [34]. In our experiments, we have demonstrated that the number of
chelators per fusion protein antibody plays a significant role in determining successful
tumor targeting. There is thus an opportunity to further improve the biodistribution and
imaging contrast. Both absolute tumor uptake and target-to-non target ratios are important
for the selection of the best imaging agent [35]. In this study, [\ Lu]Lu-1C1m-Fc conjugated
with 1 DOTA was to be the best ratio to maintain a balance between the specific activity,
immunoreactivity, and pharmacokinetic behavior and appears as an interesting candidate
for further theranostic development.
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6. Patents

J.K.E, S.M.D. and G.C. hold patents in the domain of antibodies and in particular on
the 1C1m antibody used in this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
923/13/1/96/s1, Figure S1: Mass spectra of 1C1m-Fc conjugated with 1; 2.5; 3; 6 and 11 DOTA;
Figure S2: [177Lu]Lu-1C1m-Fc immunoreactivity (IR) test on SK-N-AS cell line. The IR was not
affected by the conjugation until 8.5 DOTA. A loss of immunoreactivity was observed with the
highest number of DOTA; Figure S3: Pharmacokinetic modeling of [177Lu]Lu-1C1m-Fc in Balb/c
nu mice bearing TEM-1 positive tumor. (a) conjugated with 1 DOTA; (b) conjugated with 3 DOTA.
Error bars = SD; Figure S4: Simultaneous fit modeling of [177Lu]Lu-1C1m-Fc in Balb/c nu mice
bearing TEM-1 positive tumor obtained with the pharmacokinetic model, (al to a4) conjugated with 1
DOTA; (b1 to b4) 1C1m-Fc conjugated with 3 DOTA. Error bars = SD; Figure S5: Organ %IA /g decay
corrected at injection time; Figure S6: Normalized time-activity curves for the considered source
organs. Red lines represent bi-exponential fitting curves obtained for source organs with exclusion of
the tumor, stomach, urinary bladder, uterus and the salivary glands. The coefficient of determination
(R2) of the fit in respect to experimental data is also reported when applicable.
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Appendix A
Model Description

The “Kinetics” software (www.arronax-nantes.fr) allows a full description of the model
and data within a single Microsoft excel worksheet. Formulas are entered in worksheet
cells in a nearly natural mathematical language. The model involves 16 compartments (F1
to F16) representing blood, all measured tissues and an additional compartment (F2) for
the rest of the mouse body (carcass). Tissue weights (Wi), antibody immunoreactivity (IR)
and number of DOTA per antibody (DOTA) are fixed parameters. In the simultaneous
fit of all data, the different preparations are represented in different “Time interrupts”, a
feature, present in WInSAAM and used in the “Kinetics” software package, that allows the
fixed parameters to be changed.
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Tissue i Ki-1*Wi Compartment 1 K2:1 Compartment 2
F Fi — F,
! —
K1:i K1:2

[

Figure A1. Multiple compartment mathematical model.

Transfers are assumed linear and defined in a matrix form as Ki:1*Wi*F1 (Ki:1 an
adjustable rate constant and Wi the weight of tissue i) for the transfer from blood to tissue
i and K1:i*Fi for the transfer back to blood (for compartment 2, the weight is unknown
and omitted). Elimination is set from the blood compartment (Kel). Total blood volume
cannot be identified from data because the earlier time point is 4 h. It is set to 2.2 mL
(WTB). Two additional fixed parameters are DOTA, the number of DOTA per antibody,
and IR, the immunoreactivity of the preparations. Then the effect of DOTA is described
by setting the transfer rate from blood to liver as: K5:1*DOTA*WLi*F1 and the effect of
immunoreactivity as (K3:1 + ATIR*IR)*WTu*F1 and (K15:1 + AUIR*IR)*WUt*F1 for tumor
and uterus uptake respectively (increase in uptake rate for higher immunoreactivity) and
as (K6:1-ASIR*IR)*WSp*F1 and (K10:1-ABIR*IR)*WBo*F1 for spleen and bone (increase in
uptake rate for lower immunoreactivity).

Since the tissue contents is given as % of injected activity per g (%lA/g) and each
measured tissue is represented by the content of a compartment plus an adjustable fraction
(BTu to BBI) of blood (F1). The injected activity is set to 100 and the tissue contents are
normalized by the tissue weights (WTu to WBI).

The calculations (simulations and parameter adjustment) are triggered by the user
from the Excel worksheet through a VBA macro that call advanced functions of a dynamic
linked library written in Pascal. The results are returned to the same Excel worksheet.
Reasonably close starting values for the 49 adjustable parameters and supervised fitting
are necessary.
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Blood Tumor Lung Liver Spleen Kidney Heart Muscle Bone Stomach Small Colon
intestine
Equations F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
d(F1)ydt -K2:1-(K3:1+ATIR*IR)*WTu-K4:1*"WLu- K1:2 K1:3 K1:4 K1:5 K1:6 K1:7 K1:8 K1:9 K1:10 K1:11 K1:12 K1:13
K5:1*"DOTA*WLI(K6:1-ASIR*IR)*WSp-
K7:1*"WKi-K8:1*WHe-K9: 1*WMu-
(K10:1-ABRR*IR)*WBo-K11: 1*WSt-
K12:1*"WSi-K13:1*WCo-K14:1*WOw-
(K15:1+AUIR*IR)*WUt-K 16:1*WBI-Kel
d(F2)ydt K2:1 -K1:2
d(F3)ydt (K3:1+ATIR*IR)*"WTu K1:3
d(F4)ydt K4:1*WLu K1:4
d(F5ydt K5:1*"DOTA*WLI -K1:5
d(F6)ydt (K6:1-ASIR*IR)*"WSp -K1:6
d(F7)ydt K7:1*"WKi K1:7
d(F8ydt K8:1*WHe -K1:8
d(F9ydt K9:1"WMu -K1:9
d(F10ydt (K10:1-ABIRR*IR)*WBo -K1:10
d(F11ydt  K11:1*WSt K1:11
d(F12ydt K12:1*WSi K1:12
d(F13ydt K13:1*WCo K1:13
d(F14ydt K14:1*WOv
d(F15ydt (K15:1+AUIR*IR)*WUt
d(F16ydt K16:1*WBI
Figure A2. Excel data sheet example of a multi-tissue biodistribution (16 compartments) modeling.
Blood Tumour Lungs Liver Spleen Kidneys Heart Muscle Bone Stomach Small intestine Colon Ovaries

FI/WTB (F3+BTu*F1)YWTu (F4+BLu*F1)WLu (F5+BLI*F1)WL (F6+BSp*F1)WSp (F7+BKi*F1)/WKi (F8+BHe*F1)/WHe (FS+BMu*F1)WMu (F10+BBo*F1)WBo (F11+BSt*F1)WSt (F12+BSi*F1)WSi (F13+BCo*F1yWCo (F14+BOV'F1)/WOv (F15+BUt*F1yWUt (F16+BBI*F1)/WBI

Figure A3. Example of formulas used for modeling each measured tissue.
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Table Al. Simultaneous fit modeling.

1DOTA 3 DOTA Simultaneous Fit 1DOTA 3 DOTA Simultaneous Fit

Parameter Value + SD Value + SD Value + SD Parameter Value + SD Value + SD Value + SD
K2:1 1.01 x 107! + 731x1073 2.67 x 1071 + 292 x107? 1.08 x 107! + 1.65 x 1072 BTu 3.68 x 1072 + 198 x1073 1.41 x 1072 + 1.88x107° 4.74 x 1073 + 321x1073
K1:2 7.65 x 1072 + 428x1073 2.76 x 107! + 328 x1072 8.11 x 1072 + 1.01 x 1072 BLu 2.75 x 1072 + 125x1073 2.75 x 1072 + 154x107° 2.38 x 1072 + 3.03x1073
K3:1 1.63 x 1072 + 7.06x107* 2.37 x 1072 + 1.30x 1073 9.27 x 1073 + 2.87 x 1072 BLi 249 x 107! + 867x1073 2.75 x 1071 + 146 x 1072 1.83 x 107! + 205x1072
K1:3 1.07 x 102 + 696 x107* 231 x 1072 + 120x1073 2.33 x 1072 + 244 x 1073 BSp 1.65 x 1072 + 739x10°* 1.68 x 1072 + 929 x107* 1.51 x 1072 + 173x1073
K4:1 3.85 x 1073 + 444 x10* 3.32 x 1072 + 7.04x107* 7.97 x 1073 + 1.87 x 1073 BKi 4.85 x 1072 + 212x1073 5.38 x 1072 + 278x107° 4.93 x 1072 + 531x1073
K1:4 2.06 x 102 + 224x1073 3.03 x 1072 + 5.00x 1073 3.98 x 1072 + 8.80 x 1072 BHe 1.43 x 1072 + 617 x10* 1.54 x 1072 + 8.02x10* 1.36 x 1072 + 1.63x1073
K5:1 3.18 x 1073 + 1.02x10* 9.90 x 103 + 629 x10°* 7.62 x 1073 + 5.80 x 10~* BMu 2.07 x 1073 + 153x10°* 2,62 x 1073 + 196 x 107 223 x 1072 + 370x10°*
K1:5 0.00 + NA 1.25 x 1072 + 9.88x10°* 1.76 x 1072 + 1.94 x 1073 BBo 2.35 x 1073 + 116x10°* 2,99 x 1073 + 153x10* 249 x 1073 + 290x10*
Keé:1 420 x 1073 + 3.06x107* 7.83 x 1073 + 6.85x107* 6.36 x 1072 + 6.77 x 1073 BSt 9.96 x 1073 + 569x10°4 8.55 x 1073 + 654x107* 8.84 x 1073 + 1.34x1073
K1:6 8.50 x 1073 + 992x10* 1.95 x 1072 + 170 x 1073 1.77 x 1072 + 2.60 x 1073 BSi 6.85 x 1072 + 337x1073 7.03 x 1072 + 4.05x107° 6.69 x 1072 + 829x1073
K7:1 3.68 x 1073 + 250x107* 354 x 1073 + 378 x107* 491 x 1073 + 6.68 x 1074 BCo 4.14 x 1072 + 200x1073 4.14 x 1072 + 241x107° 3.74 x 1072 + 494x1073
K1:7 4.72 x 1073 + 876x107* 1.50 x 1072 + 1.66 x 1073 1.32 x 1072 + 245 x 1073 BOv 7.59 x 1073 + 254x107* 248 x 1073 + 232x107* 333 x 1072 + 524 x107*
K8:1 1.03 x 1073 + 224 x107* 1.37 x 1073 + 352x107* 328 x 1073 + 1.09 x 1073 BUt 2.65 x 1072 + 1.14x1073 1.08 x 1072 + 719x107* 1.17 x 1072 + 157x1073
K1:8 1.58 x 1072 + 335x10°° 242 x 1072 + 496 x107° 3.68 x 1072 + 1.12 x 1072 BBl 7.88 x 10~* + 544 x10°5 5.88 x 1074 + 6.41x107° 6.32 x 107* + 115x10*
K9:1 1.53 x 1073 + 1.00x10°* 9.49 x 104 + 1.01x10°* 1.46 x 1073 + 2.07 x 10~* Kel 3.51 x 1072 + 548 x 10 423 x 1072 + 6.64x107* 4.53 x 102 + 154x1073
K1:9 1.07 x 1072 + 1.08x1073 1.53 x 1072 + 1.85x107° 1.49 x 1072 + 292 x 1072 ATIR 2,57 x 1072 + 374x1073
K10:1 1.51 x 1073 + 1.33x10°* 1.14 x 1073 + 132x10* 1.09 x 1072 + 1.58 x 1073 ASIR 6.37 x 1072 + 745x1073
K1:10 442 x 1073 + 1.09x1073 6.08 x 1073 + 145x1073 7.62 x 1073 + 248 x 1073 ABIR 1.05 x 1072 + 1.75x1073
K11:1 1.26 x 1073 + 1.04x107* 9.95 x 1074 + 1.02x107* 1.78 x 1073 + 2,62 x 107* AUIR 1.68 x 1073 + 231x1073
K1:11 9.67 x 1073 + 1.26x1073 1.46 x 1072 + 1.65x 1073 1.80 x 1072 + 3.28 x 1073

K12:1 9.21 x 1074 + 9.60x107° 8.57 x 107 + 110 x 107* 1.49 x 1073 + 257 x 1074

K1:12 6.19 x 1073 + 136x1073 9.86 x 1073 + 1.75x1073 1.30 x 1072 + 3.08 x 1072

K131 766 x10% £ 7.69x107° 851 x 107 £+ 1.06x 107* 1.72 x 1073 + 2.76 x 107

K1:13 2.28 x 1073 + 121x1073 1.02 x 1072 + 173 x1073 1.52 x 1072 + 324 x 1072

K14:1 1.49 x 1073 + 642x10°5 3.81 x 1072 + 260x107* 480 x 1072 + 5.90 x 104

K1:14 0.00 + NA 168 x 1072+ 125x1073 1.57 x 1072 + 250 x 1072

K15:1 6.36 x 1073 + 376x107* 9.85 x 1073 + 563 x107* 9.90 x 1073 + 1.87 x 1073

K1:15 298 x 1073 + 711x10* 1.27 x 1072 + 937 x10°* 1.01 x 1072 + 151 x 1073

K16:1 5.86 x 1073 + 274x107* 6.82 x 1073 + 416 x107* 6.38 x 1073 + 553 x 107*

K1:16 8.19 x 1073 + 714x107* 1.75 x 1072 + 120x 1073 1.10 x 1072 + 1.64 x 1073
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Simple Summary: The prevalence of TEM-1 in the vasculature and the stroma of solid tumors and
in malignant cells of sarcomas suggests that targeting TEM-1 could have therapeutic benefit. In this
context, an anti-TEM-1 companion diagnostic may assist in the personalized medicine approach,
whereby TEM-1 expression is exploited as a biomarker to select patients that would most benefit from
a treatment directed toward the TEM-1 antigen. In our previous works, we have selected 1C1m-Fc,
a fusion protein antibody, radiolabeled it with ”/Lu and demonstrated that [/ Lu]Lu-1C1m-Fc
has interesting therapeutic performance. To define a suitable radiopharmaceutical companion for
theranostic applications, ®*Cu was chosen to radiolabel the fusion protein antibody. The aim of this
work was thus to determine if [**Cu]Cu-1C1m-Fc can be considered for TEM-1 PET imaging and to
predict the dosimetry of the ['7Lu]Lu-1C1m-Fc companion therapy.

Abstract: 1C1m-Fc, a promising anti-TEM-1 DOTA conjugate, was labeled with ®*Cu to target cancer
cells for PET imaging and predicting the efficacy and safety of a previously studied ['7Lu]Lu-1C1m-
Fc companion therapy. DOTA-conjugated 1C1m-Fc was characterized by mass spectrometry, thin
layer chromatography and immunoreactivity assessment. PET/CT and biodistribution studies were
performed in human neuroblastoma xenografted mice. Absorbed doses were assessed from biodistri-
bution results and extrapolated to 1”’Lu based on the [**Cu]Cu-1C1m-Fc data. The immunoreactivity
was > 70% after 48 h of incubation in serum, and the specificity of [**Cu]Cu-1C1m-Fc for the tar-
get was validated. High-resolution PET/CT images were obtained, with the best tumor-to-organ
ratios reached at 24 or 48 h and correlated with results of the biodistribution study. Healthy organs
receiving the highest doses were the liver, the kidneys and the uterus. [64*Cu]Cu-1C1m-Fc could be of
interest to give an indication of 1771u dosimetry for parenchymal organs. In the uterus and the tumor,
characterized by specific TEM-1 expression, the 1 Lu-extrapolated absorbed doses are overestimated
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because of the lack of later measurement time points. Nevertheless, 1C1m-Fc radiolabeled with 64Cu
for imaging would appear as an interesting radionuclide companion for therapeutic application with
['77Lu]Lu-1C1m-Fe.

Keywords: theranostic; tumor endothelial marker 1; DOTA conjugation; copper-64; PET imaging;
Lutetium-177; dosimetry

1. Introduction

Theranostics is an emerging strategy combining diagnosis and therapy to achieve
personalized treatments. Currently, this approach involves a number of scientific disciplines
but is particularly linked to nuclear medicine [1]. Indeed, radionuclide imaging offers the
opportunity to select patients, monitor therapy, and optimize the dosimetry to increase the
efficacy and safety of targeted radionuclide therapy [2]. This approach is made possible
by the discovery of biomarkers overexpressed in oncologic diseases that can be used as
molecular targets [3] and by the development of vectors specifically binding these targets.

In clinical practice, the same vector may be radiolabeled with two different radionu-
clides, one for single photon emission computed tomography (SPECT) or positron emission
tomography (PET) (respectively gamma or positron emitters) and one for therapy (electron
or alpha particle emitter). Currently, PET is considered as having a higher sensitivity and a
better spatial resolution than SPECT and a true potential for accurate quantitative imag-
ing [4]. While electron emitters have been used in the vast majority of clinical applications,
the use of radionuclides emitting alpha particle is also emerging. Small molecules, peptides
or antibodies can be chosen as vectors [5].

Tumor endothelial marker 1 (TEM-1), also referred as CD248 or endosialin, is a cell
surface transmembrane protein belonging to the C-lectin receptor superfamily. TEM-1 is
expressed on pericytes and fibroblasts during tissue development, tumor neovasculariza-
tion and inflammation [6—8]. TEM-1 has been described as an interesting target, as it is
expressed by tumor stroma and tumor vessels in several oncological disease but has no
or limited expression in normal adult tissues [9,10]. Furthermore, a high level of TEM-1
expression is associated with a poor prognosis and correlates with the aggressiveness of the
tumor [11,12]. TEM-1 was thus considered by the research community as a potential thera-
peutic target, and several anti-TEM-1 antibodies have been developed [13]. Antibody drug
conjugates [14,15], ScFv-Fc fragments for optical imaging and radionuclide imaging [16-18]
and a radiolabeled humanized anti-TEM-1 monoclonal antibody MORAb-004 [19,20] have
been tested preclinically. Currently, no clinical trial has been conducted with radiophar-
maceuticals targeting TEM-1. Nevertheless, the naked MORADb-004 antibody has been
evaluated in clinical immunotherapy trials [21-23]. Based upon a Phase I study conducted
in sarcoma patients, this compound received FDA orphan drug designation for sarcoma [6].

Even though radioimmunoconjugates have been studied for more than 30 years, both
for hematological disorders and solid tumors [24], only one of them, [*°Y]Ibritumomab-
tiuxetan, Zevalin®, has been approved for the treatment of recurrent or refractory non-
Hodgkin’s lymphomas [25]. Several strategies are currently used to improve radioim-
munotherapy success such as antibody engineering, development of new bifunctional
chelating agent (BFCA) or a choice of the most appropriate radionuclide. Radionuclide
physical properties, and particularly their radioactive decay half-life, must be compatible
with the radioimmunoconjugate targeting, disposition kinetics [26] and intended use.

In our previous works, 1C1m-Fc, a novel anti-TEM-1 ScFv-Fc construct, which binds
both murine and human TEM-1, has been conjugated to a BFCA, p-SCN-Bn-DOTA, radio-
labeled with '”7Lu and evaluated in a TEM-1-positive tumor model in mice. The results
of the first experiments were promising, as a specific uptake of [\”/Lu]Lu-1Clm-Fc in
TEM-1-positive tumor was observed [27]. The impact of DOTA conjugation was evalu-
ated. Using a pharmacokinetic model, the number of DOTA per fusion protein antibody
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was demonstrated to have an impact on the pharmacokinetics and immunoreactivity of
['”7Lu]Lu-1C1m-Fc [28]. The biodistribution and imaging contrast was improved by de-
creasing the number of chelating agents per 1C1m-Fc molecule: one DOTA per 1C1m-Fc
gave the best tumor-to-liver ratio, but the specific activity was only 200 MBq/mg. Three
to four DOTA per 1C1m-Fc was also adequate and provided a higher specific activity of
400 MBq/mg.

The aim of the present work is to pursue the evaluation of this new fusion protein
antibody, 1C1m-Fc, in a theranostic strategy using ®*Cu for pretherapeutic PET imaging
and dosimetry assessment and '””Lu for targeted radionuclide therapy. **Cu presents a
particular interest [29]. Indeed, this radionuclide is produced by cyclotrons, has a half-
life of 12.7 h that allows PET immunoimaging and decays by emitting both low energy
positrons and electrons. Promising results have already been obtained in preclinical and
clinical trials using ®*Cu as a theranostic imaging agent [30].

In this study, although the vector 1C1m-Fc is kept constant, ®*Cu and '7"Lu differ by
their half-life, their stability in DOTA complexes and possibly by their biodistribution. We
have thus studied preclinically the [**Cu]Cu-1C1m-Fc compound to determine if it can
be considered as a new tool for TEM-1 PET imaging and to predict the dosimetry of the
['””Lu]Lu-1C1m-Fc companion therapy.

2. Materials and Methods
2.1. Cell Lines

The human fibrosarcoma HT-1080 (TEM-1-negative) and human neuroblastoma SK-
N-AS (TEM-1-positive) were acquired from American Type Culture Collection (ATCC,
Manassas, VA, USA).

The two cell lines were cultured in DMEM media (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltham, MA, USA), 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA), 0.1 mM of nonessential amino acids (Thermo Fisher Scientific, Waltham, MA,
USA) were also added for SK-N-AS culture. Cells were incubated in a flask at 37 °C in a
humidified atmosphere at 5% CO;.

2.2. Fusion Protein Antibody

A complete description of the 1C1m-Fc fusion protein antibody may be found in
Fierle et al. [31] and in Delage et al. [27]. Briefly, this single-chain variable fragment (scFv)
fused to a human Fc domain (Ig G) binds both human and murine TEM-1 with an affinity
of 1 and 6 nM, respectively.

2.3. Conjugation

Antibody concentrations were measured at 280 nm using a spectrophotometer (Nan-
oDrop Lite, Thermo Fisher Scientific, Waltham, MA, USA). 1C1m-Fc was conjugated with
p-SCN-Bn-DOTA (Macrocyclics, Plano, TX, USA). A calculated volume of p-SCN-Bn-DOTA
(25.9 mg/mL, 47 umol/mL, in DMSO 10% v/v) was added to 1C1m-Fc (1 mg, 9.4 nmol) in
0.2 M carbonate buffer pH 9.0. The solution was maintained at 37 °C for 1 h. The number
of DOTA conjugated per fusion protein antibody ratio was 3 to 4 DOTA. Conjugated
antibodies were washed by four rounds of ultrafiltration in 0.1 M sodium acetate buffer
pH 5.0 (Alfa Aesar, Haverhill, MA, USA). High pressure liquid chromatography (HPLC)
was performed to assess the integrity of the conjugates. DOTA-conjugated 1C1m-Fc was
subsequently stored between 2 and 8 °C. The purity and the stability of the conjugate were
evaluated by HPLC, as described in Delage et al. [27].

2.4. Characterization of the Immunoconjugates: Mass Spectrometry Analysis

The number of chelate per antibody was determined by mass spectrometry (MS)
analysis using a Q Exactive HF Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA), as
previously described in Delage et al. [27,28].
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After analysis, the mass spectrometry spectra were deconvoluted, and the drug-to-
antibody ratio (DAR) was obtained using the formula: X(n x Int)/X(Int), where 7 is the
number of attached molecules for each peak, and Int the intensity of the peak.

2.5. Radiolabeling

64Cu dichloride (**CuCl,) in 0.1 N HCl solution was produced by the ARRONAX
cyclotron (Saint Herblain, France). A calculated volume of sodium acetate 2.5 M metal-free
(Alfa Aesar, Haverhill, MA, USA) was first added to the ®*CuCl, solution, followed by a
calculated volume of 5 mg/mL DOTA-conjugated 1C1m-Fc in acetate buffer 0.1 M. After
30 min incubation at 42 °C, 1 mM EDTA pH 7.0 (Sigma—Aldrich, St. Quentin Fallavier,
France) was added to obtain a final concentration of 0.01 mM to complex free o4Cu(I).

The radiochemical purity of [**Cu]Cu-1C1m-Fc was determined by instant thin layer
chromatography (iTLC). The release criterium was >95%. iTLC analyses were performed
using dried iTLC-SG glass microfiber chromatography paper impregnated with silica gel
(Agilent Technologies, Folsom, CA 95630). Citrate buffer (0.1 M, pH 4.5) was used as eluent.
In this system, [6*Cu]Cu-1C1m-Fc remains at Rf = 0, while unbound [**Cu]Cu-EDTA
migrates to the solvent front (Rf = 1).

The radiochemical purity after antibody radiolabeling was assessed by iTLC-SG just
after radiolabeling and 24 h after.

2.6. In Vitro Studies: Radio-Immunoreactivity

Immunoreactivity of [**Cu]Cu-1C1m-Fc was assessed using Pierce™ Streptavidin
Magnetic Beads (Thermo Fischer Scientific, Waltham, MA, USA). Streptavidin is covalently
coupled to the surface of the magnetic beads. For each streptavidin molecule on the bead,
around 3 biotin-binding sites are available. The Streptavidin beads (250 pL, 10 mg/mL)
were first coupled to biotin-conjugated TEM-1 antigen (50 pL, 0.33 mg/mL) obtained from
the LAbCore immunoglobulin discovery and engineering facility, Ludwig Institute for
Cancer Research, Lausanne, (following the instructions given by Thermo Fischer Scientific).
The biotinylated fragment comprises the 353 N-terminal amino acids of the mature human
TEM-1 protein. The TEM-1-coated beads (10 pL at 10 mg/mL) were mixed to 0.016 pmol
of radiolabeled antibody in human serum, and PBS/BSA 0.1% was added to obtain a final
volume of 100 pL.. The mixture was incubated at 37°C in human serum for 48 h. The time
points were chosen to correlate with those of the biodistribution study (until 24 h for the
[6*Cu]Cu-3DOTA-1C1m-Fc and 48 h for the [**Cu]Cu-4DOTA-1C1m-Fc).

The radioactivity bound to the beads, collected with a magnetic stand and, remain-
ing in the supernatant, was measured with a gamma counter (AMG Automatic Gamma
Counter, Hidex, Turku, Finland). Each test was run in duplicate. The immunoreactivity
was calculated as the ratio between the activity of the beads to the total activity. Nonspecific
uptake on the tube was also measured and accounted for.

2.7. In Vivo Characterization Studies
2.7.1. Animal Model

The in vivo studies were carried out in female BALB/c nude mice from 7 to 9 weeks
old (Janvier Labs, Le Genest-Saint-Isle, France or Charles River Laboratories, Wilmington,
MA, USA). A group of mice was xenografted subcutaneously in the left flank with 3 x 10°
SK-N-AS (TEM-1-positive) cells suspended in a solution of 100 puL of medium (group 1,
n = 14). As a negative control, a second group (group 2, n = 3), was grafted in the right flank
with 3 x 10° SK-N-AS cells and with 3 x 10° HT-1080 (TEM-1-negative) cells suspended in
100 pL of a solution containing 1:1 mixture of Matrigel and medium in the left flank.

2.7.2. PET Imaging Study

All mice were anesthetized for the duration of the imaging sequence by inhalation of
isoflurane 2% /0O, and warmed on a heating pad during the scan.
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For two SK-N-AS tumor-bearing mice of group 1, 10-, 20- or 30-min images (energy
window 358-664 keV) were acquired on a small-animal PET/SPECT/CT device (Albira,
Bruker BioSpin MRI GmbH, Ettlingen, Germany) at three time-points (respectively, 4, 24,
and 48 h) after intravenous injection of 6.0 &= 0.3 MBq [¢*Cu]Cu-1C1m-Fc (50 ug of total
antibody per mouse). Images were reconstructed using a three-dimensional maximum like-
lihood expectation maximization algorithm with 12 iterations, without postreconstruction
smoothing. The PET in-plane FOV size was 80 mm with axial extension of 149 mm; recon-
structed image voxel size was 0.5 mm isotropic in space. Dead-time, scatter and random
corrections were applied. Coregistered CT (0.4 mA, 35kV, 600 projections, 125 pm voxel
size) was used for anatomical localization of uptake. PET and CT images were visualized
and analyzed using PMOD (PMOD Technologies, version 3.7, Zurich, Switzerland).

For group 2, ten-minute images (energy window 250-750 KeV, FOV size 90 mm) of
mice (n = 3) bearing both SK-N-AS and HT 1080 tumors were recorded 24 h after injection
of 7.7 4+ 0.2 MBq of [**Cu]Cu-1C1m-Fc (50 ug of total antibody per mouse) with an IRIS
PET/CT, (Inviscan SAS, Strasbourg, France). The CT acquisition parameters were 20 s,
0.9 mA, 80 KV, 576 projections, 160 um voxel size. PET images were reconstructed with 3D-
OSEM-MC, eight subsets, eight iterations with decay, random and dead-time corrections.
For CT, filtered back-projection algorithm with beam hardening and ring artefact correction
was used.

2.7.3. Biodistribution Study

[¢*Cu]Cu-1C1m-Fc was injected in the lateral tail vein of the mice. Animals received
[64Cu]Cu-4DOTA-1Clm-Fc (group 1) or [**Cu]Cu-3DOTA-1C1m-Fc (group 2) and un-
labeled 1C1m-Fc corresponding to a total antibody dose of 50 pug per mice, in a total
volume of 100 uL. The average weight of animals was 17.79 & 0.66 mg for group 1 and
17.93 &+ 2.57 mg for group 2. The dose of 50 ug (470 pmol) of antibody has been selected
from our previous study [27].

In group 1, animals were euthanized and exsanguinated at 4, 24, 48 h (corresponding
precisely to 4.3, 26.0 and 50.2 h), after injection of the radiolabeled product and 24 h after
injection for group 2. Blood was collected, and organs and tumors were removed, weighed,
and counted with a gamma counter (AMG Automatic Gamma Counter, Hidex, Turku,
Finland). Results were expressed as the percentage of injected activity (IA) per gram of
tissue (%IA/g).

2.7.4. Murine Dosimetry

Estimated absorbed doses to organs were based on the biodistribution results on
SK-N-AS-bearing mice. Considered source organs for the dosimetry study were the liver,
the kidneys, the lungs, the spleen, the heart content, the stomach, the small intestine, the
colon, the uterus and ovaries, the tumor and the remainder of the body.

The biodistribution for the remainder tissues was obtained by multiplying the rest-of-
body mass (17.8 g average mouse mass—sum of the masses of all other considered source
organs) by the normalized mass-activity concentration (g~ ') measured in the muscle, which
was taken as representative of the background body uptake.

For each mouse at each time point (4.3, 26.0 and 50.2 h), the activity in each source
organ and the remainder was normalized by the total injected activity to obtain the nor-
malized injected activity (nA). For each source organ at each time point, an average nA
value was obtained + SD. The source organs’ normalized time-activity curves (nNTACs)
were fitted with monoexponential functions using the kinetic module of OLINDA /EXM
2.1 (HERMES Medical Solution AB, Stockholm, Sweden). For source organs having an
effective decay constant (Aqs) larger that the physical decay constant of 64Cu (Ap,cue4), time-
integrated activity coefficients (TIACs) were derived by monoexponential analytical time
integration (extended to infinite) of fitted source organ nTACs obtained with the average
nA, nA + SD and the nA-SD values, respectively. To avoid unrealistic TIACs overestimates,
when the source organ A.¢s was smaller than the A, cu.-64, monoexponential time integration

111



Cancers 2021, 13, 5936

60of 17

with A was applied only from time zero until the time of the last biokinetic measurement
(50.2 h), and a monoexponential analytic integration using A cues Was applied beyond
(t > 50.2 h). Finally, the source organ TIACs were entered into the OLINDA/EXM 2.1
software kinetic module for organ absorbed dose estimates, where the 25 g murine model
was adjusted to match the source organ average masses obtained from the mice population
used in our experiment. In this process, the TIAC of the uterus and the ovaries were part
of the remainder of the body. A specific absorbed dose estimate was performed for the
uterus, the ovaries and the tumor. These tissues exhibited an important specific tracer
uptake but were not among the source/target organs available in the murine model of
the OLINDA /EXM 2.1 software. Absorbed dose estimates were thus obtained using the
sphere model of OLINDA /EXM 2.1, where the average organ TIACs and the average organ
masses for these reproductive organs and the tumor were applied.

2.7.5. Dose Extrapolation to the '7’Lu Compound

To allow the comparison with previously published data for similar molecules labeled
with 177Lu, we extrapolated the organ absorbed doses for the 17/ Lu radiolabeled compound
from experimental data obtained for the [6*Cu]Cu-1C1m-Fc murine biodistribution data.
nA values for 17/ Lu were extrapolated from *Cu measured data points by the application
of a scale factor (SF):

SF(fm) = exp(—/\p/Lu,Uy X tm)/exp(—Ap,Cu_M X fm)

where ty, indicates the measured time points (4.3, 26 and 50.2 h postinjection, respectively);
therefore, NnALu-177(ty) = nACu-64(ty) X SF(tm). The rescaling procedure compensates
for the different physical half-life of the two radioisotopes, assuming the same biological
half-life. To perform ”Lu nTACs’ time integration and absorbed dose estimates, we
applied the methodology previously described above for the *Cu.

2.8. Statistical Analysis

The data are expressed as mean + SD (standard deviation). Significant differences
between means were analyzed by an unpaired, 2-tailed Student ¢-test with a correction for
multiple comparison using the Holm-Sidak method (x = 0.05). Statistical analyses were
conducted using Prism 8.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Conjugation

1CIm-Fc conjugated with DOTA was analyzed by mass spectrometry, and the mass
obtained for the native antibody was 108 394. The samples used for radiolabeling were
conjugated with 3 (Figure Sla) to 4 DOTA (Figure S1b).

The conjugates were evaluated by HPLC, and the purity was, respectively, of 96.2%
for 3DOTA-1C1m-Fc and 95.0% for 4DOTA-1C1m-Fc.

3.2. Radiolabeling

The release criterium for the radiochemical purity (RCP) evaluated by iTLC was more
than 95% (Figure 1).
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Figure 1. Radio-TLC example of [¢#Cu]Cu-1C1m-Fc. The radiochemical purity (RCP) is 99.85%.
[64Cu]Cu-1C1m-Fc remains at Rf = 0, and the unbound [64Cu]Cu-EDTA migrates to the solvent front.
With the used radiolabeling process, the average radiochemical purity was 99.5 £ 0.6% immediately
after radiolabeling (1 = 5) and 98.3 £ 2.1% (n = 3) after 24 h. The specific activity was comprised
between 156 and 200 MBq/mg.

3.3. In Vitro Studies: Radio-Immunoreactivity

The results of the immunoreactivity assessment of [*Cu]Cu-1C1m-Fc in serum media
are reported in Table 1.

Table 1. Inmunoreactivity assessment of [6*Cu]Cu-1C1m-Fc after incubation in serum. The results
are expressed as mean =+ SD.

Immunoreactivity (%) £ SD 4h 24h 48h
76 £ 14 70
64 _ - -
[**Cu]Cu-3DOTA-1C1m-Fc (n=2) (n=1) NA
75+ 15 77 £ 14 72+ 13
64 - - -
[°*Cu]Cu-4DOTA-1C1m-Fc (n=3) (n=3) (n=3)

3.4. Imaging Study

High-quality PET/CT images were obtained at 4 h, 24 h and 48 h in mice bearing
TEM-1-positive tumor. At 4 h, the activity was found predominantly in blood; the heart
and carotid arteries were visible, as well as the liver, but the tumor was also already clearly
visible. The circulating and liver activities decreased thereafter, and tumor-to-liver ratios
determined by imaging were, respectively, 0.8, 1.8 and 1.7 at 4 h, 24 h and 48 h (Figure 2).

The PET/CT performed at 24 h in mice (n = 3) bearing both TEM-1-positive and
negative tumors confirmed the specificity of the uptake in TEM-1-positive tumor (higher
uptake) as opposed to control tumor (lower uptake) (Figure 3).
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Figure 2. [**Cu]Cu-1C1m-Fc dorsal view PET/CT fusion maximum intensity projection in mouse
bearing TEM-1-positive tumors (SK-N-AS, left flank, red arrow), (a) at4 h, (b) at 24 h, (c) at 48 h.

20

%IA/g

Figure 3. [**Cu]Cu-1C1m-Fc dorsal view PET/CT fusion maximum intensity projection at 24 h on
mouse bearing TEM-1-negative tumor (HT-1080; left flank; white arrow) and TEM-1-positive tumor

(SK-N-AS; right flank; red arrow).

3.5. Biodistribution Study

A biodistribution study of [**Cu]Cu-1C1m-Fc was performed in mice bearing TEM-1-
positive tumors (group 1) and in mice bearing both TEM-1-positive and negative tumors
as control (group 2).

For group 1 (Figure 4a), the uptake in the tumor was maximum at 24 h (24.5 + 1.5% [A/g).
The uptake in the liver decreased between 4 h (16.3 + 0.6% IA/g) and 24 h (12.7 = 1.4% IA/§g)
and remained stable until 48 h (12.8 £ 2.8% IA/g). A rapid blood clearance was observed
as the amount of radiotracer in the blood decreased from 29.0 £ 2.4% IA/g at 4 h to
6.2 = 1.1% IA/g at 48 h. The uptake in the uterus was 15.3 £2.9% IA/g at 4 h, and no
significant difference was observed at 24 and 48 h (p = 0.87, unpaired Student’s t-test). The
best tumor-to-liver ratio was observed at 24 h (1.9), and the best tumor-to-blood ratio, at

48 h (3.6) (Table 2).
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Figure 4. Biodistribution in BALB/c nude mice bearing TEM-1-positive tumor of (a) [**Cu]Cu-
4DOTA-1CIm-Fc, group 1; (b) [Y77Lu]Lu-1DOTA-1C1m-Fc (data from Delage et al. [28]; (c) [Y77Lu]Lu-
3DOTA-1C1m-Fc (data from Delage et al. [27]). The total antibody dose used for this biodistribution
was 50 ug. Data are shown as mean + SD.

No significant difference was observed between groups 1 and 2 regarding the uptake
in the TEM-1-positive tumor, the liver, the spleen or the blood (p = 0.93, unpaired ¢-test).
For group 2, at 24 h, the uptake in TEM-1-positive tumor (21.5 + 7.5% IA/g) was 2.4-fold
higher than the one in TEM-1-negative tumor (9.0 £ 4.1% IA/g), showing the specificity of
the antibody for TEM-1 (Figure S2).

The biodistribution profile of [#*Cu]Cu-4DOTA-1C1m-Fc (Figure 4a) was very similar
to the one of ['”/Lu]Lu-1DOTA-1C1m-Fc (Figure 4b, data already published in [28]) or
['”7Lu]Lu-3DOTA-1C1m-Fc (Figure 4c, data already published in [27]). The blood uptake
at 4 h of [®*Cu]Cu-4DOTA-1C1m-Fc was closer to that of [*’Lu]Lu-1DOTA-1C1m-Fc.
A hepatic accumulation was observed with the [64*Cu]Cu-4DOTA-1C1m-Fc or [\7/Lu]Lu-
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3DOTA-1Clm-Fc antibody. The main difference seen was the uptake in the gastrointestinal
tract; the stomach, small intestine and colon uptakes were higher with [6*Cu]Cu-1C1m-Fc
than with [ Lu]Lu-1C1m-Fc (p = 0.000012, 0.00026 and 0.00026, respectively, at 24 h, and
p = 0.000114, 0.000002 and 0.000041 at 48 h) (unpaired Student’s t-test).

Table 2. Tumor-to-organ ratio of [**Cu]Cu-1C1m-Fc determined by biodistribution of group 1 at 4 h,

24 h and 48 h.
Ratio 4h 24h 48 h
Tumor/Liver 1.1 1.9 1.8
Tumor/Spleen 1.1 22 2.5
Tumor /Blood 0.6 2.5 3.6
Tumor/Kidney 1.3 25 2.6
Tumor/Lungs 1.1 2.8 33
Tumor/Heart 1.8 5.4 5.8
Tumor/Muscle 7.2 8.0 7.3
Tumor/Bone 32 53 51
Tumor /Small Intestine 3.6 6.0 49
Tumor/Stomach 43 5.0 45
Tumor/Colon 3.3 43 32
Tumor /Ovaries 2.0 2.7 3.6
Tumor/Uterus 1.2 1.6 1.4

3.6. Murine Dosimetry

The organ-absorbed doses for target tissues obtained using the mouse model of the
OLINDA /EXM 2.1 software are summarized in Table 3. The healthy organs receiving the
most important irradiation were the liver, the uterus, the heart, the kidneys and the lungs.
The estimated tumor-absorbed dose exceeded by a factor of 1.2 that of the liver.

Table 3. Measured average organ masses and TIAC (only for source organs) and estimated organ doses obtained with the
OLINDA /EXM 2.1 software for [**Cu]Cu-1C1m-Fc. Source organs are indicated with *. Absorbed dose estimates using the
sphere model of the OLINDA /EXM 2.1 software are labeled with ®. The normalized time-activity curves for the considered
source organs are presented in the Supplementary Materials (Figure S3).

TIAC (MBq.h/MBq) Absorbed Dose (nGy/MBq)
Organ Mean Organ Mass (g)
Mean Mean — SD Mean + SD Mean Mean — SD  Mean + SD

Brain 30 20.7 39.3
Large Intestine * 0.25 0.264 0.199 0.321 110 81.1 137
Small Intestine * 0.58 0.422 0.263 0.565 87.4 57.3 115
Stomach Wall * 0.11 0.093 0.078 0.108 98.3 78.2 118
Heart * 0.14 0.182 0.169 0.194 137 118 155
Kidneys * 0.27 0.569 0.535 0.601 167 149 184
Liver * 1.01 2.613 2.242 2.932 184 152 212
Lungs * 0.14 0.328 0.248 0.407 159 119 198
Pancreas 38.2 27.8 48.4
Skeleton 332 23.2 43
Spleen * 0.08 0.189 0.174 0.204 169 149 189
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Table 3. Cont.

TIAC (MBq.h/MBq) Absorbed Dose (mGy/MBq)
Organ Mean Organ Mass (g)
Mean Mean — SD Mean + SD Mean Mean — SD Mean + SD
Testes 30.1 20.7 39.4
Thyroid 30.8 21.2 40.3
Urinary Bladder 30.6 211 40
Total Body 17.8 13.349 10.311 16.631 46.1 345 57.3
Rest of the body * 15.2 7.06 4.857 9.25
Uterus ** 0.09 0.246 0.108 0.363 178 78.4 263
Ovaries ** 0.04 0.054 0.034 0.073 85.1 53.6 115
Tumor ** 0.11 0.377 0.141 0.613 225 84.2 366

[Y7Lu]Lu-1C1m-Fc-absorbed dose data were extrapolated from [6*Cu]Cu-1C1m-Fc
biodistribution data and compared to the experimental absorbed doses previously pub-
lished in [27,28] (Table 4). Extrapolated absorbed doses for parenchymal organs (such as:
liver, lung, spleen and kidneys) showed a 20% difference when compared with [Y7Lu]Lu-
1DOTA-1C1m-Fc. The difference was higher with [Y7Lu]Lu-3DOTA-1C1m-Fc. In both
cases, the major discrepancies were found in the gastrointestinal tract, the uterus and the
tumor (extrapolated absorbed doses were overestimated).

Table 4. 1: TIAC (only for source organs) and organ-absorbed doses for [17/Lu]Lu-1C1m-Fc extrapolated from experimental murine

biodistribution data of [**Cu]Cu-1C1m-Fc. Source organs are indicated with *. Absorbed dose estimates using the sphere model of the
OLINDA /EXM 2.1 software are labeled with . 2: Absorbed doses of [\7”Lu]Lu-1DOTA-1CIm-Fc from experimental data obtained in
our previous study [28]. 3: Difference ratio between the estimated absorbed dose and the absorbed dose obtained from biodistribution
data of [Y7Lu]Lu-1DOTA-1C1m-Fc. 4: Absorbed doses of [177Lu]Lu-3DOTA-1C1m-Fc from experimental data obtained in our previous
study [27]. 5: Difference ratio between the estimated absorbed dose and the absorbed dose obtained from biodistribution data of
[Y7Lu]Lu-3DOTA-1C1m-Fc.

1: ['7LulLu-1C1m-Fc TIAC and
Absorbed Dose Extrapolation from

2: [Y77Lu]Lu-1DOTA-

3: Difference

4: [Y7Lu]Lu-3DOTA-

5: Difference

Target Organs [64Cu]Cu-1C1m];Fc Biodistribution 1C1m-Fc Absorbed Ratio 1C1m-Fc Absorbed Ratio
ata Dose (nGy/MBq) ~ between AD1  Dose (mGy/MBq) ~ between AD1
TIAC Absorbed Dose AD2 Data from [28] and AD2 (%) AD3 Data from [27] and AD3 (%)
(MBq-h/MBq)  (mGy/MBq) AD1
Brain 485 408 19
Large Intestine * 2.921 1490 703 112 328 354
Small Intestine * 5.844 1350 577 134 438 208
Stomach Wall * 0.803 1130 1660 —32 1150 -2
Heart * 0.45 904 1110 —-19 363 159
Kidneys * 1.99 1070 1320 —19 705 52
Liver * 16.559 1630 1790 -9 2230 —27
Lungs * 0.864 976 983 -1 539 81
Pancreas 512 441 16
Skeleton 492 418 18
Spleen * 0.672 1090 1180 -8 1200 -9
Testes 485 409 19
Thyroid 486 409 19
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Table 4. Cont.

Target Organs

1: [Y7Lu]Lu-1C1m-Fc TIAC and

Absorbed Dose Extrapolation from
[#*Cu]lCu-1C1m-Fc Biodistribution

2: [Y77Lu]Lu-1DOTA- 3: Difference 4: [Y7Lu]Lu-3DOTA- 5: Difference
1C1m-Fc Absorbed Ratio 1C1m-Fc Absorbed Ratio

Data Dose (mGy/MBq) between AD1 Dose (mGy/MBq) between AD1
TIAC Absorbed Dose ~ AD2Datafrom[28] ~ and AD2(%)  AD3Datafrom[27]  and AD3 (%)
(MBg-h/MBq)  (mGy/MBq) AD1
Urinary Bladder 486 534 -9
Total Body 130.205 590 549 7
Rest of the body * 100.102
Uterus ** 331 2890 1830 58 1500 93
Ovaries ** 0.272 570 742 —23
Tumor ** 5.294 3850 2530 52 1820 111

4. Discussion

In the last ten years, theranostic approaches have emerged as valuable tools in oncol-
ogy to identify therapeutic targets, to select the patients that would most benefit from ther-
apeutics and to monitor the response to treatments [2,32]. Among the potential biomarkers,
TEM-1 appears as an emerging target, as it is expressed in tumor vessels and in the stroma
of various cancers but has no or little expression in normal adult tissues (expression is
limited to endometrial stroma and occasionally fibroblast) [33,34]. Currently, the expression
of TEM-1 in patients is assessed by invasive techniques such as immunohistochemistry
of biopsies. In addition, these techniques do not identify the total TEM-1-positive tu-
mor burden in a patient [20]. Consequently, immunoPET may play an important role in
determining the clinical expression of tumor biomarkers.

In our previous works, we have validated the relevance of a bivalent Fc-fusion protein
based on a novel single chain antibody, 1C1m-Fc, radiolabeled with 17”Lu for a therapeutic
approach [27,28]. In the present study, we studied the detection of TEM-1 in tumors using
1C1m-Fc radiolabeled with ®*Cu for PET imaging. Another objective was to determine if
[*Cu]Cu-1C1m-Fc can predict the dosimetry of the [!””Lu]Lu-1C1m-Fc companion therapy.

1C1m-Fc was first conjugated to p-SCN-Bn-DOTA, as in the previous studies, with
['”7Lu]Lu-1C1m-Fc [27,28]. In a theranostic approach, the same agent, antibody and chela-
tor must be used for imaging and therapy. The intermediate half-life of **Cu (12.7 h) makes
it compatible with the use of slow kinetic vectors such as antibodies. This radionuclide
that emits both positrons and electrons is suitable for theranostic applications, and promis-
ing results have been obtained in recent preclinical and clinical trials [30,35-38]. DOTA-
conjugated 1C1m-Fc was thus labeled with **Cu, and good radiochemical purity was
achieved (RCP > 95%). Cu?* ions are efficiently coordinated to the DOTA ligand through
four nitrogen atoms and two oxygen atoms of the pendant carboxylic groups [39,40]. The
number of DOTA conjugated, determined by mass spectrometry analysis, has been shown
to have an impact of the antibody biodistribution. Thus, a DOTA-to-antibody ratio be-
tween 3 and 4 was used. This ratio was selected as the lowest that allows radiolabeling of
the fusion protein antibody without final purification, taking into account the variability
of the copper source specific activity, while not significantly altering the biodistribution,
immunoreactivity and pharmacokinetic behavior of the radioimmunoconjugates [28]. In ad-
dition, the immunoreactivity of [64*Cu]Cu-1C1m-Fc was assessed using streptavidin-coated
magnetic beads after incubation of the radiolabeled compound in serum to mimic the
in vivo conditions. The immunoreactivity of [6*Cu]Cu-1C1m-Fc evaluated in serum re-
mained stable and >70% from 4 to 48 h after radiolabeling, meaning that the conjugation
and the radiolabeling process do not affect the binding properties.

High-quality PET/CT images were obtained after injection of [#*Cu]Cu-1C1m-Fc.
The low energy positrons of **Cu result in a good spatial resolution and a high detection
rate of positive lesions [39]. Furthermore, at later time points (24 and 48 h), the relatively
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long half-life of ®**Cu enables tumor assessments when higher tumor-to-background ratios
are reached. The presented results motivate the use of PET/CT imaging with [**Cu]Cu-
1C1m-Fc for the specific detection of TEM-1-positive tumors. A low but non-negligible
uptake is also observed in the TEM-1-negative tumor. This may be explained by the known
expression of TEM-1 in tumor neovessels and tumor stroma and by the cross-reactivity
of the antibody with murine TEM-1 [41]. This visualization is allowed by the use of a
fusion protein antibody that cross-reacts with both human and murine TEM-1. In this case,
contrary to TEM-1-positive tumor, the antibody may not be retained by the tumor cells.

Biodistribution confirmed the imaging studies. Tumor uptake was maximum at 24 h
(24.5 + 1.5% IA/g). A specific uptake was also found in the uterus, as this endometrial
stroma expresses low levels TEM-1 antigen [42]. A rapid blood clearance was observed,
and the tumor-to-organ ratios were high at 24 h. The uptake in the liver decreased between
4 h and 24 h. These biodistribution data, obtained with [**Cu]Cu-1C1m-Fc, were compared
to the previous results obtained with ['””Lu]Lu-1C1m-Fc (conjugated with 1 or 3 DOTA),
and close profiles were obtained. Nevertheless, as 17/Lu and ®*Cu differ in charge, in
coordination geometry and number to DOTA, the biodistribution of 1Cm-Fc conjugate ra-
diolabeled with each of these radionuclide may be slightly different [43,44]. The difference
of charge between the 3 DOTA conjugates radiolabeled with 1””Lu and ®Cu results in a
higher uptake for the copper compound in the tumor as described in Grunberg et al. [45].

The blood uptake obtained with [6*Cu]Cu-1C1m-Fc was closer to ['7”Lu]Lu-1DOTA-
1C1m-Fc. On the contrary, the hepatic distribution (with an accumulation) of the copper-
radiolabeled conjugate is closer to the one of [Y77Lu]Lu-3DOTA-1C1m-Fc. In this case, we
supposed that 3 DOTA conjugate antibody (either radiolabeled with 17/Lu or #*Cu) have a
similar internalization into the hepatocytes.

Compared to both 77Lu compounds, the % IA /g with [**Cu]Cu-1C1m-Fc was higher
in the gastrointestinal tract (stomach, small intestine and colon). The increased uptake
can be explained by the hepatobiliary excretion of **Cu [46]. The absence of excretion
from the liver and the gastrointestinal tract between 24 and 48 h could be explained by the
transchelation of [**Cu?*] ions from the chelating agent to transport proteins [39]. DOTA~-
copper complexes have a good thermodynamic stability but seem to be not sufficiently
inert under reducing or acidic conditions[47]. For [**Cu]DOTA, our group have already
demonstrated that almost all the activity was associated to metalloproteins [48]. Moreover,
for 1C1m-Fc, our team previously demonstrated that 44% of the total bound activity is
internalized after 24 h [49]. After internalization, **Cu is recycled through the transport
proteins and metabolized. For ®*Cu conversely to 177Lu, internalization is involved in
recycling and, therefore, in nonspecific binding. Copper ions are described to have an im-
portant affinity for the endometrium [50]. Specific chelating agents such as TE1-PA [29,48]
or sarcophagine (SAR) [51] have been developed that are able to form more stable copper
complexes than DOTA, but, in a theranostic approach, it seems more adequate to use the
very same compound for both imaging and therapy.

The possible use of **Cu-radiolabeled compounds in the imaging step to predict
absorbed dose to tumors and dose-limiting organs for the same compound labeled with
a therapeutic radioisotope (for instance ”/Lu) is of great interest. Thus, absorbed doses
obtained experimentally in our previous studies with ['”/Lu]Lu-1DOTA-1C1m-Fc or
[Y7Lu]Lu-3DOTA-1C1m-Fc [27,28] have been compared to extrapolated ones from the
present [**Cu]Cu-1C1m-Fc study.

Extrapolated '””Lu absorbed doses (from ®4Cu mice data) for parenchymal organs
(such as: liver, lung, spleen and kidneys) provided good predictive dosimetry values
(relative differences within 20%) when compared with ['77Lu]Lu-1DOTA-1C1m-Fc. We
obtained an inferior matching when comparing Lu-extrapolated organ doses with the
['”7Lu]Lu-3DOTA-1C1m-Fc (up to 80% overestimation in lung). The observed discrepancy
correlates with the data obtained in the biodistribution study.
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A common feature is the higher extrapolated absorbed doses in the gastrointestinal
tract than can be related to the known uptake in these tissues for the **Cu-radiolabeled
compound compared to that of 1”/Lu, as described previously [46].

177Lu-absorbed dose extrapolations to the tumor and the uterus from the **Cu-
radiolabeled compound are higher compared to published dosimetry data for ['7/Lu]Lu-
1DOTA-1C1m-Fc or ['7Lu]Lu-3DOTA-1C1m-Fc (around +50% and +100%, respectively).
This overestimation is explained by the lack of later time acquisition points after 50 h
for the ®*Cu-labeled compounds. For both the tumor and the uterus, the uptake in these
TEM-1-expressing tissues is still not decreasing at 50 h postinjection (the last measured time
point), and the extrapolation to infinity based on the physical decay of 17/Lu overestimates
the actual value.

In future developments, it would be interesting to study the combination of TEM-1
and fibroblast-activated protein (FAP) targeting. Indeed, FAP inhibitors (FAPIs) target
the tumor stroma, which is enriched in cancer-associated fibroblasts (CAFs), which are
essential for proliferation and metastasis [52]. Contrary to FAPIs, radiolabeled 1C1m-Fc
can target both microenvironment and tumor TEM-1-positive cells. Nevertheless, if the
antibody quantity is too low, 1C1m-Fc could be blocked in the microenvironment, thereby
reducing the quantity of anti-TEM-1 in the tumor and the antitumoral efficacy. The usage
of these two approaches could thus be synergic. Similarly to 1C1m-Fc, FAPIs present an
uptake in the endometrium that have to be taken into account. This uptake increases during
the premenopausal and may be linked to the cyclic regeneration as FAPIs accumulate in
tissue during the remodeling process [53].

5. Conclusions

In this study, we have demonstrated that [4Cu]Cu-1C1m-Fc permits the visualization
of TEM-1 expression with high resolution PET images and allows for the selection of
patients who are candidates for ['”/Lu]Lu-1C1m-Fc therapy. Furthermore, extrapolated
dosimetry based on [64*Cu]Cu-1C1m-Fc data could be used as an indicator to predict the
toxicity in parenchymal organs, as increased tissues-absorbed doses were measured in
TEM-1-positive tissues.

1C1m-Fc radiolabeled with *Cu for imaging would appear as an interesting radionu-
clide companion for therapeutic application with ['”’Lu]Lu-1C1m-Fc. In perspective, this
work points out the importance of future developments, such as human dosimetry extrap-
olation studies, aiming at the assessment of treatment safety in patients for radiolabeled
compounds targeting TEM-1.

6. Patents

J.K.F. and S.M.D. hold patents in the domain of antibodies and, in particular, on the
1C1m antibody used in this study.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13235936/s1, Figure S1: Mass spectra of 1C1m-Fc conjugated with DOTA (a) DAR-
avr = (0 x 15+ 1 x60+2%x95+3x90+4x95+5x%x55+6x40+7 x 15+ 8 x 5)/
(15+60+95+90+95+55+40+15+5)=3; (b) DARavr = (0 x 8 +2 x 80+ 3 x 100 + 4 x 75
+5x70+6 x70+7 x50)/(8 +80+ 100 + 75 + 70 + 70 + 50) = 4, Figure S2: Biodistribution of
[64Cu]Cu-1C1m in BALB/c nude mice bearing TEM-1-positive and negative tumor, group 2, Figure
S3: Normalized time-activity curves for the considered source organs (experimental data in blue with
respective & SD interval). Red lines represent monoexponential fitting curves obtained for source
organ nTACs. The coefficient of determination (R2) of the fit in respect to experimental data (blue
dots) is also reported.
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