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Preface

Among the cancers of the women, gynaecological cancers (mainly endometrium,
ovary and cervix) are responsible for a significant proportion of mortality. Although
occupying only the 8t place in terms of worlwide incidence, Ovarian Cancer (OC) remains
the most lethal gynecological malignancy nowadays. The disease progression without
clinical signs or symptoms in most of cases, leads to a late-stage diagnosis when it has
spread into the peritoneal cavity under the form of peritoneal carcinomatosis (PC). Despite
the significant progress in the therapeutic management of this cancer the past years,
disease recurs in 70—90% of cases, explaining therefore the urgent need to develop and
evaluate innovative therapeutic possibilities to suppress the residual disease, responsible

for patient’s relapse.

For this type of metastatic and diffuse diseases, conventional radiotherapy cannot
be applied because of the high risk of damage in the surrounding healthy tissues. Targeted
Radionuclide Therapy (TRT), using radiolabeled antibodies specifically directed against
tumor nodules, gives a new treatment opportunity. Several studies have been previously
conducted to explore the efficacy of TRT for the treatment of ovarian PC using (-particle
emitters in preclinical models and clinical trials, but results were overall disappointing. An
approach to enhance TRT efficacy and beat the clinical failures observed can be

constructed using radiation sensitizers.

Here, we aim to give the first proof of concept of the therapeutic efficacy
of TRT against ovarian PC using 77Lu-Trastuzumab combined with AGuIX®
nanoparticles, which have demonstrated their radiosensitizing and radioenhancing
properties in combination with conventional radiotherapy. This promising strategy for
amplifying the effects of irradiation for diffuse tumors overcoming resistance to OC

therapies has never been tested before.

The writing of this thesis is divided into two main parts. The first part is based on a
review of the literature which concisely sets out reminders concerning: OC and its
management, an overview of the radiobiology of ionizing radiations, a presentation of the
concept of TRT and its preclinical and clinical applications in OC, and finally, an
introduction of the radiosensitizing AGulX® nanoparticles used for the development of
this work. The second part presents the results of the experiments carried out as part of
this thesis, demonstrating the enhanced therapeutic efficacy in vivo and unravelling some

of the radiosensitizing mechanisms of the therapeutic combination in vitro.
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Ovarian Cancer and Peritoneal Carcinomatosis:
needs for new therapeutic tools
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Ovarian Cancer and Peritoneal Carcinomatosis: needs for new

therapeutic tools

1. Generalitites, epidemiology, facts and statistics

Ovarian cancer (OC) is the 8t most common cancer among women worldwide and
one of the most common gynecologic cancers nowadays, ranking third after cervical and
uterine cancer. OC accounts for the worst prognosis and the highest mortality rate,
representing a major global health concern. Even though it has a lower prevalence
compared, for example with breast cancer, OC is three times more lethal than the latter.
According to Globocan, in 2020, 313.959 cases have been identified with 207.252 deaths
occurred due to OC, entailing for 4.7% of the entire worldwide cancer-related mortality
among women (Figure 1). This cancer’s incidence is higher in developed countries, with
about 30% of cases occurring in Europe. The highest predominance of OC is seen in non-
Hispanic white women, followed by Hispanic, non-Hispanic black and Asian/Pacific
Islander women (1). Nevertheless, inequalities in accessing to diagnostic and therapeutic

resources make the highest mortality rates in African populations (2).

Incidence Mortality

Estimated number of new cases in 2020, worldwide, females, all ages Estimated number of deaths in 2020, worldwide, females, all ages

. Breast
b, 684 996 (15.5%)

_ Breast Other cancers
Other cancers 2261419 (247%) 1126 878 (25.4%)
2662 101 (28.8%) 2

NHL
240 201 (2.6%)
Liver

Lung
607 465 (13.7%)

Leukaemia
133 776 (3%)
Colorectum

865 630 (9.4%) Oesophagus L
169 763 (3.8%) G
Ovary Colorectum
SHAch 207 252 (4.7%)
369 580 (4%) Lung . .
Corpus uteri 770 828 (8.4%) Pancreas Cervix uteri
417 367 (4.5%) 2AVAGSIN! 341 831 (7.7%)
Thyroid Cervix uteri Liver Stomach
448 915 (4.9%) 604 127 (6.5%) 252 658 (5.7%) 266 005 (6%)
Total : 9 227 484 Total : 4 429 323

Figure 1: GLOBOCAN 2020 estimation. Incidence and mortality of cancers in the world in 2020
in women.

Statistical studies have shown that 33-40% of the total cancer cases in the world can
be prevented reducing or eliminating the associated risk factors (3). Table 1 summarizes
the major risk factors related to OC. Briefly, a decrease in ovulation (parity, contraceptive
methods...) constitutes a protective factor for OC, while age, strong ovulation periods (null

parity, early menarche, late menopause...), hereditary genetic mutations (BRCA1/2, family
29
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history...) and smoking can increase OC risk. Overall, approximately 10% of OC are
considered as hereditary and about 90% account for sporadic events, with no evidence of

an hereditary predisposition (4).

Factors Protective Predisposing Controversial
Demographic Age v
Menstrual-related factors v

Age of menarche and

menopause

Reproductive Parity v

Pregnancy characteristics v

Higher age of childbirth v

Pelvic inflammatory disease v

Gynecologic Endometriosis
Hysterechtomy

Tubal ligation

NI EENEE NN

Contraceptive methods

Hormonal Hormone Replacement Y

Therapy (HRT)

Infertility treatments

Family history

Genetic BRCA mutations

AN Y BN

Lynch syndrome (type II)

Nutrition and Diet
Lifestyle Obesity and physical activity

Alcohol, caffeine and cigarettes v

Lactation v
Other

Lower socioeconomic status v

Table 1: Risk factors related to Ovarian Cancer (Adapted from Momenimovahed et al., 2019) (5).
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2. Diagnostic

OC is most usually diagnosed at an advanced stage (stage III or IV) when the disease
is already disseminated in the peritoneal cavity because of its progression without
detectable symptoms or clinical signs in most patients. At these advanced stages, the cure
rate is very low and the prognosis remains poor with a 5-year overall survival rate of 46%
(6). When presented, symptoms vary widely between patients, with a low-specificity and
can easily be misinterpreted as chronical pain. The most commonly described symptoms
account for abdominal/pelvic discomfort or pain, increased abdominal size, appetite loss
(feeling full sensation), intestinal transit/urinary disorders, menstrual cycle alterations

and vaginal bleeding (7), among others.

Diagnostic evaluation must be guided by patient’s history of the above-mentioned
symptoms and risk factors, followed by a complete physical evaluation (rectovaginal
examination) and transvaginal ultrasonography, which can evaluate ovarian morphology
and vascularization and differentiate benign from malignant lesions with high sensitivity
and specificity. However, to fully evaluate the disease’s extent and staging, and therefore
to adapt patient’s treatment at its best, an explorative laparoscopy is necessary, making OC
one of the rare cancers which diagnosis is fully completed only after surgical intervention

(8).

3. Staging

The International Federation of Gynecology and Obstetrics (FIGO) carries out a
staging classification for OC (Table 2). In this classification system, the early stages (I to
ITA) and the advanced stages (IIB to IVB) can be distinguished one from another. The last
classification in force nowadays is the “FIGO classification 2014” (9), which has been
recently revised by FIGO’s Gynecologic Oncology Committee, joining ovarian, fallopian
tube and peritoneal disease amalgamated into a single system. This update on FIGO
staging is based on discoveries made for the most part by surgical exploration, the crucial
(and almost only) tool allowing clinicians to precisely determine histologic diagnosis,
staging and prognosis of the patient, since OC, as mentioned above, is one of the few
cancers which full diagnostic is rarely obtained before surgical intervention. These new
insights made clear that high-grade cancer of the ovaries, as well as fallopian tubes and
peritoneum are more narrowly related than formerly believed and should be therefore
considered collectively in the same system. Certainly, the peritoneal cavity is the most

frequent dissemination site of ovarian and fallopian tubes cancers (10).
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EARLY STAGES

Stage I: Tumor confined to ovaries
IA Tumor limited to 1 ovary, capsule intact, no tumor on surface, negative washings
IB Tumor involves both ovaries otherwise like IA
IC Tumor limited to 1 or both ovaries
IC1 Surgical spill
IC2 Capsule rupture before surgery or tumor on ovarian surface
IC3 Malignant cells in the ascites or peritoneal washings

Stage II: Tumor involves 1 or both ovaries with pelvic extension (below the

pelvic brim) or primary peritoneal cancer

ITA Extension and/or implant on uterus and/or Fallopian tubes
ADVANCED STAGES
IIB Extension to other pelvic intraperitoneal tissues

STAGE III: Tumor involves 1 or both ovaries with cytological or histological
confirmed spread to the peritoneum outside the pelvis and/or metastasis to the

retroperitoneal lymph nodes
ITIA (Positive retroperitoneal lymph nodes and/or microscopic metastasis beyond the pelvis)
ITTA1 Positive retroperitoneal lymph nodes only
I1TA1(1) Metastasis < 10 mm
ITITA1(ii) Metastasis > 10 mm
ITTA2 Microscopic, extrapelvic (above the brim) peritoneal involvement + positive
retroperitoneal lymph nodes
ITIIB Macroscopic, extrapelvic, peritoneal metastasis < 2 ¢cm + positive retroperitoneal
lymph nodes. Includes extension to capsule of liver/spleen
ITIC Macroscopic, extrapelvic, peritoneal metastasis > 2 cm + positive retroperitoneal
lymph nodes. Includes extension to capsule of liver/spleen
STAGE IV: Distant metastasis excluding peritoneal metastasis
IVA Pleural effusion with positive cytology
IVB Hepatic and/or splenic parenchymal metastasis, metastasis to extra- abdominal
organs (including inguinal lymph nodes and lymph nodes outside of the abdominal

cavity)

Table 2: FIGO classification for Ovarian Cancer.
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4. General classification

There are three main categories to classify most of ovarian tumors (Figure 2),

accordingly to their (presumed) anatomic cellular origin (11):

- Surface epithelium-stroma: Epithelial Ovarian Cancers (EOC) constitute the
most frequent form of the disease, accounting for approximately 90% of malignant
ovarian tumors. EOC is characterized for being an heterogeneous disease, with five
different major histological subtypes: High Grade Serous Ovarian Carcinomas
(HGSOC) (75%), Low Grade Serous Ovarian Carcinomas (LGSOC) (5%),
Endometrioid Carcinomas (EC) (10%), Mucinous Ovarian Carcinomas (MOC) (2-
3%) and Clear-cell Carcinomas (CCC) (10%). (12)

- Sex cord-stroma: these rare tumors account for 8% of all malignant ovarian
tumors, and are diagnosed in a wide range of age and mixed prognosis. Briefly, we
can differentiate: Stromal tumors (fibroma, thecoma, fibrosarcoma, Leydig cell
tumors...), Sex-cord tumors (granulosa, Sertoli cell tumors...) and mix sex cord-

stromal tumors (Sertoli-Leydig cell tumors). (13)

- Germ cells: arising from the ovary’s primary cell, the egg or ovum, constitute a
rare heterogeneous variant of OC, accounting for 2-3% of total malignant OC. Germ
cell tumors are classified into: dysgerminomas, immature teratomas and yolk sac

tumors. (14)
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Figure 2: Origins of the three main types of ovarian tumors. Generated with Biorender.
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5. Molecular signature: focus on Epithelial Ovarian Cancer (EOC)

One of the main challenges to enlighten the pathogenesis of OC is its high
heterogeneity: each subtype is unique with distinct clinico-pathological and morphological
features, biologic behaviour, prognosis and even molecular characteristics. In this context,
EOCs, responsible for 90% of OCs cases are among the most well-characterized forms of
the disease, but still represent a major worldwide health issue: the cure rate is overall weak
and prognosis generally poor. Even when diagnosed at an early stage, patient relapses are
largely common. A better understanding of EOC subtypes heterogeneity is then crucial to
improve disease’s targeting, to design treatment’s schemes and improve patient’s
outcomes. Histological features, molecular alterations and dysregulated pathways

affecting each EOC subgroup are further described hereafter:

¢ High Grade Serous Ovarian Carcinoma (HGSOC):

Incidence: 75% of EOC cases

Site of origin: Fallopian tubes

Prognosis: Poor

Molecular alterations:

TP53, BRCA1/2, Homologous Recombination
Deficiency (HRD), Chromosomal instability

HER2 overexpression, ERBB2 amplification (15—18)

HGSOCs represent the most deadliest forms of OCs and are responsible for the vast
majority (75%) of total EOC cases (19), arising from the fallopian tube, and not the ovaries

epithelium, as it was previously believed (20).

These tumors are characterized by somatic mutations in the DNA binding domain
TP53, appearing with high frequency in 90% of cases, causing increased cell proliferation
and metastatic capacity, inactivating TP53 tumor-suppresive role (21). Mutations in
BRCA1 and BRCA2 genes are manifested in around 20% of cases, both genes involved in
DNA Double Strand Breaks (DSBs) repair pathway through Homologous Recombination
(HR), contributing to their HR-deficient phenotype and their inherent chromosomal or

genomic instability (19).
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¢ Low Grade Serous Ovarian Carcinoma (LGSOC):

Incidence: 5% of EOC cases
Site of origin: Fallopian tube
Prognosis: Intermediate
Molecular alterations:
MAPK pathway activation:
KRAS, NRAS, BRAF

ERBB2 mutation (HER2)

In contrast to HGSOC, as their name suggests, LGSOCs are less aggressive tumors

with generally a better prognosis and outcome.

LGSOC account for around 5% of EOC cases (22) and are defined, in 80% of cases,
by the constitutive activation of the Mitogen-Activated Protein Kinase (MAPK) pathway,
characterized by KRAS, BRAF and NRAS mutation, as well as ERBB2 (21).

¢ Endometrioid Carcinoma (EC):

Incidence: 10%

Site of origin: Endometriosis
Prognosis: Favorable
Molecular alterations:
PTEN, KRAS, ARID1A,

TP53 mutations

ECs represent around 10% of EOC cases, arising generally from an associated

endometriosis (23), are linked to a good prognosis in most of patients.

KRAS and TP53 mutations are also found mutated in these type of tumors. Other
mutations associated with higher frequency to ECs include: ARID1A, participating in

chromatin remodelling (24) and the tumor-suppressor gene PTEN (25).
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¢ Mucinous Ovarian Carcinoma (MOC):

Incidence: 2-3%

Site of origin: Endometriosis
Prognosis: Good
Molecular alterations:
KRAS, TP53 mutation

ERBB2 (HER2) amplification

MOCs are considered as a rare form of OC, accounting for 2-3% of cases. Early stage
diagnosed MOCs are often localized in one ovary without further dissemination. Surgical
ablation is therefore sufficient in most of cases to eradicate this disease, having a good

prognostic.

Beyond stage II, the prognosis becomes very poor with a high mortality rate (26).
KRAS mutation is found in most of cases, accompanied by TP53 mutation and ERBB2

(HER2) amplification.

e Clear-cell Carcinoma (CCC):

Incidence: 10%

Site of origin: Teratoma / Unknown
Prognosis: Intermediate
Molecular alterations:

PIK3CA, ARID1A, TP53,

PTEN, ERBB2 (HER2) mutations

CCCs constitute 10% of all EOCs. Similarly to MOCs, if diagnosed at an early stage,
CCCs are related to good prognosis and overall survival, and poor prognosis when

diagnosed at an advanced stage (27).

The most commonly found mutations identified in CCCs are: activation PIK3CA,
regulator of PI3K/AKT pathway, and ARID1A (28). Other mutations reported comprise
TP53, PTEN and ERBB2, in common with the other EOC subtypes.
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6. Peritoneal Carcinomatosis

The peritoneum is the most
complex and largest serous membrane
in the human body. The part covering

: “r PARIETAL PERITONEUM ¥
the organs is known as “visceral [{fIETAL PERITONEUH ,
SUPPLY of WALL it LINES f b

peritoneum”, and the part covering
anterior and posterior abdominal walls

. . . R
is called “parietal peritoneum” (Figure
VISCERAL PERITONEUM
BLOOD, LYMPHATIC, and NERVE
SUPPLY as VISCERA it COVERS

3). The peritoneal cavity is the space
present  between those layers,
containing a small quantity of lubricant
liquid. In woman, the peritoneal cavity Figure 3: Schematic representation of the
is open through the fallopian tubes, peritoneal cavity (30).
joining the uterus and vagina to the

peritoneal cavity (29).

Advanced stages EOCs present generally widespread intra-abdominal extension of
the disease, with often numerous, superficial and white-colored small sized peritoneal
metastatic lesions, localized on the inner layer of the visceral and parietal peritoneum (31).
This syndrome is known as Peritoneal Carcinomatosis (PC) and has always been associated

to a bad prognosis.

Briefly, in order to obtain a metastatic phenotype and detach from the primary
tumor site (Figure 4), EOC cells undergo epithelial-to-mesenchymal transition (EMT),
downregulating Epithelial (E)-cadherin expression, which possesses suppressing
capacities to cell invasion and metastatic potential (32). During the EMT process, Neural
(N)-cadherin and Platelet (P)-cadherin are upregulated, favoring their invasive power,
motility and angiogenesis (Figure 4A). Once detached, EOC cells disseminate in the
peritoneal fluid and form clusters through 1 integrin-fibronectin interactions (Figure 4B).
To form a metastasis, EOC cells migrate through the peritoneal fluid and adhere to
mesothelial cells, invading the mesothelial layer (Figure 4C). Once in the mesothelium,
they attach to extracellular matrix components of the peritoneum, generating a chemokine
gradient and subsequent inflammatory response followed by the recruiting of
inflammatory cells, contributing to tumor progression, and suppressing immune
responses (Figure 4D-E). Finally, a tumor-supportive microenvironment is created, with

increased angiogenesis to irrigate the new tumor formed (Figure 4F) (31).
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Figure 4: Development of peritoneal metastasis of epithelial ovarian carcinoma. Adapted
from Van Baal et al. Generated with Biorender.

The peritoneum can be used as a target for OC patients’ treatment. Drugs directly
administered to the peritoneal cavity, via an intraperitoneal (IP) injection of chemotherapy
clearly increased progression-free and overall survival in patients with EOC advanced
stages. However, this approach is related to a high rate of toxicity and catheter-related
complications (33). In addition, biodistribution in the peritoneal cavity is highly
heterogenic between patients, and diffusion of therapeutic agents vastly variable due to
their lack of specificity. Following IP administration, drug delivery is found deficient with

several peritoneal regions presenting mild or absent drug uptake, specially the sub-phrenic

spaces (34).

The outcome of PC is highly dependent on the residual disease, responsible for
patient’s relapses, left in the peritoneal cavity after surgical intervention. Regardless the
time of surgery — before or after neo-adjuvant chemotherapy — the objective is to remove
all visible tumors. The quantity or volume of persistent residual disease has a strong power

of influence on EOC patient’s outcome. One meta-analysis performed on 6885 patients
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with advanced stages of EOC disclosed that with each increase of 10% in cytoreduction was

a 5.5% increase in patient’s median survival time was successfully achieved (35).

7. Treatments

The treatment’s available nowadays for advanced stages of EOCs, fail to improve

the patient’s poor five-year relative survival rate, currently below 46%. Unlike other

frequent cancer types, the proportion of OC-related deaths has not been substantially

improved over the years (36), explaining the urgent need for new therapeutic tools for OC.

The standard workflow for OC management is described in Figure 5 and discussed

below for late-stage diagnosed patients.
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a. Cytoreductive surgery

The gold standard treatment for patients with advanced EOC (70% of cases
diagnosed at stage III or IV) consists on a primary cytoreductive surgery followed by
systemic platinum-based chemotherapy. Before treatment begins, all woman have to be
evaluated by the multidisciplinary medical team in charge, to further decide if neo-
adjuvant chemotherapy will be applied before the surgical gesture. The goal of applying
neo-adjuvant chemotherapy is to reduce tumoral volume, ease the surgical intervention
that follows, and prevent further metastatic dissemination. This approach is recommended
for patients having either bulky stage III or IV tumors with low potential of complete
cytoreduction or for poor surgical candidates. The choice between primary cytoreductive
surgery and neo-adjuvant chemotherapy as first-line treatment is still rather controversial.
The American Society of Clinical Oncology have stated that for those cases obtaining a
cytoreduction of less than 1 cm (ideally, invisible to the human eye) with acceptable
morbidity, primary cytoreductive surgery is chosen over neo-adjuvat chemotherapy (37).
The EORTC phase III clinical trial results enlightened that patients with stage IIIc tumor
size <4.5c¢m obtained higher benefit from surgery, while stage IV tumors >4.5¢m from neo-

adjuvant chemotherapy as primary treatment (38).

When surgery is chosen as first therapeutic option, operability assessment is then
carefully evaluated, taking into account patient’s age, comorbidities and nutritional status,
among other factors related to potential postoperative complications. The surgical
procedure must be carried on by an experienced, high volume gynecologic oncologist
performing more than 10 surgeries per year, at a high volume medical facility, which access
is often limited for patients with low socioeconomic status (39). Surgical procedures
considered for optimal cytoreduction include bowel resection and/or appendectomy,
diaphragm or peritoneal stripping, splenectomy, partial cystectomy and/or
ureteroneocystostomy, partial hepatectomy, partial gastrectomy, cholecystectomy, and/or
pancreatectomy. Optimal cytoreduction for stage IV patients can be obtained in 30% of

cases. (40).

b. Chemotherapy

The therapeutic chemotherapy molecules currently used for the management of OC
are platinum salts (cisplatin, carboplatin) and taxanes (paclitaxel), both involved in

blocking cell division processes leading to cancer cell death.
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Briefly, platinum-based drugs hinder DNA replication, while paclitaxel is involved
in the inhibition of microtubule depolimerization during cell division. As other
chemotherapeutic drugs, these molecules are non-specific to cancer cells, producing

numerous adverse effects on healthy cells.

The combination carboplatin/paclitaxel can be administered by intravenous (IV) or
IP injection, or a combination of both approaches. The standard administration scheme

consists in 6 cycles of the combination carboplatin/paclitaxel every 3 weeks (41).

Administration of the treatment directly in the peritoneal cavity through a catheter
can indeed increase the concentration of cytotoxic agents in the peritoneum compared to
IV injection administration. In accordance, IP chemotherapy has shown survival benefit
over IV injection in different clinical trials (42—44). Nevertheless, its use as standard
frontline treatment has encountered several barriers: catheter-related complications, as
well as increased toxicities manifested as neurotoxicities, gastrointestinal and renal

adverse events, neutropenia and thrombocytopenia (40).

Another chemotherapeutic approach consists on applying Hyperthermic
Intraperitoneal Chemotherapy (HIPEC) directly on the surgery block. Its application at the
end of surgical intervention, can bypass the drawbacks of IP administration mentioned
above, while maintaining the advantages of this administration route. Hyperthermia is
related to an increased penetration of the chemotherapeutic drug at peritoneal surface and
enhanced cancer sensitivity to the treatment by impairing DNA repair. Hyperthermia
produces also a direct cytotoxic benefit promoting protein denaturation, but also by

inducing apoptosis and inhibiting neo-vascularization or angiogenesis.

W.J. van Driel et al. showed in a recent multicenter, open-label, phase III clinical
trial the improvement of patient outcome when HIPEC was combined with cytoreductive
surgery at the surgery block for stage III EOC treatment. The combination of both
therapeutic strategies resulted in increased median overall survival, 11.8 months higher
than cytoreductive surgery alone, as well as longer recurrence-free survival (Figure 6). The
percentage of patients presenting adverse events was found similar between both
treatment groups, indicating the absence of additional higher side effects when HIPEC was

added to the therapeutic scheme (45).

To summarize, the therapeutic combination cytoreductive surgery plus HIPEC is
capable to increase patient overall survival without apparition of further side effects when

compared to standard chemotherapy.
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Figure 6: HIPEC and surgery Kaplan Meier estimation. Recurrence-free (A) and overall survival
(B) among patients receiving surgery alone (black) or surgery plus HIPEC (red). Modified from W.J. van
Driel et al.

c. Targeted therapies

The road to a personalized and individualized medical treatment starts with
targeted therapies. Future directions in cancer treatment include the use of specific
biomarkers or molecular characteristics in tumors and patients to select the ideal
candidates that could benefit the most of this therapeutic revolution. OC is known to be a
complex and heterogeneous disease, with vast genetic and molecular differences between
the different subtypes of OC, but also between patients themselves. A better understanding
of this heterogeneity will supply further information on resistance mechanisms and new
opportunities to target therapy in a more rational way, exploiting at its maximum the

specific changes taking place in the tumor.

Targeted therapies are promising strategies with great selectivity for tumor tissue,
associated with less toxicities than the standard conventional chemotherapeutic
treatment. Several targeted therapies have been developed for OC in the last years, either
targeting the vascularization or angiogenesis on tumor-associated endothelial cells, or
targeting directly the cancer cell itself through inhibition of its receptors (Folate receptor,
EGFR family, IGFR...) or activated molecular pathways (RAS, PI3K/Akt...). A study
published by Banerjee K. et al. (46), reviewed the current potential of therapeutic targets

in OC, summarized in Figure 7.
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Figure 7: Targeted Therapies in OC. Adapted from Banerjee S. et al. Created with Biorender.

The targeted therapies mentioned above, have not shown substantial returns in

terms of efficacy for OC treatmen

t, except for the monoclonal antibody Bevacizumab, a

Vascular Endothelial Growth Factor (VEGF) trap, and the Poly ADP Ribose Polymerase
(PARP) inhibitors, such as Olaparib, Niraparib and Veliparib, further described

hereafter.
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Monoclonal antibodies (mAbs) are antibodies made by clones of a single B cell,
capable to bind to a specific region of an antigen, known as epitope. There are five different
classes of antibodies, depending on the type of heavy chain: IgA, IgD, IgE, IgG and IgM.
For antibody therapy, the class most used is the IgG, thanks to the interactions with FcRs
present in a wide range of immune cells: Natural Killer (NK), dendritic cells, monocytes,
neutrophils and eosinophils. This interaction will lead to the activation of cytotoxic
mechanisms known as Antibody-Dependent Cellular Cytotoxicity (ADCC) and
Complement-Dependent Cytotoxicity (CDC) (47).

For the treatment of OC, the mAb Bevacizumab (Avastin®) possess an authorization
of use in Europe, or AMM. Briefly, the European AMM stands: “Bevacizumab, in
combination with carboplatin and paclitaxel, is indicated as first-line treatment, in first
recurrence (sensible to platinum therapy), or further relapse (resistant to platinum
therapy) of advanced stages (FIGO stages IIIb, IIIc and IV) epithelial cancer of the ovary,

fallopian tubes or primary peritoneal in adult patients.” (48)

VEGF is a key promoter of angiogenesis and disease progression in EOC.
Bevacizumab acts as a VEGF trap, binding to this protein-signaling molecule and
preventing its liaison and further activation of the VEGF receptor, preventing this way the

promotion of angiogenesis on the endothelial cell (49).

Several clinical trials have demonstrated the efficacy of Bevacizumab in

combination with standard chemotherapy for primary as well as recurrent EOC:

- The GOG-0218 phase III trial (50) took place in 2011 and enrolled 1873 women,
showing that administration of Bevacizumab during and post-treatment (Bev
throughout group) with the chemotherapy association carboplatin and paclitaxel
increased around four months the progression-free survival of advanced primary

EOC patients (Figure 9 A).

- Accordingly, the ICON7 phase III clinical trial (51) performed on 1528 patients
stated that the addition of Bevacizumab to standard chemotherapeutic treatment
improved progression-free survival in patients. Interestingly, the benefits
regarding progression-free as well as overall survival were greater on those patients

associated to poor prognosis (Figure 9B).
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Figure 9: GOG-0218 and ICON7 clinical trials. A) Results of analysis of progression-free survival
in GOG-0218 clinical trial. B) Results of analysis of progression-free survival in patients at high risk for
progression in ICON?7 clinical trial.

A more recent trial, GOG-0213, which took place in 2017 was the first to provide
data showing an overall survival advantage of including Bevacizumab to standard

chemotherapeutic treatment regimens (52) (Figure 10).

However, this therapeutic association has also been related to a significant increase
of adverse effects in all cited clinical trials, including: hypertension, proteinuria, and nasal
mucosa disorders, but also gastro-intestinal perforation, arterial or venous

thromboembolic events and impaired wound healing (49) .
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Figure 10: GOG-0213 clinical trial. Overall survival (A) and progression-free survival (B) data
analysis obtained on GOG-0213 clinical trial.
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e Poly ADP Ribose Polymerase inhibitors (PARP1)

Another maintenance targeted therapeutic strategy for OC treatment, besides
VEGF inhibitors, involves PARP inhibition.

PARP enzymes play an essential role in single-strand DNA repair mechanisms
through base-excision repair. PARP inhibition leads therefore to an accumulation of single
strand breaks that collapse the replication fork during DNA replication, resulting in the
formation of Double Strand Breaks (DSBs). In normal conditions, cells are capable to
repair those DSBs by homologous recombination (HR), but when BRCA mutations are
present, PARP inhibition becomes lethal for cancer cells (53), exploiting the concept of

synthetic lethality, selectively killing cancer cells and sparing healthy normal cells.

Around 50% of patients suffering from a HGSOC present DNA repair mechanisms
anomalies of HR (54). Besides, for more than half of those patients, these abnormalities
are related to mutations of BRCA1 and BRCA2 genes. Said otherwise, 23% of patients
suffering from a HGSOC present a mutation in one of these two BRCA genes (55), making

them successful candidates to PARP inhibition therapy.

Three PARPi have the authorization of use in Europe, or AMM:

- Olaparib (Lynparza®): Efficacy of PARP inhibition was first confirmed in the
SOLO-1 phase III clinical trial, in which patients with newly diagnosed advanced
forms of OC harboring BRCA1/2 mutation, obtained a 70% lower risk of disease
progression or death with Olaparib treatment (Figure 11) (56). Olaparib possess the
AMM as first-line treatment only for patients sensible to platinum therapy having
BRCA mutations.

- Niraparib (Zejula®): the phase III clinical trial NOVA (57) justified the use of the
molecule for platinum-sensitive patients suffering from recurrent OC, regardless of
BRCA mutational status. Niraparib treatment resulted in significantly longer

progression-free survival for BRCA-mutated and BRCA-efficient patients.

- Rucaparib (Rubraca®): results from the recent phase III clinical trial ARIEL4
support the use of Rucaparib as an alternative therapeutic option to chemotherapy

for patients with relapsed and BRCA1/2 mutated ovarian carcinoma (58).
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Figure 11: Kaplan-Meier estimation of progression-free survival in SOLO-1 trial. Modified

from Moore et al., 2018.

Overall tolerance to PARPi therapy remains acceptable but tight clinical monitoring
is needed. Hematologic toxicities have been observed, including anaemia,
thrombocytopenia and also neutropenia. Besides, 1% of hematologic malignancies (acute
myeloid leukaemia and myelodysplastic syndrome), fatigue and gastrointestinal adverse

effects (abdominal pain, nausea or vomiting) have been reported (59).

Besides VEGF and PARP inhibition, no other targeted therapies have been
approved for this aggressive disease. The lack of therapeutic tools for recurrent and
resistant forms of OC has prompted numerous research for different strategies, including
the use of monoclonal antibodies (mAbs), immunoconjugates and small molecules among
others. Based on the encouraging outcome in patients with breast cancer, targeting HER2

to fight OC has always generated considerable interest (60).

8. HER2 and Epithelial Ovarian Cancer

Receptor tyrosine protein kinase ErbB-2, also known as HER2, is a 185 kDa
transmembrane glycoprotein, the second member of the Epidermal Growth Factor
Receptor (EGFR) family. ErbB2 is overexpressed in a variety of tumor types. When
overexpressed, HER2 can form a heterodimer with other members of the EGFR family.
Unlike homodimers, which are either inactive or their signalling is weak, ErbB2
heterodimers can extend and increase downstream signalling resulting in high cell
proliferation and enhanced tumorigenesis (61). HER2-overexpressed and/or gene-
amplified tumors are generally biologically aggressive neoplasms. The expression, role,
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prognosis impact and therapeutic relevance of HER2 in OC has been widely discussed in
the literature through the years, and the proportion of OC tumors expressing HER2 is still

a matter of debate.

Several studies, summarized by Amler et al., have observed and reported HER2
overexpression in a range of 5-35% of ovarian tumors (62). In accordance to this data,
other authors have remarked the overexpression of HER2 not only in breast cancer, but

also in 25-30% of ovarian tumors (17,61,63).

Amid a subset of 40 patients with early-stage forms of the disease, low expression
levels of HER2 were found in normal ovarian epithelium by immunohistochemistry
detection techniques in 70% of patients, but the role of HER2 in normal ovarian function
remains unclear. HER2 high-expression level (2+ and 3+) was found on 20% of patients,
without a clear link with prognosis (60), although HER2 overexpression has been

associated with decreased median survival in advanced stages (64).

Indeed, a correlation with advanced stages, more precisely stages III and IV, has
been observed (17). A recent analysis, conducted by Luo et al., including thirty-four studies
collecting a total of 5180 OC patients has concluded that the expression of HER2 was
negatively correlated with clinical prognosis of overall survival (p<0.001) and disease-free

survival/progression-free survival in OCs (65).

From a near point of view, data from Montpellier Cancer Institute (ICM) patient-
derived xenografts (PDX) collection found medium HER2 expression in 78% of 9 cases
(unpublished data, courtesy Dr. S. Du Manoir), indicating a subpopulation of patients that

could benefit from HER2-directed targeted therapies.

The use of targeted therapies, such as Trastuzumab (Herceptin®) might potentially
improve patient outcome, even if this therapy can only be addressed to those subsets of
patients overexpressing the receptor (66). Trastuzumab was first approved by the FDA in
1998 for the treatment of HER2-overexpressing breast cancer and metastatic gastric or
gastroesophageal junction adenocarcinoma. The mAb binds to the extracellular domain of
HER2 receptor, preventing the activation of its tyrosine-kinase activity. Different
mechanisms are related to trastuzumab-derived decrease of signalisation: prevention of
receptor dimerization, higher endocytosis and further receptor destruction, extracellular
domain shedding blockade and activation of the immune system (Antibody-Dependent
Cell-mediated Cytotoxicity, ADCC) (Figure 13) (67).
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Figure 12: EGFR family signal transduction and potential mechanisms of action of
Trastuzumab.

Trastuzumab treatment as a single agent has not proven a clear strong benefit for
OC patients. Its clinical value is limited by the low-frequency of HER2 overexpression and
poor rate of objective response among those patients overexpressing the receptor (60).
However, its commercial availability, proven safety profile and strong specific targeting
potential can be exploited through the coupling to radionuclides, making the treatment
more effective by delivering synergistic effect of cytotoxicity to specific killing tumor cells,
offering a new treatment opportunity for metastatic and diffuse diseases as the most

commonly diagnosed form of OC, Peritoneal Carcinomatosis.
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Biology of ionizing radiations: radiobiology

1. Generalities

Radiobiology studies the effects of ionizing radiation and its interactions with
biological matter, and more precisely, the downstream molecular and cellular processes
involved in the response to the ionizing radiation (68). Radiobiology plays a critical role to

further comprehend and optimize radiation delivery for cancer treatment.

Most of our current radiobiology understanding and insights derive from
conventional External Beam Radiation Therapy (EBRT) observations, in which irradiation

is homogeneous and produced in an acute manner, achieving high absorbed dose rates.

EBRT has evolved through the years to become a strongly acknowledged medical
specialty: Radiation Oncology, in which several science and health professionals from
different backgrounds and disciplines work tightly orchestrated to obtain the best
outcomes. Alongside chemotherapy and surgery, radiotherapy (RT) is one of the main
therapeutic approaches used in cancer treatment nowadays, being one of the most
successful tools and high cost-effective therapeutic means, accounting for 5% of the total
amount of cancer care (69). About 50% of cancer patients will receive RT during the course

of their disease, contributing in 40% of cases to curative treatment (70).

a. External Beam Radiation Therapy (EBRT)

Also known as “Conventional Radiotherapy”, EBRT is the most widely used form of
RT nowadays. Patients receive radiation coming from a clinical irradiator, placed “outside

of the body”, generated using a linear accelerator (LINAC).

The most commonly used particles for EBRT treatment are photons (low LET X-
Rays), having the ability to penetrate deep into the body, allowing to treat deep-located

tumors.

Low-LET particle radiation (X-rays and electrons) is used in everyday RT. Electron
beams produce a strong dose deposit to only a few centimetres below the skin, and low
dose deposit further. This approach can be useful for the treatment of skin cancer, which

needs superficial treatment.
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When radiation beams are composed of high-LET charged particles (as protons or
heavy ions, such as carbon), the RT is called hadrontherapy. The strength of
hadrontherapy and the use of charged particles relies on their energy deposition properties
related to their high LET. In particular, the Bragg Peak allows to deposit a maximum of
energy just before their path stops. These properties make hadrontherapy an extremely

precise form of RT, limiting absorbed those to the surrounding healthy tissues (71).

EBRT represents a great tool for the treatment and eradication of localized tumors.
Technological advances from the last years, new imaging approaches, stronger software
and computers, sophisticated LINACs, as well as novel delivery systems have allowed to
optimize treatments delivering the highest dose to the tumor while maximizing the risk of

damage to normal tissue (70).

However, its use is not indicated for the treatment of metastatic and diffuse
diseases, as Peritoneal Carcinomatosis, in which the potential damage of healthy tissues

would be too important to take the risk.

I will further describe the interactions of radiation and matter classified in two main
categories (Figure 13): Targeted effects (observed in cells effectively irradiated) and non-

targeted effects (observed at distance of irradiated cells).
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Figure 13: Summary of targeted and non-targeted effects of radiation (72).
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2. Targeted effects

During its passage through matter, particles (electrons, photons, etc.) deposit their
energy following different processes depending on its nature, its initial energy and the
atoms encountered throughout their path. The steps linking the primary energy deposit
(atomic scale) to its biological consequences (cellular scale) are numerous, complex and
for some, only partially known. As shown in Figure 14, these steps occur at scales of
extremely different times going from 108 seconds (physical step) up to decades (biological

and clinical stages).
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Figure 14: Chronology of events following irradiation of biological matter (73).

a. Indirect effects: water radiolysis and Reactive Oxygen Species (ROS)

As water constitutes around 70% of the cell structure, it is the most prominent
target of radiation. Their interaction leads to water ionisation and excitation, and finally,
to water dissociation through water radiolysis. The process is called indirect mechanism
(74), as it genereates Reactive Oxygen Species (ROS) such as hydroxyl radical (OH"),
superoxide anion (O~ ) and hydrogen peroxide (H.O.) (Figure 15), that will, in turn,
oxidize cell constituents. DNA, but also other cellular components (proteins, lipids...) will
be modified, causing structural damage at a molecular scale. Organic radicals (R°),
resulting from ROS-medited oxidation, can in turn react with oxygen (O.) to form peroxyl
radicals (RO-*) (75), leading to R* molecule disruption (e.g. lipid peroxidation of poly-
unstaurated fatty acid). Furthermore, generated radicals can react with each other,

forming stabilized molecules capable also to injury the cell, such as H,O..
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Figure 15: Main reactions of water radiolysis. Modified from Le Cier, 2011.

In the presence of catalytic redox metal ions, such as iron (Fe3*/Fe2t), highly
reactive OH* radicals are produced through Fenton and Haber-Weiss reactions, a process

enhancing cellular damage (76) (Figure 16).

H.0. and O.'- are considered as less reactive species than hydroxyl radicals. In

contrast, they can diffuse longer distances from their origin site.

The nature of ROS produced by radiation is similar to those produced during

endogenous processes like cell metabolism.

Cell mitochondria are known to be the main ROS producers within the cell, and are
also responsible for the formation of O.*~ (77). O."~is further transformed in H.O, through
the action of one of the antioxidant defences of the cell, Super Oxide Dismutase (SOD)
(78). H.0., toxic for cells, can be catabolized into water by the action of other enzymes

implicated in antioxidant reactions, such as catalase or glutathione peroxidase (GPx).

When ROS production and accumulation bypass the antioxidant capacities of the
cell, they can travel across the cell cytoplasm, participate in redox signalling pathways, or

cause direct oxidative damage contributing to radiation cytotoxicity.

55



Radiobiology of ionizing radiations

€ aq
GPx,
Catalase
H,0
Lipid peroxidation Protein oxidation

DNA oxidation

Figure 16: ROS production and degradation through the action of antioxidants (SOD, GPx,
catalase) or conversion to OH", highly deleterious causing further cellular damage.

b. Direct effects

Direct effects will be produced when radiation oxidize other constituents than water
according to a one electron oxidation process. Therefore, the process takes place in the
absence of ROS. When an ionizing radiation interacts with matter, the molecules that
compose its structure will become excited or ionized, leading to the disruption of the
covalent bonds that keep the molecular structures together. Therefore, when DNA, the
main target of radiation, is hit, its molecular structure will be disturbed, leading to cell

damage and eventually cell death, if the damage cannot be repaired.

In general, high-LET radiation act through this process, as ROS produced during
water radiolysis will recombine and be neutralised, while low-LET radiation will more

frequently induce indirect effects (74).

c. Biological effects: DNA, protein and lipid damage

The biological effects of radiation arrive after the direct effects of radiation itself (as
a result of matter excitation and/or ionization) and the indirect effects produced by
reactions with water and free radicals, as a consequence of those insults. If the cell is not
capable to repair the damage caused, it can follow two other fates: either the cell dies, or
becomes altered. These alterations can have early (hours to days) or late (months to years)

consequences (Figure 14).
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e DNA oxidation

DNA lesions can be classified in Single-Strand Breaks (SSBs) and Double-Strand
Breaks (DSBs), base alterations or base loss, and crosslinks between DNA and proteins or
nucleic acids (Figure 17). With high-LET particles, more dense ionizations will be
accompanied by the formation of more complex damage than low-LET emitters, called
clustered lesions or Multiple Damage Sites (MDS). MDS correspond to two or more lesions

per helix turn. DNA DSBs are one of the best examples of MDS.
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Figure 17: Schematic representation of direct and indirect effects of radiation on DNA
(79).

SSBs account for being the most common strand break lesions produced upon
radiation. As for DSBs, both lesions are produced mainly after OH" radicals strike and tear
apart the bond between sugar and phosphate that keeps the double helix of DNA together.
SSBs cell killing efficacy is considered weak, as they represent scattered lesions, overall
easy to repair. DSBs are more deleterious than SSBs, as they involve the breakage of both
strands of the DNA helix, being lesions more difficult to repair. However, DSBs are less
frequently produced. Also, they can be produced by misrepairing of concentrated DNA
damage sites. Low- LET radiation produce, about 40 DSBs and 1000 SSBs per cell and per
Gy.

Base alterations can appear as a consequence of direct effects as well as the action
of OH" on purine and pyrimidine bases. They account for being the most usually observed
DNA lesions, occurring 2000 base damages per cell and Gy in the case of low-LET
radiation. Cross-linking between DNA and other molecules, as well as inter- or intra-

molecular crosslinks of DNA strands themselves also appear under the effect of ionizing
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radiation. Contrary to base damage, SSBs and DSBs, the formation of DNA-protein
crosslinks is promoted in the absence of oxygen. Histones and actin are examples of
proteins that can be cross-linked to DNA (80). Around 150 DNA-protein crosslinks are
estimated to be formed per cell and Gy of low-LET irradiation (779), accounting for the less

frequent radiation-induced DNA insults.

e Lipid peroxidation

Lipids are the major component of cellular and organelle membranes (81). The
formation of lipid peroxides upon radiation of these membranes, contributes also to
radiation-induced tissue and cellular toxicity. Oxidation of poly-unsaturated fatty acids
(PUFA) through the action of radiation itself or free radicals, leads to the formation of fatty
acid (or peroxyl) radicals. Peroxyl radicals are biologically active and can, in turn, react
with cell proteins, nucleic acids and other lipids (including PUFA, an essential target of
lipid peroxides). These oxidative reactions happen as a waterfall, a peroxidation reaction
chain (Figure 18), resulting in the alteration of membranes composition. Peroxyl radicals
will attack PUFA, such as arachidonic and linoleic acid, containing carbonyl groups on
their structure, leading to the production of hydroperoxides, such as malondialdehyde
(MDA), 4-hydroxy-2-non-ene (HNE) and acrolein (82).
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Figure 18: Schematic representation of lipid peroxidation cascade reactions. Modified
from Pouget et al., 2018.

e Protein oxidation

As well as DNA, proteins can also be damaged by direct and indirect effects of
radiation. This damage is mainly produced by oxidation, reduction, carbonylation and
post-transcriptional changes, resulting in protein activity and expression alterations. Like
lipids, protein hydroperoxides can start chain reactions in proteins, leading to structural

disorganization and amino acid loss (83).
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3. Absorbed Dose, Linear Energy Transfer and Relative Biological Efficiency

The principle of EBRT relies on the use of ionizing radiation to kill cancer cells. By
definition, radiation is ionizing when its energy is beyond a certain threshold (about 35eV
in human body), able to ionize atoms. This can be achieved using particles emitted by
radionuclides or accelerated by linear accelerators. Ionizations, but also excitations, will
set electrons into motion that will interact again until complete energy loss. Finally, the
energy released and absorbed in the matter is quantified through absorbed dose
calculation. The latter parameter is crucial during RT, as most of the biological effects
measured in tissues (tumor regression, toxicities...) and called determinist effects, are
expected to be proportional to it. However, other parameters, like the Linear Energy
Transfer (LET) of the particles, need to be considered for understanding the outcome of

irradiated cells.

o The absorbed dose, expressed in Grays (Gy), represents the quantity of
energy, in Joules (J) absorbed per kilogram (Kg) of matter (1Gy = 1J/Kg).

Generally, a reduction in the dose rate at which a target is irradiated, results in decreased
toxicity and lower biological effects observed. The main explanation for this effect is that
lower dose rates provide greater time for DNA damage to be repaired. Therefore, when
cells are exposed to low dose rate irradiation, higher survival fractions and lower
chromosomic aberrations are observed (84). However, this is only true in a certain range

of dose rate and using the same type of RT (85).

. The LET is a concept introduced to characterize the interactions beteween
radiation and matter. It corresponds to amount of energy deposited by ionizing
particles along a linear path. It is expressed in kilo-electronvolts per micrometre
(keV/um), the ratio between the energy loss and the corresponding path length (79).
LET depends on the nature of the particles and on their energy.

In this context, radiations can be divided in two groups: high- and low-LET (Figure 19).
High-LET particles (a-particles, heavy ions, Auger electrons, neutrons and to some extent
protons) have a high probability of interaction with matter, resulting in high ionization

density and short range in tissues (depending on their energy). At the molecular level,
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these high densities of ionization are associated with very high cytotoxicity and

genotoxicity due to MDS in cells and, particularly, in DNA (lethal lesions).

On the other hand, low-LET particles (electrons, X- and y-rays, B-particles) will
have weaker probability to interact with matter and hence, produce lower energy deposits
causing sparse lesions easier to repair (68). This leads to “simple lesions” that can be

repaired (sublethal lesions) or not (lethal lesions).
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Figure 19: Schematic representations of the track structure of high- and low-LET
radiation.

. The Relative Biological Efficacy allows to compare low and high LET
radiation. It is the ratio between the absorbed dose of 225Kv X-Rays to produce a
determined biological effect and the dose required for the radiation of interest. The
RBE can be calculated, for a given biological effect (cell death, DNA damage,
chromosome aberration or mutation), as the ratio between 225kV (dose of standard X-
rays) and the dose of the radiation type of interest necessary to produce the above-

mentioned biological effect:

Dose in Gy from 225kV X—rays
RBE = 24

Dose in Gy from another radiation source to produce the same biologic response

The easiest way to calculate the RBE is to determine in vitro the doses of two
radiation types leading to the same clonogenic survival. Clonogenic survival is defined as
the ability of a cell to proliferate indefinitely after irradiation. It is a robust and relevant
parameter to assess radiation effects since any tumor cell that retains proliferative capacity

can cause failure to treatment (74, 87).
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The Linear-Quadratic (LQ) model (Figure 20) is one of the key tools in preclinical
but also clinical radiobiology, providing a simple relationship between cell survival and the
delivered dose. It has been employed to analyse and predict responses to ionising radiation
both in vitro and in vivo. The model considers the contribution of lethal and sub-lethal
events occurring following an ionizing radiation and express the radiation effect on a cell

population as the survival probability (S).

where:

D = radiation dose

—oD— RD2
S (D) = e~aD-BD a = intrinsic cell radiosensitivity (logarithm of the dying cell
proportion due to their inability to repair radiation-induced
damage)

B = cell repair capacity (logarithm of the proportion of cells
surviving due to their ability to repair radiation-induced damage)

The a-value will be therefore stronger for high-LET radiation, while -value will be
higher for low-LET. The a/f value indicated in Figure 20 is the assumed absorbed dose
(Gy) for which the number of cell loss by immediate lethal lesions from the linear curve (-
aD), equals the number of late responding cell deaths by accumulation of sublethal lesions
(-BD2). The latter curve (quadratic) shows a progressive curvature called shoulder,
explained by the decrease in repair by saturation of the enzymatic mechanisms when the
dose increases. Although a vast range of dose and tissue experimental data are in
accordance with the LQ model, it does not take into account the dose rate nor the treatment
time (88), and is only valid in some ranges of dose rate. So far, it is not clear if it can be

used during Targeted Radionuclide Therapy (TRT).

Figure 20: Survival curves and parameters
exp(-aD) in the Linear Quadratic model. Overall cell
survival curves (solid lines) for low and high-LET
radiations are plotted with each component in the
] LQ equations as the linear components (dotted
exp(-pD?) lines) and quadratic components (broken line).
The dose of the crossing points indicates the a/f3-
value. Survival curve for high-LET radiation is
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4. Non-targeted effects: bystander and abscopal responses

Non-targeted effects, also known as off-target responses, are observed in cells at
distance of irradiated cells. These effects can occur at short distance (few mm) of the
irradiated site through paracrine interactions between an irradiated cell and non-
irradiated neighbouring cells (bystander effect) or at longer distance through systemic

activation of the immune system (abscopal effect).

Back in 1992, Nagasawa and Little reported that when cell culture monolayers were
exposed to alpha radiation, sister chromatid exchanges were observed in 30% of cells while
less than 1% of those cells were actually crossed by alpha particles (89). Since then,
numerous studies have been conducted to better understand this phenomenon. The
bystander effect is generally defined as the ability of an irradiated cell to induce damage
in nearby non-irradiated cell population. The principal mechanisms mediating those
responses involve direct cell-cell intracellular communication and the paracrine release
and transmission of mediators, such as extracellular DNA, extracellular vesicles, Ca2*, or
cytokines (90). Described bystander effects include apoptosis, gene mutations,

chromosomal abnormalities, cell transformation and cell death, among others (83).

The abscopal effect (ab scopus, away
from the target) is defined as a systemic
e antitumor response achieved in distant
- areas from the locally irradiated body

region. Several reports indicate that local

¥ - ¥ irradiation can activate immune effectors to
:".o produce an antitumor effect on non-
e o | ~ irradiated tumor sites (92,93). In a clinical
context, abscopal responses have been

Figure 21: PET scan showing

fluorodeoxyglucose (FDG) uptake in the
primary breast tumor and secondary
multiple metastasis. A) Before and B) 10
months after breast local radiotherapy (91).

clearly demonstrated in lung, kidney,

melanoma, lymphoma and hepatic cancer

patients (94).

A classic example of an abscopal response was described by Azami et al., where a

breast cancer patient with multiple metastasis, treated by radiation monotherapy,

achieved a spontaneous regression of the irradiated tumor, but also the non-irradiated

metastasis (Figure 21) (91).

62



Radiobiology of ionizing radiations

5. Radiation-induced cell deaths

When a cell is exposed to an ionizing radiation and is unable to repair de damage
that has been caused, it dies. Three major mechanisms of radiation-induced death have
been described: mitotic catastrophe, necrosis, and apoptosis. However, radiation-induced
cell detah is a complex process that may involve several different mechanisms, further

discussed in this section.

a. Mitotic catastrophe

Also known as mitotic death, this mechanism is the result of cumulated DNA
damage and chromosomal aberrations following the action of an ionizing radiation.
Chromosomal aberrations result from unrepaired or misrepaired DNA strand breaks,
leading eventually to chromosome fragmentation and intra- or inter-chromosomal

exchanges (Figure 22).
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Figure 22: Chromosomal aberrations induced by exposure to an ionizing radiation (79).

Mitotic catastrophe is the result of impaired mitosis and the subsequent
accumulation of chromosomal aberrations. Impaired mitosis is therefore initiated before
S and G2 phases have been properly completed, failing to arrest the cell cycle. The outcome
of this impaired cell division process is an aberrant chromosome segregation during
mitosis, with the formation of gigantic or binucleated cells, having more than one nucleus
or numerous micronuclei, resulting in the gradual loss of genetic material. Cell-cycle
kinases and checkpoint proteins, caspases and p53 account among the key regulators of
this process (95). Interestingly, it has been described that p53-deficiency can promote

radiation induced mitotic cell death (96).
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b. Apoptosis

Apoptosis is a programmed and regulated form of cell death, accompanied by
typical morphological and molecular features. This cell collapsing mechanism is
characterised by the reduction of cellular volume (shrinking) and blebbing of cytoplasmic
membranes, followed by chromatin condensation and DNA fragmentation, and finally,
apoptotic bodies formation (97). Apoptosis is executed by a family of proteases known as

caspases (98). Three main apoptotic pathways have been described:
e Intrinsic pathway

Often referred to as “mitochondrial pathway”, as its final feature is the
permeabilisation of the mitochondrial membrane (Mitochondrial Outer Membrane
Permeabilisation, MOMP) accompanied by cytochrome ¢ (among other proteins) release
into the cytosol, activating the pathway-specific caspase-9 that will, in turn, activate the
effector caspase-3. The intrinsic pathway is activated when the equilibrium between pro-
apoptotic (Bax, Bak, Bad, Bid, NOXA, PUMA...) and anti-apoptotic (Bcl-2, Bcl-XL,
MCL1...) members of the Bcl-2 family is imbalanced to the pro-apoptotic side. Upon
radiation damage, p53 will orchestrate the transcription of pro-apoptotic genes, activating
Bax/Bak proteins that will create pores in the mitochondrial membrane (99). Interestingly,
increased radiation-induced ROS production in cell mitochondria will also promote

cytochrome c release into the cytoplasm (100).
e Extrinsic pathway

The extrinsic apoptotic pathway is also known as “death receptor pathway”. Upon
exposure to an ionizing radiation, cells can increase the activation of plasma membrane
death receptors from the Tumor Necrosis Factor (TNF) family: TNF-R, FAS and TRAIL-R.
Once activated, death receptors will promote Bid cleavage by caspase-8 and subsequent
release of cytochrome c. Initiator caspase-8 will promote the activation of effector caspases

3 and 7, eventually leading leading to cell death (101).

e Ceramide pathway

The last apoptosis mechanism is initiated when radiation activates acid
sphingomyelinase (ASMase), a hydrolase enzyme present in cellular and organelle
membranes, converting sphingolipids into ceramide and creating this way ceramide-rich

domains. Ceramide channels have been linked to apoptosis induction via MOMP (102).
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Here ceramides will act as second messenger of the apoptosis downstream pathway, which
signalling cascade remains complex. Protein Kinase C (PKC), Mitogen-Activated Protein
Kinase (MAPK), p38/Junk Kinase (p38/JNK), or cathepsin D account for signalling

molecules activated by ceramides (103).

c. Necrosis (and necroptosis)

Necrosis is known as a disorganized, chaotic cell death mechanism activated in
response to an extreme injury, as high radiation doses delivered during TRT (73). Necrosis
is linked to inflammatory processes, as the outcome includes the cell lysis and spilling of
the cellular content to the extracellular space, contributing to the inflammatory reaction.
Necroptosis shares morphological features with necrosis, however, is a regulated form of
caspase-independent cell death. Necroptosis can be triggered trough death receptors and

mediated by the Receptor Interacting Protein 3 Kinase (RIPK3) (104).

d. Other types of cell death: autophagy blockade and iron dependent cell death
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Figure 23: Schematic overview of the autophagy mechanism (105).

Autophagy (“self-eating”) is described as the mechanism of capture, recycling,
and latter lysosomal degrading of damaged cell components, as a response to cellular
stress. Is a tightly regulated cell death process, involving the AutOphaGy genes (ATGs) and
is believed to be activated upon radiation exposure through mTOR pathway and
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endoplasmic stress (104). The role of autophagy in radiation responses is still rather
controversial, as a double function has been described, either cytotoxic or cytoprotective
(106), as autophagy activation upon radiation has been linked to treatment resistance,
helping the cancer cell to repair degraded cellular components and keep alive (105). But
autophagy can also be used in our favour as a therapeutic tool through blockade of the
autophagic flux. The combination of autophagy inhibition and radiation has shown to
enhance tumor suppression and angiogenesis (107). These strategies aim to interfere with
key steps of the autophagic process (Figure 23), like the autophagosome-lysosome fusion,

as autophagosome accumulation is known to induce tumor cell death (108).

Upon exposure to an ionizing radiation, increased production and accumulation of
water radiolysis and ROS is related to lipid oxidation and lipid peroxides generation, as
described in Section 2c. Targeted effects. Three main features characterize ferroptosis
cell death: the presence of oxidable PUFA, redox-active iron and impaired lipid
peroxidation repair (109). Lipid peroxidation is the key driver of ferroptosis, which can be
inhibited by the action of antioxidants as well as iron chelators, such as deferoxamine
(DFO) or deferiprone (DFP) (110). Iron chelators inhibit ROS formation by averting
electron and oxygen reactions. It has been described that upon high-dose radiation, lipid
peroxidation and subsequent cell death can only be stopped by iron chelators, but not with
lipophilic inhibitors (as ferrostatin-1), which mechanism of action consists in trapping
peroxidised lipid free-radicals. This suggests an alternative path of ferroptosis, to an iron-

dependent mechanism of cell death (111) (Figure 24).
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Figure 24: Simplified iron-dependent cell death pathway. Modified from Dixon et al., 2019.
Created with Biorender.
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6. Internal Radiation Therapy: a broader choice of emitting particles

As its name indicates, Internal Radiation Therapy is delivered to the patient from
“inside the body” using radioactive sources, either sealed and implanted in cavities or
tissues (brachytherapy), or through systemic administration of radiopharmaceuticals
(radioactive drugs), also known as Targeted Radionuclide Therapy (TRT) (112). TRT
is one of the most broadly developing directions in nuclear medicine nowadays, and
exploiting its strong therapeutic potential is relatively new to radiation therapy. The rise of
TRT can be explained thanks to the concomitant expansion of cancer biology knowledge,

bioengineering and radiochemistry in the past years (113).

Conversely to EBRT, which does not differentiate between healthy and tumoral
tissue and can be therefore considered as non-specific therapy, TRT is a high-precision
approach which targets specifically cancer cells, minimizing collateral damage to normal
tissues. The main differences between both types of RT are summarized in Table 3.
Radiobiology of EBRT cannot be directly extrapolated to TRT because the latter delivers
dose at continuous low dose rate, heterogeneously and according to a complex decay
spectrum. The biological effect, biodistribution and pharmacokinetics of the targeting
vector must also be considered to the intricate TRT scheme. A better knowledge of the
radiobiology of TRT remains crucial to improve cancer treatment, decrease healthy tissues

related toxicities and further improve the survival and quality of life of cancer patients.

The main differences between both types of RT are summarized in Table 3.

EBRT TRT
Photons and electrons Targeting vector (PK/PD)
Low LET (0.2keV/um) LET given by the radionuclide
Localized tumor Localized, diffuse, metastatic tumors
Homogeneous dose distribution Heterogeneous dose distribution
2Gy/fraction, multiple fractions Protracted exposure (hours to days)
High dose rate (60-120 Gy/h) Low absorbed dose rate (<0.1—1 Gy/h)
Well defined dosimetry (50-80 Gy) MIRD dosimetry (15-30 Gy)

Table 3: Main differences between EBRT and TRT. Adapted from Pouget et al., 2015. PK:
pharmacokinetics, PD: pharmacodynamics, MIRD: Medical Internal Radiation Dose.
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a. Radionuclides for therapeutic purposes

The selection of the right radionuclide is based, overall, on practical considerations:
the production cost and availability of the radioisotope, the radiolabelling process and its
facility of use. In addition, the type of emission and their associated LET to treat the right
type of tumor, as well as the half-life of the isotope, which should match the
pharmacokinetic profile of the vector, must also be taken into account (114). Depending on
the type of radioactive decay emission, radionuclides can be classified into beta ([3), alpha

(a) and Auger electron emitters, possessing different LET and range of action (Figure 25).

Auger electrons Single cell (nm)
(LET: 4-26 keV/pum)

Alpha (a) 4 Several cell diameters (50-100 um) 2
(LET: 50-230 keV/um) | 3 L L e R 4 3
Beta () ,
(LET: 0.2 keV/um) (0.2-12 mm)
@ e e @5

-
—

'd

0/ 000 00¢

Figure 25: Track length of alpha, beta, and Auger electron emitters relative to cell size.
Adapted from Pouget et al., 2011. Created with Biorender.

- Beta () emitters

Beta (p-) particles are negatively charged electrons emitted from the unstable
nucleus of an atom with an excess of neutrons, possessing intermediate energy (30 keV -
2.3 MeV) and low LET ranges (0.2keV/um). Low LET particles produce few and scattered
excitations and ionizations in contact with matter, leading to individual, overall easy to
repair lesions. They travel a relatively long track path at a cellular/tissue, which translates
up to few millimetres in tissues. This long range of ionization presents several advantages,
as to attain tumor cells not expressing the targeting antigen or inaccessible cancer cells

located deep inside the tumoral mass. This effect, known as cross-fire irradiation, can also
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represent a handicap, as long track path is also related to bone marrow and surroinding

healthy tissue toxicity (114).

Beta emitters are the most widely used emission type for TRT, which can be
explained by their wide availability. Many of these radionuclides emit photons (y-rays),
allowing imaging techniques (SPECT), as well as TRT. The most familiar and frequently
used B-emitting radionuclides, currently approved, and used in clinical routine are

Lutetium-177 (*77Lu), Yttrium-90 (9°Y) and Iodine-131 (*3:I) (Table 4).

Radio- Trade Approved

pharmaceutical name indications

Adult and pediatric patients (>12 years), Iobenguane scan
31]-iobenguane Azedra®  positive, unresectable pheochromocytoma,/ paraganglioma

(locally advanced or metastatic) requiring systemic therapy

Adult patients, Somatostatin receptor positive gastro-
177Lu-DOTATATE Lutathera® enteropancreatic neuroendocrine tumors (GEP-NETS),
including foregut, midgut, and hindgut NETs

177Lu-PSMA-617 Adult patients, Prostate-specific membrane antigen (PSMA)-

(77Lu-vipivotide Pluvicto® positive metastatic castration-resistant prostate cancer,
uvicto

tetraxetan) treated with androgen receptor pathway inhibition and

taxane-based chemotherapy

Relapsed or refractory, low-grade, or follicular B-cell non-
90Y-ibritumomab . Hodgkin’s lymphoma (NHL)
. Zevalin® . . o . :
tiuxetan*® Previously untreated follicular NHL in patients with partial

or complete response to first-line chemotherapy

Table 4: Current list of all FDA-approved beta-emitting radiopharmaceuticals and their
indications (115). *Not widely used at present.

Among the previously cited B-emitters, 77Lu is the chosen isotope for the
development of the therapeutic approach in our work. As a therapeutic agent, 77Lu
presents several advantages over other -emitters (116,117), as, for example, 9°Y, producing
less cross-fire irradiation effects translated in less toxicity phenomenon. Besides, 77Lu -
radiation emissions are highly appropriate for the targeting of small tumors and
micrometastases (118), the main characteristics of OC metastatic stage, Peritoneal
Carcinomatosis, previously described in Section “Ovarian Cancer and Peritoneal

Carcinomatosis, needs for new therapeutic tools” and the model of study in this work.
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- Alpha (a) emitters

Alpha (a) emitted particles are ejected from high atomic number radionuclides and
are composed of two protons and two neutrons: a naked 4He nucleus with +2 charge. 22At,
225 ¢, 227Th, 223Ra and 2:2Bi account for being a-emitting radionuclides with potential
applications for TRT (119). a-particles possess a high ionization potential (5-9 MeV)
deposited in a short range (<100 um), making them effective and successful ionizing
agents with high LET (50-230 keV/um). High-LET radiation leads to irreparable and
complex damage, producing 500 higher cytotoxicity than the low-LET radiation produced
by B-emitters (120). a-emitters represent therefore an appealing approach for cancer
therapy, however, their overall low availability, high production costs and lack of
radiolableing techniques capable to prevent the release of toxic daughter particles have

delayed a-TRT development (121).

223Ra is the only alpha emitter approved for its clinical use to date under the
commercial name Xofigo® (Radium-223 dichloride) for the treatment of bone
metastasized, castration resistant prostate cancer. 223Ra is a calcium mimetic, targeting
bone by natural tropism, bringing cytotoxic alpha-radiation directly to the bone metastasis

site (122,123).

- Auger electron (AE) emitters

Auger electrons (AE) can be defined as very low energy electrons emitted after a vacancy
is created in electronic K shell of atoms. This can be obtained with radionuclides decaying
by electron capture (EC) and/or internal conversion (IC), such as ''In or 251, but also in
atoms are ionised during radiation exposure. Briefly K shell electron vacancy created in
the inner orbital of the atom (i.e., K shell), will be fulfilled by the movement of another
electron from the outer (i.e., L shell) to the inner shell (i.e., K shell). This electron
movement will result in an energy emission, transferred to an electron of the outer shell,

tearing it up from the orbital (Figure 26). It can also be emitted as fluorescent X-rays.
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This process will repeat over and over, creating an AE cascade. Although the energy
of AEs can reach tens of keV and have a subsequent range of tens of um, most of them have
low energies (<1 keV), which they deposit on a short-range path (<500 nm), yielding high
LET (4-26 keV/um) and therefore producing highly localized energy deposits. Because of
their short range, AEs allow to avoid off-target irradiation of healthy tissues and therefore,

possible crossfire related toxicities.

This particular energy deposition makes AE emitters the most precise irradiation
type, a very attractive property for cancer treatment (125). However, AE TRT is not
available yet in the clinic to date, but the recent expansion of biologically targeted
therapies, especially human mAbs and derivatives, creates new opportunities for the

design of innovative AE radiotherapeutic compounds.

Figure 27 summarizes the main differences of the above-described TRT emissions.

Beta particles Alpha particles Auger electrons
(LET: 0.2 keV/um) (LET; 50-230 keV/jm) (LET: 4-26 keV/um)

Low LET High LET

lonizations/excitations

Figure 27: Main differences of beta, alpha and AE TRT. Simplified model of cellular damage
depending on emitted particle and associated LET (121). Created with Biorender.
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Targeted Radionuclide Therapy for Ovarian Cancer

1. State of the art

As described in section “I.6 Peritoneal Carcinomatosis”, OC is generally diagnosed
at a metastatic stage, when it has spread into the peritoneal cavity under the form of PC.
The standard treatment consists in a cytoreductive surgery to remove the macroscopic
disease followed by systemic platinum-based chemotherapy. Although at first most
patients are good responders, the disease will reoccur in 70% of cases (126). The targeted
therapies developed to target the cancerous minimal residual disease did not show
substantial returns, except for i) Bevacizumab (VEGF trap), which targets the angiogenesis
in endothelial cells in the tumor-supporting environment, and ii) PARP inhibitors, which
present survival advantages for a subset of patients harbouring BRCA mutations. In this
context, EBRT cannot be applied due to the high risk of damage of the tumor-neighboring
healthy tissues, as PC is a metastatic and diffuse disease. Altogether, these facts justify the
urgent need for new diagnostic and therapeutic tools for the management of OC
patients. Here, TRT, targeting specifically the cancer cells, reducing healthy

tissue-related toxicities presents a new treatment opportunity.

Over the past 10 years, TRT of solid tumors and metastatic diseases, as ovarian derived PC,
has increased significantly, accounting for more than half of the ongoing current TRT
clinical trials (Figure 28) (127). Different strategies have been developed for OC in
preclinical and clinical studies, using a wide range of targets, antibodies and radionuclides,
which will be overviewed and further discussed in this section. The mode of administration
is almost exclusively IP, which, in the case of chemotherapy and HIPEC, showed the best
returns in terms of efficacy. Consistently, IP administration of radiolabelled antibodies

also results in increased tumor uptake compared to intravenous (IV) administration (128).

A. B.
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Figure 28: A) Amount of publications/year with TRT protocols for solid and non-solid tumors. B)
Repartition of clinical trials for solid tumors (2010—2021). Adapted from Rondon et al., 2021.
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TRT potential is not limited to therapy but allows the set-up of theranostic
(therapy/diagnostic) approaches (Figure 29), consisting in the use of molecular

imaging to establish the biodistribution of the radiotherapeutic agent.

In this context, the radiopharmaceutical is employed for non-invasive diagnostic in
trace quantity (nano-molar to pico-molar range), using diagnostic radionuclides for,
depending on their emission, Single Photon Emission Computed Tomography (SPECT) or
Positron Emission Tomography (PET) imaging. SPECT scans isotopes as 99™Tc or ''In are
overall more available, cost-effective, and long-lived. Whereas PET radionuclides such as
18F or 8Ga, widely used in preclinical and clinical research, are produced in cyclotrons, and
possess short half-lives, making them less cost-effective than SPECT radioisotopes.
However, PET imaging is known to offer better image resolution and increased sensitivity
and is the nuclear imaging technique of choice in clinical routine, even if the technological
advances in recent past years have reduced the existent imaging resolution differences

between both techniques (129).

Molecular imaging allows then to faithfully visualize and quantify the
biodistribution of the desired radiopharmaceutical compound in tumoral as well as healthy
tissues before therapeutic intervention. Dosimetry studies will give an accurate
estimation of the absorbed dose in the body, thus maximizing tumor response and
minimizing normal tissue absorbed dose and toxicity (130). Even if the use of dosimetry
has not yet been standardized in clinical routine across different institutions, multi-
disciplinary theranostic approaches will allow to optimize the best treatment regimen for
each individual patient: a major step forward to personalized treatments in clinical

routine.
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Figure 29: Multi-disciplinary theranostic approach in TRT. Created with Biorender.
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Several parameters must carefully be considered when designing a new

radiopharmaceutical compound, tipically structured as represented in Figure 30.

The choice of the right vector for the right target, to successfully deliver the right
radionuclide to the tumor are essential to obtain the highest therapeutic index with the

minimum health risks and will be further discussed hereafter.

Targeting vector Radionuclide
Ensures drug Source of desired radiation
accumulation in target a-emitters: 225A¢, 212Bi, 223Ra
(mAbs, peptides...) B-emitters: 77Lu, %Y

Auger e- emitters: 1251, 23], **1In
y
4

Bifunctional chelator
Linker Secures radiometal for
Joins radioactive safe biological transport
and targeting moieties (DOTA, DTPA..)

Figure 30: Standard, four-component radiopharmaceutical compound design. Created
with Biorender.

2. Target and vector: focus on monoclonal antibodies

TRT highly accurate targeting is achieved using high-affinity molecules as carriers,
or vectors for radionuclides, leading them to selectively accumulate in tumor cells. The
choice of the right vector, as well as the choice of the optimal antigen expressed on the

tumor cell surface are crucial parameters for TRT therapeutic and diagnostic applications.

a. Selection of the right antigen in tumor cells

Ideally, the targeted antigen will be expressed (or better: overexpressed) on the
membrane of the tumor cell, with an equal level of expression and distribution among the
whole surface of the malignant lesion. Not only the tumor cell can be targeted, but also the
tumor microenvironment (Fibroblast Activation Protein, FAP targeting), tumor-
supporting vascular structures (VEGF) or even the surrounding immune cell population
(T cells, B cells...) (131). Antigen expression needs to be: i) low or null in normal cells in
order to obtain minimal undesired side effects ii) detained in the cancerous lesion, without

further drainage to the blood circulation (132).
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b. Selection of the right targeting vector

The principal and more widely used vectors for TRT are antibodies and peptides.
When the targeting molecule is a mAb, we will be talking about Radioimmunotherapy
(RIT); when it is a peptide, about Peptide Receptor Radionuclide Therapy (PRRT).

The ideal vector must have great affinity and specificity for the selected target and
should never be toxic or immunogenic. In the past, several studies were conducted using
full-length mouse antibodies, which induced human antiglobulin antibody responses
leading to rapid elimination kinetics compromising the efficacy of the treatment. Thanks
to engineering advances in the past years, human, humanized and chimeric antibodies,
with longer plasmatic residence are available for clinical use (114). Antibody fragments
(minibodies, diabodies, nanobodies...) can also be used in RIT and are a topic in swing
nowadays, possessing quicker renal elimination kinetics than intact full size mAbs, which
are cleared by hepatic elimination (133). Antibody and different antibody derivatives
available for TRT targeting, as well as their respective molecular weight, plasma residence

time and clearance route are summarized in Table 5.

Format Molecular Weigth (kDa) Serum half-life (t,/-) Clearance

‘\ﬁ” Intact IgG 150-160 1-3 weeks Hepatic

\ ¥/ F(ab’)- 110 8-10 hours Hepatic

H Minibody 75 5-10 hours Hepatic

L\ 3 Fab 50-55 12-20 hours Renal

1= : _

Diabody 50 3-5 hours Renal

d scFv 28 2-4 hours Renal
Nanobody .

12-15 30-60 minutes Renal

Affibody 7 30-60 minutes Renal

Table 5: Antibody and different antibody fragments, molecular weight, plasma residence
time and clearance route. Adapted from Warnders et al., 2017.
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Radionuclides can be “attached” to antibodies by direct bioconjugation techniques
(e.g., 1251 binds directly to the antibody) or using bifunctional chelating agents, allowing

easy one step radiolabelling afterwards.

A bifunctional chelator is composed by two moieties: a chelator to coordinate the
radionuclide and a linker to connect to the antibody (134). To allow this coupling,
antibodies are modified by random or site-specific conjugation to lysine moieties (primary
amines: -NH,) with isothiocyanates (-N=C=S) and carboxylic acids (-COOH), or to
cysteine moieties (thiol group: -SH) using maleimides (C,HsNO.) (135).

Bioconjugation and later radiolabelling of antibodies and their derivatives for TRT
can modify their biodistribution profile and tumor uptake. The consequences of modifying
targeting molecules on their in vivo behaviour depends on each protein and should be

carefully examined for each type of targeting drug separately (136).

3. Radionuclides for Ovarian Cancer treatment

The size of the metastatic peritoneal nodules is the main parameter dictating the
selection of the appropriate radionuclide, as their track length defines their cytotoxic

potential.

¢ «a-emitting isotopes achieve a penetration in biological tissues of 30-100 um. This
short range of action combined with their high LET and strong cytotoxic potential
makes them great candidates for the treatment of metastatic diseases as PC. Overall,
the following a-emitting radioisotopes have been used in preclinical and clinical
studies of TRT for OC: Actinium-225 (225Ac), Bismuth-213 (2!3Bi), Lead-212 (2:2Pb),
Astatine-211 (2!At) and Thorium-227 (227Th) (137). However, as it was further
explained in this chapter’s section “2.6.a. Radionuclides for therapeutic purposes”, a-
emitter therapy has some drawbacks, as radionuclides possess overall low availability,
high production costs and lack of radiolabelling techniques capable to prevent the

release of toxic daughter particles.

e pB-particles have shown several advantages and encouraging effects regarding
peritoneal metastatic spread, such as the decrease of tumor size (138), complete
response (remission) at third-look evaluation (139) and decreased peritoneal disease
recurrence (140). B-particles penetrate tissues at ranges of 0.2-12 mm, being capable

of producing cytotoxic effects in the interior of solid tumors, even when the
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radiotherapeutic drug is in the periphery of the cancerous mass. The more commonly
used [B-emitters are Yttrium-9o (9°Y), Copper-67 (¢7Cu) , Iodine-131 () and
Lutetium-177 (*77Lu) (137).

e Despite their strong potential to treat small metastasis due to their short path length,
their high LET, and notable cytotoxic effect when targeted to cell DNA, there are no

current clinical studies involving Auger electron emitters for the treatment of
PC.

Preclinical studies and clinical trials further discussion will be then focused on a-

and pB-emitters.

4. Preclinical studies

a. a-emitters

Actinium-225 (225Ac¢)

225A¢ was coupled to Trastuzumab, human mAb, targeting HER2 receptor, in a
model of PC generated by IP inoculation of SKOV3-NMP2 cells into athymic nude mice.
Different activities of the radiolabelled antibody were screened for therapeutic efficacy

studies and administered by IP injection.

[ [ Median survival was 52-126 days when 225Ac-
LU
= Growth Control .
l i -+~ Cold Trastuzumab Trastuzumab was used, while 48-64 days
| il ) ==110 nCi x 2 Trastuzumab
9 'fffg neiTestzumab  were obtained with the radiolabelled control

®-220 nCi HuM195

antibody HuM195 (Figure 31). IP

administration of 225Ac-Trastuzumab proved

Fraction of mice surviving
B
g

ik to extend significantly mice survival, without

st Inj.  2ny le
2

10 o H "H % E'o 70 8 g 100 1o

Time from tumor inoculation (days)

apparent significant toxicity (141).
Figure  31: Kaplan-Meier from
Borchardt et al., therapeutic study.

Bismuth-213 (213Bi)

The murin mAb Cs595, targeting tumor-associated antigen Mucin-1 (MUC1),

greatly expressed in 73% of OC tissues, was radiolabelled with 213Bi.
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125 ——355MB/kg 2'°Bi-C595  BABLB/c (nu/nu) athymic nude mice
5 —— 710 MBg/kg 2'°Bi-C595
£ 100 — 1065 MBa/kg *'Bi-C595  bearing OVCAR3 ascites cells were IP
3 l 1 —— C595 Cold Control
5 7% == 710 MBgle A injected with 213Bi-C595. The lower activity
& &5 o —&— Untreated Control . i
£ of radiolabelled antibody (355MBq/kg)
g Tl increased mice survival by 25 days

G T T T 1

g @ = B Wk compared to the radiolabelled (A2) and

Time after cell inoculation (days)

untreated controls (Figure 32) (142).
Figure 32: Kaplan Meier from Song et al., (Fig 32) (142)

therapeutic study.

A mouse model of PC has been used to conduct therapeutic efficacy and
biodistribution studies using 2!3Bi as radionuclide in our team, Radiobiology for Targeted
and Personalized Radiotherapy at the IRCM. Deshayes et al., used the 16F12 murine mAb
as a vector, targeting the overexpressed (expression found in 70% of EOC) receptor in OC
human Miillerian Inhibiting Substance type II receptor (MISRII; also known as Anti-
Miillerian hormone type II receptor). For the development of the project, the endometrial

carcinoma cell line AN3CA was IP xenografted into Female athymic nude-Foxn1™ mice.
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Figure 33: Results from Deshayes et al., study. A) Schematic representation of the BIP-RIT
approach. B) Therapeutic efficacy in IP and BIP-RIT approaches. C) Biodistribution in IP and BIP-
RIT approaches. From Deshayes et al. 2018.
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As showed in Figure 33, they performed a comparative study between classic IP
injection of the radiolabelled antibody and the Brief Intraperitoneal Radioimmunotherapy
(BIP-RIT) approach developed by our team in 2010 (143), consisting in the IP injection of
high activities of radiolabeled mAbs that are left in the peritoneal cavity for less than 1
hour, as is the case for HIPEC. Then, the peritoneal cavity is extensively washed with saline
solution using a peristaltic pump to remove the unbound radioactivity (Figure 33A).
Results of the biodistribution/dosimetry studies showed an advantage of BIP-RIT (IA 37
MBq 213Bi-16F12) over IP-RIT (IA 12.95 MBq 2:3Bi-16F12) obtaining higher tumor-to-blood
uptake ratio (panel C). Therapeutic efficacy studies demonstrated a significantly stronger
tumor reduction using the BIP-RIT approach, efficiently delaying tumor growth. Their
results indicate that BIP-RIT using 213Bi-16F12 could be an attractive solution for adjuvant
RIT at the surgery block immediately after cytoreduction to eliminate the residual

microscopic disease. (144).

Lead-212 (22Pb)

212Ph was coupled to AE1, murin mAb targeting HER2 receptor. For 212Pb, the a-
and - emissions and thus cytotoxic effect is produced by its daughter radionuclide:
Bismuth-212 (2:2Bi).

100 l The radiolabelled antibody was administered
go-
Ll ° ; via IP injection to female athymic NCR-nude
2 70
g s0q % mice bearing IP or subcutaneous xenografts
50 — —&— no therapy
;§ w0 o ! from SKOV3 cells. For the IP model, IP
g 30 +2‘2Pb-|0nCTAE|
B 204 L oo = administration of 22Pb-AE1 resulted in
10‘1 —&— 212Pb.204Ci anti-Tac e . .
0 — : — significant increase of tumor-free survival,

0 50 1&0 1;0 200
Days after treatment while treatment with irrelevant antibody

Figure 34: Kaplan Meier from Horaket al., (anti-Tac), radiolabelled or not, was far less
therapeutic study for IP SKOV3

xenografts. effective (Figure 34) (145).

Astatin-211 (211At)

2u1At therapeutic efficacy has been widely studied in preclinical OC mouse models,
using different targeting strategies. Trastuzumab has also been coupled to 21'At for the
treatment of SKOV3 IP nude xenografts. The therapeutic outcome of single or fractionated
IP treatment was evaluated using the radiolabelled and unlabelled antibody. They found a

dose-effect relationship between 21'1At activity and the associated therapeutic efficacy,

81



Targeted Radionuclide Therapy for Ovarian Cancer

testing escalating activities of 21At-Trastuzumab (0-400 kBq). Interestingly, the
combination 500 pg of “cold” Trastuzumab and 400 kBq of the radiolabelled mAb resulted

in complete eradication of the tumor nodules (146).

MX35 antibody, targeting the sodium-dependent phosphate transport protein 2b
(NaPizb) was labelled with 211At to treat OVCAR3 IP xenografts for the development of
different studies. Specific activity escalation studies were performed by Elgqvist et al., who
administered 400kBq of 211At-MX35 at specific activities ranging from 4 to 130 kBq/ug.
They evaluated the occurrence of micro- and macro- metastasis, as well as ascites presence
after IP injection. Results showed no significant difference on tumor eradication when
specific activities of 16-130 kBq/ug were used, highlighting the strong therapeutic efficacy
even at low specific activities (147). The same team confirmed the fact that a-TRT presents
strong benefits when treating small size tumors, obtaining 95% of tumor-free fractions
when treatment started one week after xenograft and nodules size were ~30 um. As
treatment start time was delayed, and therefore, tumors grown bigger, therapeutic efficacy
outcomes were found worst (148). In addition, Elgqvist et al., demonstrated the possibility
of performing repeated injections (up to 6 times every 7% day) of 211:At-MX35, obtaining

increased therapeutic efficacy without observable toxicity events (149).

Another study used the a-Folate Receptor (FR), overexpressed in malignant EOC
(150), as target. The mAb MOv18 was labelled to 211At for the treatment of OVCAR3-
derived PC xenografts obtained by IP injection. An Injected Activity (IA) of 458-555 kBq
using 211At-MOv18 administered by IP injection obtained a 75-day increase in mice survival

compared to the untreated controls (151).

The therapeutic efficacy comparison of two previously described a-emitters, 2:3Bi
and 21At coupled to MX35 antibody were Gustaffsson et al., object of study. 23Bi-MX35 or
21At-M X35 were IP injected to female nude BALB/c (nu/nu) mice. Biodistribution studies
did not show substantial differences, and no considerable signs of toxicity were observed
between both radioisotopes. No significant differences were found either in terms of
therapeutic efficacy between both a-emitters treatment, indicating that 2:3Bi and 21'1At are

one as well as the other suitable candidates for a-TRT (152).

Thorium-227 (227Th)

227Th has been coupled to Trastuzumab to investigate its therapeutic efficacy and

toxicity using single or fractionated IV administration of the radiolabelled compound.
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HERZ2 overexpressing xenografts were obtained by subcutaneous injection of SKOV3 cells.
A fractionated regimen of 4 times 250 kBq/kg of 227Th-Trastuzumab separated by 4-week
intervals increased mice survival compared to a single injection of 1000 kBq/kg. The data
obtained highlighted again the benefits of splitting TRT injections, reducing toxicity while

maintaining the therapeutic activity (153).

b. B-emitters

Yttrium-9o (9°Y)

To improve loco-regional control of OC, athymic nude mice xenograft by IP
injection with SKOV3-NMP2 cells to establish a PC model. 9°Y was labelled to the tumor-
reactive human IgM mAb 2B12 and administered to mice by single (1.85 - 14.8 MBq) or
fractionated (5.55 — 18.87 MBq) IP injection. Activity fractionation prevented treatment-

associated toxicities seen from 11.1 MBq of single dose injection.

Mice survival increased by 11-12 days with single-dose administration compared to
the untreated and unlabelled mAb control. Fractionated regimen, when administrations
were close in time (<3 weeks) showed a 4-fold increase of the therapeutic efficacy, allowing
to increase total injected activities without associated significant toxicity. The authors
suggest that 9°Y TRT could be very useful for patients with bulky disease, but other —

emitters, such as ¢7-Cu or 77Lu, would be more suitable for microscopic disease (154).

Copper-67 (67Cu)

The chimeric antibody chCE7, targeting L1 Cell Adhesion Molecule (L1CAM),
which expression is related to invasive and metastatic phenotypes of OC, was labelled to
67Cu to treat CDi1-foxni™ mice xenografts IP implanted with SKOV3 cells. For TRT
experiments, chCE7 antibodies were modified with a mutation of asparagine 297 to

glutamine (chCE7agl) to increase blood clearance.

Results showed improved pharmacokinetic profile and therapeutic efficacy of the
chCE7 antibody, which single administration of 10.5 MBq showed to significantly reduce
tumor growth and extend mice survival. This study provided evidence of the improved
therapeutic outcome obtained by combining anti-L1CAM growth inhibition with low

single-dose of ¢7Cu TRT (5 MBq) to successfully treat OC metastasis (155).
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Iodine-131 (131)

The AFRA-DMF5.3 dimeric human antibody fragment specifically targets the FR,
overexpressed in malignant EOC as seen in 2121At MOv18 approach. Female CD1-foxn1
mice xenografts obtained by IP injection of IGROV-1 or OVCAR-3 cells were loco-
regionally treated using IP injections of 3:I-labelled AFRA-DMF5.3.

N OVCAR3 Double treatment by IP injection (77 days appart)
i, 180 \_l_ using 37MBq of the radiolabelled compound
g 60 resulted in total tumor remission (no nodules
§ 401 e 0.0008 found at necropsy) in more than 50% of cases.
D I 131[-AFRA-DMF5.3 TRT led to significantly

T —— T T T T T 1 Days . . . . .« qe
0 10 20 30 40 50 60 70 80 90 increased mice survival (Figure 35), providing
~- Control —— 37 MBq at days 2 and 9

evidence for further rationale design of
Figure 35: Efficacy of 131I-AFRA- &

DFM5.3 from Zacchetti et al., radiotherapeutic treatments for OC patients
therapeutic study.
(156).

Andersson et al., conducted a therapeutic study to compare the efficacy of 211At
(310-400 kBq) versus 1311 (5100-6200 kBq) labelled MOv18 mAb. 9/10 mice were found
free of tumors with 211At treatment while 3/10 were found with 3!, indicating that the
therapeutic efficacy of 21 At-labelled specific antibodies is superior than that of 3:I for the

treatment of PC (157).

Lutetium-177 (*77Lu)

Among the different -emitters tested in preclinical studies, 77Lu appears as the
preferred isotope of choice for the treatment of PC and small size tumors. 77Lu has also
been coupled to chCE7agl (anti-L1CAM) mAb using CD1-foxn1™ mice bearing peritoneal

tumor nodules from an IP injection of SKOV3 cells.

8MBq of 77Lu-chCE7agl administered by IV

100

=%+- untreated
control

—— 8MBq
"""Lu-DOTA-chCE7agl  growth and prolonged mice survival by 38 days

injection achieved to significantly delay tumor

504

Percent survival

L'., compared to the untreated controls (Figure
L
:L__‘ 36). A single dose of 77Lu-chCE7agl obtained
"0 10 20 30 40 50 60 70 80 90 100 the same therapeutic efficacy as 3-times

Time post tumor implantation (days)

weekly 10mg/kg injections of the cold antibody
Figure 36: Survival plot from Fischer

et al., therapeutic efficacy study. alone (158).
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HER2 targeting for peritoneal disease has generated interest over the years and has
been investigated using different targeting strategies. Persson et al., used Pertuzumab,
targeting HER2 domain II, coupled to 177Lu in a subcutaneaous model generated injecting
SKOV3 cells into BALB/c (nu/nu) mice. The aim of this strategy was proving that the
radionuclide was suitable to eliminate micrometastasis, found before or after surgical
removal of the macroscopic disease. Therapeutic experiments were performed when
xenografts had established but not detectable solid tumors. Results showed a clear effect
on tumor growth delay and extended mice survival when 77Lu-Pertuzumab was used,

indicating the interest of the TRT approach for metastatic spread indications (159).

As the therapeutic approach developed in my thesis work, 77Lu has previously been
coupled to Trastuzumab for the treatment of PC derived from HER2-expressing cells IP
injection. Compared to the untreated control, 177Lu-Trastuzumab increased mice survival
by 114.5 days, demonstrating again the potential of this B-TRT approach for the treatment

of disseminated and diffuse HER2 positive peritoneal disease (160).

Previous studies of our team demonstrate the theranostic potential of 177Lu-labeled
mADbs for the treatment of PC. Deshayes et al. work, previously described in 2:3Bi section,
also used 77Lu-16F12 (targeting MISRII receptor expressed in 70% of EOCs) to target
AN3CA-derived PC nodules. They compared IP and BIP administration approaches
(Figure 37). SPECT/CT images showed that 177Lu-16F12 was concentrated in tumors after
BIP-RIT, whereas it diffused also into healthy tissues after IP-RIT. However, therapeutic
efficacy results highlighted the strong potential of 77Lu-labeled mAbs IP injection for PC
treatment (144).

A. 24 h after injection

24 h after injection

BIP-RIT "77Lu-16F12 IP-RIT 177Lu-16F12

1.00 — —

* * *

0.00 e — -

10 20 30

0.00 | T i
10

20
Time after treatment (d)

- Time after treatment (d)
BIP-RIT 77Lu-16F12 O BIP NaCl ¥ BIP-RIT/50 MBq/ "77Lu-16F12

0 IPNaCl = IP-RIT/10 MBq / "Lu-16F12
IP-RIT "7Lu-16F12

Figure 37: Merged whole body SPECT/CT images and therapeutic efficacy associated on
mice bearing AN3CA tumor xenografts after BIP-RIT or IP-RIT. From Deshayes et al. 2018.
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Zacchetti et al., directed a comparative study of 77Lu, 1311 and 9°Y labelled MOv18
mAb therapeutic efficacy. At equitable toxic activities, 77Lu-MOv18 was capable to
completely eliminate the small size peritoneal metastasis while producing the lower non-
targeted effects among the selected radionuclides, proving to be the best B-TRT approach

for small tumor volume disease (161).

Hindié et al. performed another comparative study evaluating the effectiveness of
different radionuclides for the treatment of minimal residual disease. They concluded that,
between the two most widely used -emitters, 77Lu and 9°Y, the first irradiated small
spheres more effectively, with a dose delivery to 100 um micrometastasis of 1.36 Gy for 9°Y
and 24.5 Gy for 77Lu. The results indicate the higher power of 177Lu a radionuclide of choice

to eradicate small size metastasis as seen in ovarian PC (116).

5. Clinical trials

Most of clinical trials aiming to investigate the therapeutic efficacy of TRT for OC
peritoneal disseminated disease treatment have been conducted using -emitters for more
than 20 years. To date, two clinical trials using a-emitters have studied this therapeutic

approach and indication. The most relevant studies will be further discussed hereafter.

a. a-emitters

2uAt-MX35 F(ab’),

The results of this Phase I clinical study were published in 2009. Treatment
consisted of the IP administration of 2::At-MX35 F(ab’)., targeting NaPi2b receptor,
overexpressed in 90% of human EOCs. Nine women were enrolled in the study, who
received previous successful treatment of OC, but relapsed and were applied long-term
platinum-based chemotherapy until complete clinical and biochemical remission. 2-5 days
before treatment initiation, laparoscopy inspection of the peritoneal cavity was performed,
and biopsies taken to confirm the presence of adhesions or microscopic lesions. At the
same time, an IP catheter was inserted. The day before treatment, free circulation of
peritoneal fluid was verified by peritoneal scintigraphy imaging post-infusion of
Technecium-99m (99™Tc)-LyoMAA. Treatment was performed by IP infusion of 1-2 litres
(L) 22At-MX35 F(ab’)2 (22.4—101 MBq/L) at 37°C for 30 minutes. 24 hours (h) post-

treatment, the fluid remaining in the peritoneal cavity was drained and removed. Urinary,
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blood and peritoneal fluid samples were collected every h the first 8h post-infusion, and

then every 6h until 48h post-infusion. Scintigraphy and SPECT imaging were performed.

The aim of this study was to shed light on the pharmacokinetics of the radiolabelled
compound and the potential treatment-related adverse effects. Results showed that IC
diminished in the peritoneal fluid to 50% at 24h post-infusion and increased in serum (6%
at 45h) and thyroid (<20% when blocking with potassium perchlorate or potassium
iodide). The absorbed dose to the peritoneal cavity was estimated to 15.6 + 1.0
mGy/(MBq/L) and 0.14 + 0.04 mGy/(MBq/L) to the red bone marrow. Only 3 patients
remained in clinical and CA-125 remission; CA-125 elevation was observed in the other 5,
and 1 died from the disease. Over the 23 months of follow-up, no renal, hematologic or

thyroid toxicity were reported (162).

212Ph-TCMC-Trastuzumab

This first-in-human a-TRT escalating doses Phase I clinical trial, were published in
2014 and was conducted at one clinical site (University of Birmingham, Alabama, USA)
and sponsored by AREVA Med (Bethseda, Maryland). The treatment consisted in a single
IP injection of 2:2Pb-TCMC-Trastuzumab, where TCMC was the chelating agent, in patients
with HER2-positive metastatic peritoneal disease. Inclusion criteria were: HER2-
overexpressing tumors (expression of at least 1+ by immunohistochemistry (IHC) in more
than 30% of the cells), dissemination in the peritoneal cavity and standard therapies
failure. 16 patients took part in this study. 15 of them were women suffering from recurrent
OC or primary PC. The only male patient had colon cancer. One to two days before the
treatment started, an IP catheter was placed in the patients. The free circulation of
peritoneal fluid was verified on the day of catheter insertion by scintigraphic imaging post-
injection of 99mTc. Treatment schedule consisted of an IV injection of Trastuzumab
(4mg/kg) less than 4 h before the IP instillation of 2:2Pb-TCMC-Trastuzumab. “Cold”
Trastuzumab injection was administered to reduce off-target toxicities, especially cardiac
(as Trastuzumab may cause cardiac toxicity). An isotonic saline solution infusion into the
peritoneal cavity (a total of 1000 mL) started before and continued after the injection of
the radiolabelled compound. Patients received an adjuvant therapy: a saturated solution
of potassium iodide (from the night before treatment and maintained 3 days after) and
furosemide (40 mg), starting the day before treatment and maintained for 10 days.
Different IAs were tested during the trial. Three-four patients were treated for each activity

level: 7.4 — 9.6 — 12.6 — 16.3 and 21.1 MBq/m2.
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Pharmacokinetic distribution was monitored by urinary and blood sample
collection for the first 24h following the injection of the radiolabelled compound.
Scintigraphy imaging was performed on patients’ whole body immediately after treatment
and at 18-24h post-injection. No significant radioactivity uptake was found outside the

peritoneal cavity. Maximum serum concentration was found at 24h post-treatment.

Dosimetry studies set the biological half-life of 2:2Pb-TCMC-Trastuzumab in the
peritoneal cavity estimated at 60.9 h, and the effective half-life at 8-10.4 h. As predicted,
the most exposed organ was the peritoneal fluid. Toxicology reports showed a lack of
significant toxicity, notably, no significant myelosuppression was found (except for one
patient developing grade I leukopenia, other grade I thrombocytopenia). The adverse
effects observed were not directly linked to the radioactive treatment itself, but to the

adjuvant therapies administered (diuretics, IV Trastuzumab).

Treatment efficacy was assessed using the Response Evaluation Criteria In Solid
Tumors (RECIST). None of the patients involved in the study met RECIST criteria for
partial or complete response at 6 weeks post-treatment, even if some metastatic lesions
size decreased. However, tumor size was <ismm for almost all patients, which limits
results interpretation in this type of disease. Further studies are needed to assess a-TRT

efficacy for the treatment of OC and PC (29, 30).

b. B-emitters

31]-]labelled HMFGI/2, AUA1, Hi17E2

The first clinical trial using § TRT for the treatment of OC, was conducted 34 years
ago, and published by Epenetos et al., at the Hammersmith Hospital (London, UK).
Eligibility criteria included patients having residual disease after surgery and
chemotherapy treatment. 24 patients participated in the study and were further classified
in 2 groups: macroscopic disease (tumor nodules >2 cm diameter) and minimal residual
disease (<2cm). Different vectors were tested: HMFG1/2 (mouse IgG1 targeting MUC1);
AUA1 (mouse IgG1 targeting EpCAM) and H17E2 (mouse IgG1 targeting placental-like
alkaline phosphatase, surface membrane antigen highly expressed in OC) (165).
Histological confirmation (IHC) was performed previously to antibody injection. The study
was conducted in 2 parts: part I aimed to perform dosimetry calculation and part II

involved treatment administration. Potassium iodide was administered one day before
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study start and maintained 28 days after. For part I, 1imCi was IP injected and washed with
1-2 L of saline solution. Scintigraphy imaging and blood samples were collected right after
treatment upon 5 days after. For part II, patients received IP infusion of 20-205 mCi

(escalating doses) of different radiolabelled antibodies mixture.

Results showed a survival rate at 2 years of 43.1%. Patients with tumor nodules <2
cm diameter obtained a 2-year survival rate of 55.2%. Patients receiving the highest TA

(>140 mCi) showed the best responses, being in clinical remission (166).

9°Y-HMFG1

HMFG antibody, targeting MUC1, coupled to 9°Y, was further investigated by
Nicholson et al., in a Phase I/II clinical trial. Results were published in 1997. 25 patients
with advanced forms of OC were included in the study, having previously received standard

surgery and platinum-based chemotherapy treatment.

Patients received IP TRT with 25 mg
of HMFG1 antibody labelled with

100 444-1184 MB(q of 9°Y. Results showed
l“—‘—\; a 5-year survival of 80% for TRT-

treated patients and 50% for their

~
w
1

matched controls (p=0.00335)

50 - Control Patients

(Figure 38). Estimation of survival at

Percentage Surviving

N
w
1

10 years predicted a 70% rate for

TRT-treated patients and 32% for

o 12 24 36 a8 e 72 s os 108 controls. The therapeutic benefit
months from diagnosis proportions found in thlS StU.dy
Figure 38: Survival of 20 patients receiving TRT Suggested a maj()r role of TRT for OC

and survival of the matched 20 control patients
from Nicholson et al., phase I/1I study. management (167).

This study led to a multinational, open-labelled, randomized Phase III clinical trial,
involving 74 centres in 17 countries, which results were published by Verheijen et al. in
2006. The aim of the study was to compare the therapeutic effect of 9°Y-HMFG1 plus the
standard treatment versus the standard treatment alone. The study included a total of 447
patients: 224 receiving the TRT + standard care and 223 receiving standard care

treatment. Eligibility criteria included patients suffering from an EOC in clinical remission
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following surgery and platinum-based chemotherapy. Treatment consisted of a single IP
administration of 666 MBq/mz2.

The results obtained were disappointing: no differences in survival nor in time to
relapse were observed between both study arms. However, the treatment was found to
improve control of peritoneal disease (140). Toxicology reports showed grade 3 or 4
hematologic toxicities for the TRT treated population in 26% of patients. The failure of this
trial could be explained by an insufficient dose delivered to cancer cells, as well as
pharmacokinetics (which were not assessed during this study) and other biologic factors,
such as the localization of metastatic nodules in the peritoneal cavity which could have

mask MUC1 expression (168).

99Y-B72.3

This Phase I trial was conducted targeting the Tumor-Associated Glycoprotein 72
(TAG-72), expressed on a high proportion of OC (169), using the murin mAb B72.3.
Escalating doses from 370-1665 MBq were tested, and 58 patients were included in the
study (3 patients/dose). To suppress bone-marrow toxicity, a solution of EDTA (25mg/kg),
which demonstrated a myeloprotective effect, was administered by IV infusion
immediately before IP injection of 9°Y-B72.3. Maximum Tolerated Activity (MTD) was set

at 1.48 GBq, associated to thrombocytopenia and neutropenia.

Results showed 2 complete responses in patients with metastatic lesions smaller
than 3 cm, treated with 555 and 1110 MBq, respectively. Two minor responses were
observed in patients treated with 925 MBq. 30 patients presented stable disease for 4-24
months (170).

90Y-hu3S193

Lewis y antigen is carried by glycoproteins and glycolipids at cell surface. Higher
expression of Lewis y antigen has been found in 75% of OC and correlated with poor

survival (171,172).

The humanized antibody hu3S193, targeting LewisY, was coupled to 9°Y and was
studies in a Phase I clinical trial to determine the safety profile and MTA of IP
administration in patients with advanced EOC. 7 patients took part in this study, receiving

185 — 555 MBq of 9°Y-hu3S193.
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Available results posted in 2021, show that none of the 3 patients from cohort 1,
receiving 370 MBq of the radiolabelled compound, presented progressive disease nor

serious adverse events (173).

177Lu-CC49 / 9°Y-CC49

Other approaches targeting TAG-72 antigen have been explored for TRT of OC. The
murin mAb CC49 has been labelled with 77Lu and 9°Y for this purpose.

The therapeutic efficacy of 177Lu-CC49 has been the subject of study for a Phase I
dose escalating clinical trial published by Meredith et al., in 1996. Eligibility criteria
included TAG-72 THC confirmation and persistent or recurrent peritoneal disease after
failure of primary platinum-based chemotherapy. 12 patients were included in the study
and received IP administration of 370-1.110 MBq/m?2 of the radiolabelled compound.
Adverse effects included transitory arthralgia and expected bone marrow toxicity. The
MTA was not reached with the IA employed. From the 4 patients presenting microscopic
disease at the beginning of the treatment, 3 remained without signs of disease 18 months

later (174).

Alvarez et al., conducted in 1997 another Phase I/II clinical trial using 77Lu-
CC49.27 patients suffering from PC participated in the study. The MTA was then set at
1.665 MBq/m2, producing late adverse effects including transient arthralgia and marrow
suppression, as was previously observed by Meredith et al. Patients achieving complete

responses belong to microscopic disease groups (175).

The Phase I trial using 9°Y-CC49 was conducted to assess the feasibility and MTA
of increasing doses of the radiolabelled compound in combination with interferon a2b
(IFN- a2b), which will act as an up regulator of the antigen of interest, and paclitaxel. 20
patients took part on the study, having persistent or recurrent peritoneal disease,
previously treated by one or two chemotherapy regimens. MTA was found at 895MBq/mz2.
From 9 out of those 20 patients having measurable lesions before treatment start, only 2
presented partial responses which lasted 2 and 4 months. 4 out of the remaining 11
patients, with non-measurable lesions at the beginning of the treatment, did not present
evidence of disease, at 9, 18, 19 and 23 months after treatment completion, and therefore

obtained complete responses (176).
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Altogether, these results highlighted once again the importance of metastatic
nodules size in the outcome of TRT for the treatment of OC-derived PC, and its therapeutic

efficacy when addressing minimal residual disease.

131]-MX35 / 311-0C125

The murin mAb MX35, targeting NaPi2b protein, was labelled to 311 to assess its
biodistribution profile and evaluate the use of an intraoperative gamma-detector to
quantify radioactivity uptake in vivo. 25 patients with advanced stages of OC participated
in the study. Results showed good localization of the radiolabelled compound in tumor
nodules after IV or IP injection, evidenced by the high tumor to normal tissues ratios

obtained (177).

CA125 is a high molecular weight glycoprotein located in OC cell surface (178). The
most recent study targeting the Cancer Antigen 125 (CA-125) was published in 1999 by
Mahé et al. The Phase II clinical study aimed to evaluate the therapeutic efficacy of IP
administration of 3:I-labeled OC125 antibody, targeting CA125. Only 6 patients with
microscopic or macroscopic ovarian-derived PC participated in the study and received a

single IP injection containing 4.44 GBq of 31I-OC125.

Progressive disease was observed in 3 patients and no change was noticed for the
remaining 3, showing low therapeutic benefit for OC patients with this therapeutic

approach (179).

c. Ongoing clinical trials

The promising results obtained using 3-TRT in preclinical models of OC and initial

Phase I/1I clinical trials have not yet been supported by Phase III studies.

The outcome of the large (and largest) Phase III trial enrolling 447 patients showed that
IP injection of 9°Y-HMFG1 did not result in increased patient survival, but improved the

control of peritoneal disease.

This failure cast doubts on the therapeutic efficacy of B-TRT and has slow down
further clinical investigations of its efficacy for PC management. However, the lack of
success is certainly related to an insufficient dose delivered to tumor cells, which can be

explained by the choice of the radionuclide, the non-personalized approach, the low
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specific activity (as 80% of mAbs administered were not radiolabeled), and the irregular

diffusion of drugs within the peritoneum.

More research needs to be conducted on the efficacy f-emitters for this therapeutic

indication.

Table 6 summarizes the ongoing clinical trials using TRT for the treatment of OC

(among other cancer types).

Radio- . Ref.
Target Vector . Admin. Phase
nuclide

Dose-escalating

Mesothelin tudv: Start
study: Startin
Glycoprotein highly ty MB 8
at 1.5
expressed in several BAY o q I NCT03507452
7Th increasing 1-1
types of cancers 2287411 & 175
MBq at a time
(including OC) datart
IV injection
IGF-1R
Transmembrane Repeated doses
protein overexpressed FPI- (no further
o 225A¢ _ , I/ NCT03746431
in solid tumors 1434 information
(including OC) available)
PSMA
Overexpressed on the
vasculature that J591
supply multiple types (mAb) 77Lu 2.59GBq/m? I NCT0096

of cancer (including
0C)

Table 6: Clinical trials currently ongoing using TRT for OC-derived PC. Prostate Specific
Membrane Antigen (PSMA), Insulin-like Growth Factor 1 (IGF-1R)
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Radiosensitization as a strategy to improve treatments:
radiosensitizing nanoparticles

95



Radiosensitization as a strategy to improve treatments: radiosensitizing nanoparticles

Radiosensitization as a strategy to improve treatments:

radiosensitizing nanoparticles

As previously described in Part I: Ovarian Cancer and Peritoneal Carcinomatosis,
needs for new therapeutic tools, OC remains the leading cause of gynaecological cancer-
related death, and the 5% most lethal cancer among woman worldwide. The treatments
available do not show substantial returns for all patients, explaining the urgent needs for
new therapeutic and diagnostic tools for the management of the disease. TRT, specifically
targeting tumor cells and sparing the surrounding healthy tissues, may represent a very
useful therapeutic approach for metastatic and diffuse disorders, as seen in Part II:
Radiobiology of ionizing radiations. However, the results of the previous clinical trials
involving TRT for peritoneal disease treatment, as overviewed in Part III: TRT and OC,
stay disappointing, as any of the developed strategies gave irrefutable prove of patient
survival benefit. To improve these poor outcomes and increase TRT efficacy,
radiosensitizing strategies, a topic in full swing in Radiation Therapy, can be applied. This
thesis work is focused on the use of, for the first time, radiosensitizing
nanoparticles (NPs) to potentiate TRT effectiveness, giving a new treatment
opportunity for OC patients. The use of NPs for cancer treatment in combination with
RT will be further discussed in this section. A focus will be made on metal-based NPs, and

more precisely, on Gadolinium-based NPs, the object of study in our work.

1. Nanomedecine for Cancer treatment

Nanotechnology rise started back in 1980’s decade. Since then, the nanotechnology
field has spread into numerous applications. “Nanomedicine” stands for the application of
nanotechnology in biomedical sciences and healthcare. The term implies the use of
nanoscale materials for diagnostic, delivery, sensing, or triggering purposes in living
organisms. To date, the FDA (Food & Drug Administration) has approved the
commercialization of about 100 nanomedicine products and applications, highlighting the
important role that nanotechnology currently plays in biomedical sciences (180). Several

of them have been developed and are used for clinical cancer care.

Nanomedicines, hereafter referred to as NPs, ranging in size from 1-100 nm, allow
to achieve innovative targeting strategies and have great potential to improve current

cancer treatments. Its usefulness can be explained through several factors, including:
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- Bypassing problems of solubility and chemical instability of anti-cancer drugs.

- Protecting anti-cancer drugs from degradation or excretion and this way, modify

the pharmacokinetics of a given compound.

- Improving tumor targeting and overall drug biodistribution (defined by physico-

chemical properties and limited by tumor penetration).

- Enabling innovative design techniques allowing release of NPs internal content

upon a trigger, resulting in stimuli-sensitive therapeutics (as pH-dependent

compounds).

- Decreasing tumor resistance against current available treatments (increasing the

residence time of a drug and mediating stimuli-responsive drug release).

Different NPs can be employed for cancer therapy and/or diagnostic applications

(Figure 39), including lipid- or polymer-based nanocarriers, drug conjugates, inorganic or

viral NPs (181). Nanotechnology, offering unique features for cancer treatment, has also

emerged as a promising strategy to enhance radiotherapeutic efficacy. A special focus will

be made on inorganic NPs and more precisely, metal-based NPs, which have been used for

the development of this work.
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Figure 39: Schematic representation of different nanotherapeutic platforms. Adapted from

Wicki et al. Created with Biorender.
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2. Nanoparticles and radiotherapy

The main challenge of RT remains to deliver high radiation doses to eradicate the
tumor tissue while sparing and minimizing potential damage to the surrounding healthy
tissues. To increase radiation efficacy, 3 main strategies have been developed: i) reversing
tumor radiation resistance through targeting of pro-survival pathways (such as survivin,
EGFR, or PI3K/AKT/NFxkB); ii) protecting the normal healthy tissues surrounding the
tumor mass (using antioxidants, phytochemicals or amifostine); and iii) using radiation
sensitizers. From the different radiation sensitizers developed, summarized in Figure 40,
metal-based NPs have generated considerable interest over the past few years. Due to their
unique physicochemical characteristics and strong radiation amplification capability, they
have emerged as an efficient strategy for radiosensitization and overcoming resistance to
RT (182). The compacted metallic particles in their structure are capable of scatter, interact
and/or absorb radiation in a selective way, allowing a better targeting of tumor cells and

producing more localized and solid damage (183).
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Figure 40: Summary of radiation sensitizers used in combination with RT. Adapted from
Kwatra et al.

To produce a sensitizing effect, NPs must reach the tumor site. Two main strategies

have been adopted: passive and active targeting (Figure 41).

Passive targeting takes advantage of the characteristic “leaky” vasculature and
compromised lymphatic drainage surrounding the tumor tissue. Tumor-supporting
vasculature is extremely disorganized and swollen, with gaps created between endothelial

cells forming the vessels. This “leaky” vascularization allows small size molecules, such as
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NPs, to accumulate in tumoral tissue. Normal vascular epithelium is impermeable to
molecules of >2-4 nm, as vessels do not possess pores in their structure responsible for the
leakage. Moreover, the neoplastic defective lymphatic drainage, allows stagnation of NPs
inside the tumoral mass. This phenomena is known as Enhanced Permeability and
Retention (EPR) effect, responsible for passive accumulation and further retention of NPs

in tumors (184).

Active targeting can bypass the limitations of non-selective passive targeting. It is
accomplished coupling cell-specific targeting moieties, also called ligands, to the NP
surface. Ligands (antibodies, peptides, aptamers, and other small molecules) possess high
specificity for cellular antigens, such as overexpressed receptors, allowing to discriminate
healthy and tumor tissue. Some passive targeted NPs have successfully completed clinical
trials and are safe for clinical use. However, to date, no active targeted NPs are have been

approved for clinical application (185).
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Figure 41: Schematic representation of active and passive targeting. Adapted from Jahan
et al. Created with Biorender.

Once internalized inside the cancer cell, unless they have been specifically modified and
targeted for this matter, NPs do not reach the cell nucleus. It has been described that NPs
uptake is mediated through pinocytosis and when inside the cell, they remain localized in the
cell cytoplasm, where they concentrate inside endosomes (endoplasmic vesicles) and

lysosomes, or in some cases, co-localize with ER and Golgi apparatus (186).
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a. Metal based NPs

These type of inorganic NPs possess a wide variety of applications besides radiation
sensitization, such as imaging or drug delivery (187). NPs containing high-atomic number
(high-Z) elements, such as Gold (Au), Silver (Ag), or Gadolinium (Gd), increase radiation
dose deposit within tumors, significantly reducing the potential side effects to adjacent
healthy tissues. The different types of metal-based NPs will be further described hereafter.

Gold NPs

Gold (Z = 79) NPs (Au-NPs / GNPs) were the first and the most widely used for
radiosensitization purposes. This fact can be explained due to their inert biological status
and biocompatibility, great biosecurituy, simple surface functionalization potential and

strong delivery efficacy.

In 2004, Hainfeld et al. conducted the first in vivo proof of Au-NPs
radiosensitization power. Using an EMT6 mouse mammary subcutaneous model, an IV
injection of 2.7g Au/kg followed by 30 Gy irradiation (250 kVp X-Rays), 86% of long-term
survival (>1 year) was obtained versus 20% of survival with irradiation alone treatment
(188). Following this study, Au-NPs have been widely investigated using different sizes and
types in combination with diverse radiation approaches on several in vitro/in vivo models.
However, despite the promising results obtained in pre-clinical studies, Au-NPs have not

yet been successfully translated into clinical investigation (189).

Silver-based NPs

Silver (Z = 47) NPs (Ag-NPs) share similar physicochemical properties with Au-
NPs, as well as radiosensitizing properties and mechanism. Their production remains

more cost-effective, but on the other hand, Ag-NPs are less biocompatible (190).

Their therapeutic efficacy has been proved when used alone or combined with other
metal oxides (Fe;0,) for RT purposes. Liu et al. conducted a study using a radioresistant
model of glioma-bearing rats. Ag-NPs were stereotactically administered, and the day
after, rats received 10 Gy radiation (6 MV X-Rays). The combined treatment obtained a
513.2% survival increase, obtaining 100.5 days of mean survival time compared to 24.5

days on irradiated only control group (191). Apoptosis induction, oxidative stress
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potentiation and membrane impairment have been related to Ag-NPs anti-tumor efficacy

(192,193).

Gadolinium-based NPs

The ultrasmall (~2-3 nm) Gadolinium (Z = 64) NPs (Gd-NPs), also known as
AGuIX® (NH-Theraguix, Crolles, France) developed by Le Duc et al. (194), have gained
strong interest the past few years as they can be used as positive contrast agent for
Magnetic Resonance Imaging (MRI) and as radiosensitizers, giving them potential
theranostic applications. AGuIX® NPs have been used for the development of this work

and will be further described in Section 3. AGuIX® nanoparticles: state of the art.

Titanium NPs

Titanium dioxide (TiO.) NPs (TiO.-NPs) have demonstrated their sensitizing
potential in combination with photodynamic therapy. Once photoactivated, TiO2-NPs
increase ROS production and induce cancer cell apoptosis. However, this application is
very limited due to UV light low tissue penetration (195). To extent their potential to X-
Ray approaches, TiO2-NPs have been combined with Gd and optimized with other metals,
leading to increase ROS production and evidence of in vivo increased sensitization effects
(182). In addition, TiO. nanotubes have been formulated, demonstrating increased DNA
damage effects as well as slowed-down DNA repair, radiosensitizing glioblastoma SNB-19
and U87MG cell lines (196).

Hafnium-based NPs

Hafnium (Z = 72) oxide NPs (HfO2-NPs), also known as NBTXR3 (Nanobiotix,
Paris, France), can increase dose deposit when activated by ionizing radiation, leading to

strong and localized eradication of cellular structures and eventually cell death.

Using Monte Carlo dosimetry simulation, Maggiorella et al. studies showed a 9-fold
dose-enhancement upon activation of NBTXR3 using high energy radiation sources of 1 or
6 MeV. In vitro studies using HT1080 fibrosarcoma cells showed a Dose Enhancement
Factor (DEF) of 1.4 + 0.06 for 6 MV source of radiation, and 1.8 + 0.09 for cobalt-60 when
NBTXR3 was combined with external radiation. In vivo results, using the A673 Erwing’s
sarcoma model in nude mice showed high anti-tumoral efficacy by intratumoral (IT)
injection 24h prior to RT, obtaining significant increase in mice survival when compared
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to RT alone. Additionally, when using a colon carcinoma HCT116 model, an IT injection
24h prior to RT, obtained complete responses when combined with 2 x 4 Gy or 8 Gy of

external radiation. (197).

Along with AGuIX®, NBTXR3 is one of the two radiation sensitizers currently
participating in clinical trials, summarized in Table 7. Bonvalot et al. published in 2019 the
results of the first Phase II/I1I clinical trial, Act.In.Sarc, comparing the efficacy of NBTXR3
enhancement of radiation when combined with RT for the treatment of soft tissue sarcoma
of the extremity or trunk wall (198). 176 patients participated in the study, receiving 50 Gy
(2 Gy fractionation) alone or co-administered with the NP. Complete responses were
achieved in 16.1% of patients in the RT+NP group, while 7.9% for the RT only group,

indicating a 2-fold increase when the NP was present.

The data obtained in Act.In.Sarc lead to the first European CE marking (market

approval) for NBTXR3 in soft tissue sarcoma of the extremity or trunk wall, under the

brand name Hensify® (199).
Indication Phase Status Ref.
Soft tissue sarcoma III Completed NCT02379845
1
Head and Neck - Ongoing NCT01946867
)
[=
7 . Terminated (Phase II
s Liver I L . NCTo02721056
9 trial in design)
E;
@ Pancreas I Ongoing NCT04484909
Non Small Cell Lung Carcinoma .
I Ongoing NCT04505267
(NSCLC)
Recurrent Head and
B Neck, Lung, or Liver II Ongoing NCT04862455
2]
E metastasis
s}
= g
1] g Head and Neck II Ongoing NCT04834349
: E
5 +
—g Solid tumors I Ongoing NCT03589339
8 Esophagus I Ongoing NCTo04615013
£ &
g g Rectal I/11 Terminated NCT02465593
Q£
Head and Neck I Terminated NCT02901483

Table 7: Summary of Clinical Trials involving NBTXR3 and different indications
(clinicaltrials.gov).
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b. Radiosensitization mechanism

When ionizing radiation comes across matter, as a high-Z NP, different physical
events will follow, such as Rayleigh scattering, photoelectric effect, Compton scattering

and pair production (200):
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Figure 42: Schematic representation of Rayleigh, Compton, photoelectric and pair

production effects. Created with Biorender.
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- Rayleigh scattering: this interaction can be defined as “elastic”, with no

higher energy deposit and therefore not participating to the sensitizing phenomena.

- Compton scattering: also referred to as “inelastic”, a part of the incident

radiation energy of radiation will be transferred to the high-Z metallic material’ electrons,
producing their ejection at a certain angle. This interaction will produce free radicals and
secondary electrons, increasing tumor cell damage and therefore participating to the

sensitizing process.

- Photoelectric effect: electrons from the inner shell of the high-Z atom will be

emitted upon interaction with radiation, travelling hundreds of microns and damaging
nearby tissues. The intensity of the effect is proportional to (Z/E), where E = incident
energy and Z = atomic number. Therefore, high-Z metallic materials as Gd (Z = 64), will
produce photoelectric effects much stronger than biological tissues (approximately Z = 7.4)

(201).

As previously described, AEs will be emitted following the photoelectric effect, as

vacancies from the inner shell of the atom created by the ejected photoelectrons will be
fulfilled by electrons from outer orbitals. The electron rearrangement will create an excess
of energy, released by the emission of AE. As a reminder, AE have low energies (<25 keV),
which they deposit on a short-range path (nm to um), yielding high LET (4-26 keV/um)
and producing highly localized energy deposits. At a cellular scale, if the metal-based NP
is internalized into the cancer cell, great damage to surrounding organelles, such as

mitochondria, Endoplasmic Reticulum (ER) or lysosomes, will follow.

- Pair production: when the energy of the incoming radiation is >1.02 MeV

and interacts with the atom’s nucleus, an electron and a positron with the same mass and
energy as the incident radiation can be emitted from the irradiated matter. These emitted
electron and positron lose their energy via ionization and excitation of the medium. The
positron will undergo annihilation with a negative electron of the environment, emitting

two y-photons forming an angle of 180° between them.

104



Radiosensitization as a strategy to improve treatments: radiosensitizing nanoparticles

The predominance of one or other effect will depend on the energy of the incident
ionizing radiation, but also on the atomic number of the elements present in the matter

with which it will interact (Figure 43).
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Figure 43: Representation of the predominance of the photoelectric effect, Compton
effect and pair production.

The radiosensitization process can be explained through the 3 different effects

(Figure 44) overviewed in Biology of ionizing radiations, section 2. Targeted effects:

- First, the physical effect of the radiation dose enhancement.

- Second, the following enhanced chemical reactions (water radiolysis, Reactive

Oxygen Species radicals).

- Third, the subsequent biological reactions resulting from the enhanced dose

deposit (202).

DNA damage, oxidative stress, lipid peroxidation, Golgi fragmentation, ER stress,
lysosomal permeabilization, cell cycle modifications and bystander effects have been
described as the downstream biological effects observed following NP irradiation (203—
206).

105



Radiosensitization as a strategy to improve treatments: radiosensitizing nanoparticles

Nanoseconds Seconds to days
...................................................................................................................................................................................................... .
@  SORNOSIORNR
DNA damage
( - 2eed

Mitochondrial
depolarization

® Lipid
peroxidation e

- V
Low energy electrons: ' k&
€NCIgy elccirons: Radical and ROS WA Golgi
- Compton electrons generation \ Ty fragmentation
- Photoelectrons Oxidative stress b5 30, Lysosome
=/ permeabilization
S Auger electrons Fixation reactions \
& ER stress
Physical phase Chemical phase Biological phase
Optimal dose enhancement Higher dose Increased cellular
at low IR energy Enhancement under oxia damage

Figure 44: Schematic representation of the physical, chemical, and biological phases
following the interactions of radiation with high-Z metal NPs. Created with Biorender.

3. AGuIX® nanoparticles: state of the art

AGuIX® (Activation and Guiding of Irradiation by X-Ray) NPs, first described in
2011 by Lux et al. (207), are composed of a polysiloxane matrix surrounded by cyclic Gd
chelates. Their ultrasmall size (hydrodynamic diameter < 5 nm) allows quick renal
elimination, and their strong stability and effective Gd chelation makes them attractive
radiosensitizer candidates. AGuIX® NPs have demonstrated to accumulate in tumors by
an enhanced EPR effect, being non-toxic, biocompatible, and suitable for IV
administration. Thanks to the paramagnetic properties of Gd, AGuIX® can act as a contrast

agent for MRI imaging, making them useful platforms for theranostic applications (208).

a. Preclinical studies

AGuIX® exhibit efficient radioenhancing and radiosensitizing properties in several
radioresistant in vitro models (prostate, glioblastoma, cervival carcinoma, mouse
lymphoma...) using low NP concentrations (0.1 — 1mM), with different external beam
radiation sources (X-Rays, C¢+, He2*). Some examples of these experiments are

summarized in Table 8.
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Investigator Radiation energy Cell line Incubation time Biological effect
K. Butterworth (Queen's University, Belfast, UK) 225kV Prostate—DU145 0.1-5.0mM/h 1.17 < SF< 2.50
Glioblastoma—T98G SF =1.25
Prostate—PC3 1.25< SF<1.33
R. Berbeco (Harvard, Boston, MA) 220 kVp X-ray Cervical carcinoma—HeLa o.5mM/1h SER4cy =1.50
DEF=1.5

C. Rodriguez-Lafrasse (Lyon University, France)

250 kV

Cé* (75 MeV/uma)

Head and neck squamous cell carcinoma—
SQ20B

SQ20B cancer stem cells

Head and neck squamous cell carcinoma—
SQ20B

0.4— 0.6 mM/1h

0.6mM/1h

0.3—-0.6mM/1h

SER =1.20 — 2.00

SER =1.40

SER =1.33 — 1.59

M. Dutreix (Institute Curie, Paris, France) 660 kV Glioblastoma— U-87MG 0.1—0.5mM/1h YH2AX + 80% vs IR alone
R. Berbeco (Harvard, Boston, MA) 6 MV Cervical carcinoma—HeLa o.5mM/1h SER4cy =1.30
M. Barberi-Heyob (CRAN, Nancy, France) 6 MV Glioblastoma—U-87MG 0.01-0.50mM/24h SER from 1.10 to 1.50

G. Blondiaux (CERI, Orléans, France)

Neutron cyclotron
(Orléans, France)

Mouse lymphoma—EL4

0.05 - 0.30 mM

Estimated SER3cy > 2.00

S. Lacombe (Paris-Sud University, France)

Tons He2* beam (150
MeV/uma), Co+ beam
(200MeV/uma)

Chinese hamster ovary carcinoma—CHO

1.omM/6h

SER =1.14

SER46y =1.50

Table 8: Radiosensitizing effect of AGuIX® on different in vitro models. Survival Fraction (SF), Sensitizing Enhancement Ratio (SER): defined as the
SF ratios for the control cells (IR alone) to those of the treated cells (IR + NPs) (209).
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To sum up, the addition of AGuIX® resulted in lower SF compared to IR alone
treatment, obtaining SER of 1.1 to 2.5, confirming the radiosensitizing power of the NP,
independently of the radiation type used (photons or ions beams). In some cases, SF
decrease was accompanied by an increase on DNA DSB signaling, as measured by
yH.AX staining, indicating the apparition of more irreversible and complex damage in the

presence of the NP.

A wide variety of preclinical studies have been conducted involving different types

of in vivo models (mice, rat, cynomologous monkeys), further discussed hereafter.

Central Nervous System (CNS) models included: 9L gliosarcoma rat model, B16F10

brain melanoma metastatic mouse model and U87MG glioblastoma mouse model.

The 9L gliosarcoma rat orthotopic model was used to study the pharmacokinetics
and toxicology profile of AGulX® after a single 500 mg/kg IV injection (saphenous vein).
MRI data showed strong tumor uptake since 1h post-injection and retained in the tumor
mass for 24h. The therapeutic efficacy study performed by Verry et al. showed a tumor
volume reduction of 26% when compared to RT alone treatment group (6 MV medical
irradiator) at day 17, with no signs of toxicity. These results highlight the strong potential
of the NP for MRI-guided RT (210). Using the same rat model and microbeam radiation
therapy (MRT), Dufort et al. demonstrated the enhanced therapeutic efficacy when
AGuIX® was included in the therapeutic scheme. The groups receiving an IV injection of
the NP 1h or 24h prior to MRT, obtained a 210 and 377.5% increase in survival,
respectively, compared to MRT alone (130% survival increase) (211). The same rat
gliosarcoma model was used to compare the therapeutic and MRI contrast efficacy of
AGuIX® and the commercialised Gd-chelate based MRI contrast agent Dotarem®. X-Ray
radiation was performed 20 minutes post-IV-injection of the same quantity of Gd (56 umol
for both agents). RT + Dotarem® resulted in 131% increase of mice survival, while RT +

AGuIX®led to a 439% increase of mouse life span (212).

Using a B16F10 subcutaneous melanoma mouse model, biodistribution and
therapeutic efficacy were assessed. Accumulation of the NP was determined by intravital
two-photon microscopy, showing an uptake increase from 1 to 3.5h post-IV-injection, and
a decrease 24h after which was however associated to a 21% of tumor retention, indicating

a strong persistence in tumor tissue even one day post-injection. The injection of the NP

108



Radiosensitization as a strategy to improve treatments: radiosensitizing nanoparticles

prior to radiation obtained a 3-fold increase of mouse survival when compared to RT alone
(213).

To determine the biodistribution of a modified version of the classic AGuIX® NP to
allow dual-imaging PET/MRI detection, a subcutaneaous U87MG glioblastoma model was
used. @ NODAGA  (1,4,7-triazacyclononane,1-glutaric = acid-4,7-acetic  acid-1,2-
diaminoethane) chelates were grafted to the NP surface to allow further radiolabelling, and
in the case of this study Gallium-68 (°3Ga) radiolabelling. Tumor autoradiography showed
passive accumulation of the modified NP 3omin post-IV-injection, remaining stable
during 1h. Tumor uptake dropped from 1 - 2 h post-administration. In vivo PET imaging

showed a clear tumor delineation from 15 min up to 1h post-injection (Figure 45A) (214).

Deferoxamine (DFO) chelate agent was engrafted to the NP to enable Zirconium-
89 radiolabeling. 89Zr-AGulX® uptake at the tumor site was found from 20 min post-

injection and was maintained in tumors from 24 to 72h after (Figure 45B).
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| 2 ©
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al. 2020.
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Other rodent cancer models included pancreatic, hepatic colorectal and lung cancer.

Detappe et al. used a subcutaneous Capan-1 pancreatic cancer model to investigate
NP biodistribution, as pancreas models are known to have a dense tumor
microenvironment which could affect NP uptake. They quantified NP after IV injection
using MRI imaging, and found a growing accumulation from 1 min reaching maximal
accumulation at 15 min post-injection. Laser-induced breakdown spectroscopy ex vivo
analysis showed a heterogeneous distribution within the tumor mass, explained due to the
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high vascularization in tumor periphery compared to tumor core. Using preclinical (220
kVp) and clinical (6 MV) irradiators, animal survival was significantly (p < 0.0001)

increased when RT was combined with AGuIX®.

Toxicity and pharmacokinetics were also tested in cynomologous monkeys, using
150, 300 and 450 mg/kg injected IV once a week for two weeks. No signs of toxicity or
histological differences were found even at the highest dose. This study demonstrated for
the first time the safety of systemic IV administration and renal clearance in both species,

cynomologous monkeys and immunocompromised mice (215).

Fries et al. conducted two studies in 2014 and 2015 using hepatic colorectal cancer
rat models to evaluate AGulX® potential as MRI contrast agent in hepatic colorectal
metastases imaging. They concluded that compared to Gd-DOTA, AGuIX® provided a
better delineation and enhancement of focal liver lesions at 9.4 T, improving the sensitivity

of MRI diagnostic imaging (216,217).

Innovative orotracheal administration route by nebulization of AGuIX® was also
tested in an in vivo mouse model of NSCLC obtained by orthotopic implantation of H358-
luc cells. Interestingly, nebulization obtained an enhancement of MRI signal 2 times
higher than IV administration, allowing non-invasive detection of millimetric lung tumors.
However, orotracheal administration pharmacokinetics showed delayed NP uptake and
elimination compared to IV administration (218). The therapeutic study performed by
Dufort et al. showed a 45% increase of mice survival when 10 Gy of conventional RT were

combined with AGuIX® when compared to RT alone group (219).

b. Clinical studies

The preclinical studies conducted demonstrated the enhanced therapeutic efficacy,
biological safety, non-toxicity in the absence of RT, fast renal elimination, and uptake by
EPR effect (maintained over time up to several hours or days), making AGulX® a very

valuable asset to improve current therapeutic outcomes.

Altogether, these findings provided strong support for the translation potential of
AGuIX®in MRI-guided RT.

Verry et al. published in July 2021 the results for the NANO-RAD phase Ib clinical

trial, a dose-escalation study in patients with multiple brain metastasis (Figure 46).
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Figure 46: NANORAD clinical trial. A) Protocol for NANORAD phase Ib clinical trial to assess
radiosensitization of multiple brain metastases using AGuIX® NPs. B) 3D MRI images from patients
participating in NANORAD trial obtained 24 post-IV administration of AGuIX®. From Bort el al,,

2020.

The aim of the trial was to assess the safety of the systemic administration and

maximum tolerated dose of AGuIX® in combination with whole brain RT.

Fifteen patients, not eligible for stereotactic RT, participated in the study, suffering
from measurable multiple brain metastasis derived from melanoma, lung, colon, and

breast cancer.

No toxicity was observed even at higher doses of the NP (10omg/kg). MRI imaging
demonstrated efficient tumor targeting, enhancing the contrast of brain metastases > 1 cm
up to 8 days post-administration. Thirteen out of the fourteen patients participating in the
study obtained a clinical benefit, with the reduction or stabilization of their tumor burden,

demonstrating the safety and feasibility of the combination RT + AGuIX® (220).

The success of the clinical study NANORAD1 led to the ongoing phase II studies
(NANORAD2), aiming to assess efficacy more definitively.

Table 9 summarizes the ongoing clinical trials using AGuIX® in combination with
external RT (or brachytherapy) for the treatment of brain metastasis, glioblastoma,

cervical, pancreatic and lung cancer.
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L. . . Arms and
Indication | Site / Patients . . Phase | Status Ref.
interventions
Whole brain RT:
30Gy in 10 sessions of 3Gy (5
days/week weeks 1-2)
15t session 4h after AGuIX®
L I Completed NANORAD 1
1njection.
CHU Grenoble- NCT02820
Alpes AGuIX®: Single IV injection
(Grenoble, France) (15-100mg /kg)
100 patients
randomized Whole Brain RT
Brain 30 Gy in 10 fractions of 3 Gy
metastases over 2-3 weeks II Recruiting NANORAD 2
AGulIX®: 3 IV injection at NCT03818386
10omg/kg
Harvard Cancer
Center
(Boston,
Massachusetts, Stereotactic RT 1I Recruiting NANOBRAINMETS
USA) AGuIX®: IV injection NCT04899908
134 patients
randomized
Intitut Gustave EBRT to the pelvis
. Roussy (45 Gy in 5 weeks)
Cervical L . .
(Villejuif, France) Uterovaginal brachytherapy I Recruiting NANOCOL
cancer
12 patients (15 Gy) NCT03308604
randomized AGuIX®: IV injection
Harvard Cancer
Pancreatic / Center Stereotactic magnetic
Lung cancer (Boston, resonance-guided adaptive RT
Massachusetts, I Recruiting NANOSMART
USA) AGuIX®: injection NCT04789486
100 patients
randomized
Glioblastoma Centre Jean Perrin
(Clermont- RT (60Gy in 6 weeks)
N NANO-GBM
Ferrand, France) 1 Recruiting

66 patients

randomized

AGuIX®: 4 x IV injections
(50-100 mg/kg)

NCT04881032

Table 9: Summary of Clinical Trials involving AGuIX® and different indications
(clinicaltrials.gov). Orphan Drug Designation (ODD) obtained from both the FDA and the EMA.
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Thesis objectives

Ovarian Cancer (OC) has a poor prognosis and a high recurrence rate, deserving
urgently new therapeutic options. Spread into the peritoneal cavity without clinical signs
or symptoms is, unfortunately, a very common and unfavorable factor, as well as a
therapeutic challenge for a variety of malignancies, including OC. Despite cytoreductive
surgical treatment combined with adjuvant platinum and taxane-based chemotherapy, the
persistence of microscopic residual disease is responsible for a high recurrence rate.
Conversely to external radiotherapy, with high-risk of damaging the surrounding healthy
tissues in metastatic and diffuse disorders, Targeted Radionuclide Therapy (TRT)
specifically irradiates tumors while sparing healthy tissues, offering an attractive
therapeutic option. The radiosensitizing and radioenhancing effects of AGuIX®
nanoparticles (NPs), developed by NH-TherAguix, on OC combined with TRT, are

expected to overcome OC treatment resistance.

The aim of this work is to demonstrate the enhanced efficacy of the
combination TRT and AGuIX® radiosensitizing NPs against OC-derived
peritoneal disease. With this combination, never tested before, we aim to develop a new
therapeutic possibility for OC and gynecological cancers overexpressing HER2 receptor,
related to poor prognosis and metastatic stages of the disease. The anti-HER2 antibody
Trastuzumab will be radiolabeled using a - particle-emitting isotope, Lutetium-177

(77Lu), already used in clinical routine.

My thesis work is divided in 3 main objectives.

First, to develop a preclinical experimental model of OC-derived peritoneal

carcinomatosis overexpressing HER2 receptor.

Second, testing on the model the best combination between the NPs and the
radiopharmaceutical by intraperitoneal (IP) administration, assessing both compounds
biodistribution profile, mice survival and treatment toxicity. Antibodies and NPs will also
be radiolabeled for diagnostic purposes to produce SPECT images allowing a move towards

a theranostic approach.

Finally, the in vitro part of this work concerns a better understanding of the

therapeutic combination mechanism of action.
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Materials and Methods

Cell lines

Human high grade serous ovarian carcinoma SKOV3 and OVCAR3, and human
vulvar epidermal carcinoma A431 cells were obtained from the American Type Culture
Collection (ATCC). SKOV3 cells have been transfected with the gene coding for the
Luciferase to allow tumor growth monitoring in vivo using bioluminescence imaging
(SKOV3-luc). Cells were cultured in DMEM/Fi12 (SKOV3 and A431) or RPMI-1640
(OVCAR3) culture medium (Gibco Laboratories, France) supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin (Gibco, France) in a 5% CO. atmosphere at 37°C.
Hygromicine 0,1mg/mL (Gibco, France) is added to the culture medium to select cells
expressing the luciferase gene. SKOV3, A431 and OVCAR3 express the EGFR family HER2

receptor, which can be targeted with Trastuzumab (Herceptin®, Roche).

Flow cytometry: HER2 receptor expression

Flow cytometry was used for measuring the expression level of HER2 at the surface
of SKOV3, OVCAR3 and A431 cells. Briefly, cells were seeded in T75 flasks at density of 2.1
x 10° cells/mL in 12mL of culture medium. Cells were harvested, centrifuged and
resuspended in FACS buffer (500 mL PBS + 0.5% SVF + 0.1% NaN3 25 g/L) and kept on
ice to prevent receptor internalization. Cells were then counted and resuspended at density
of 0.5 x 10% — 1 x 10° cell/mL. Cells suspension (1 mL) are aliquoted into polypropylene
FACS tubes, centrifuged, and then incubated with Trastuzumab (Herceptin®, Roche) and
secondary fluorescent antibody anti-human FITC (Novex, Life Technologies). Cells were
analyzed using flow cytometry (Gallios, Beckman Coulter) to measure the fluorescence

signal.

Trastuzumab: bioconjugation and radiolabeling

Trastuzumab (Herceptin®, Roche) was conjugated to p-SCN-benzyl-DOTA [(S)-2-
(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid] provided by
Macrocyclics (Plano, TX, USA), a chelating agent allowing further radiolabeling with 77Lu.
Briefly, the pH of the Trastuzumab solution (10 mg/mL) was adjusted to 8.4 using a 0.2 M
chelexed Na2CO3 solution (pH 10). A 15-fold molar excess p-SCN-benzyl-DOTA (25
mg/mLin DMSO) was added drop by drop (2 pL) to prevent precipitation. Bioconjugation
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was performed at 37°C for 9o min, followed by purification on an Amicon 30 kDa (Merck
Millipore, Molsheim, France) and chelexed PBS washes (pH 7.2).

Matrix-assisted laser desorption ionisation—time of flight (MALDI-TOF) was used
to determine the number of DOTA moieties per antibody. The m/z difference between the
native mAb and the conjugate was divided by the molecular weight of the added functional
group (DOTA = 687.8) to find the chelate-to-antibody ratio.

HER2-specific immunoconjugate DOTA-Trastuzumab was labelled with Lutetium-
177 ([177Lu]LuCl3) to obtain a specific activity of 200 MBq/mg. Typically, 10 ul of DOTA-
mAb were mixed with 25 ul 0.25 M NH40Ac (pH 5.5) and pre-heated for 5 min at 37°C. 1
ul of [177Lu]LuCl3 was added to the reaction mixture (200 MBq/mg) and incubated
further at 37°C for 45 min. Reaction was stopped by adding formulation buffer (100 pL)
(PBS, 7.5% BSA, 1 mM DTPA, pH 7.5). Reaction mixture was purified using a desalting PD-
10 column and eluted with PBS. Radiochemical purity was determined by applying 1 ul of
the reaction onto y instant thin-layer silica-gel chromatography with 50 mM EDTA (pH
5.5) as eluant. The strip was cut in two and the activity of each part was measured in a
Hidex AMG Automatic Gamma Counter (Hidex, Turku, Finland). Bioconjugation and
further radiolabeling were successfully obtained, with radiochemical yields between 70
and 98.85%.

Immunoreactivity assay

Cells were detached with PBS-EDTA, centrifuged at 1200rpm for 5min, cell pellet
resuspended in PBS-BSA 0.5 % and counted (min. 106 cells/tube). 2 hemolysis tubes are
noted as “Specific” and 2 others as “Non specific”. 200l cell suspension are added to each
tube. 20pug cold antibody used for radiolabeling (Trastuzumab) are added to the “Non
specific” tubes. The same volume (as cold antibody) of PBS-BSA 0.5% solution is added to
the “Specific” tubes. Tubes are then plugged and incubate for 15min at RT on an agitating
plate. At the end of the 15min incubation, 20ng radiolabeled antibody ([*77Lu]*77Lu-
Trastuzumab) are added to all tubes. Tubes are then plugged and incubated for 1h at RT
on agitating plate. At the end of the incubation, tubes are placed on a Gamma counter for
decay measure. After measuring, 1-2mL PBS-BSA 0.5% are added to each tube, plugged
and centrifuged for 5min at 1200rpm (20°C). Supernatant is discarded (special attention
to not lose cell pellet) and 1-2mL PBS-BSA 0.5% added to the tubes. Solution is then
homogenized and centrifuged for smin at 1200rpm (20°C) (PBS-BSA 0.5% wash is
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repeated 2 times). Supernatant is discarded and tubes placed for measure on a Hidex AMG

Automatic Gamma Counter (Hidex, Turku, Finland).

Results are obtained, for each tube, using the following formula:

s e e CPM after wash
% Specific or not specific binding = CPM before wash x 100

AGuIX® nanoparticles

AGuIX® NPs were provided by NH-TherAguix™ (Lyon, France). Dry AGuIX®-NPs
were dissolved directly in 200-500uL of water for injectable preparation (WFI) and stirred
for 10min at RT, then diluted in DMEM/F12 or RPMI1640 complete culture medium to

achieve a concentration range of 10-1mg/mL.

Clonogenic survival assay

Cytotoxic effects of AGuIX® and X-Ray radiation or AGuIX® and “cold” or
radiolabeled Trastuzumab on SKOV3, A431 and OVCARS cell lines were assessed using
standard clonogenic survival assay. Briefly, cells were seeded in 6-well plates at a density
of 50-4000 cells/well. The following day, culture medium is removed, and cells were

incubated with:

- Increasing activities (0-4MBq/mL) of 77Lu-tratsuzumab combined or not with
1omg/mL AGuIX®for 18h.

- For X-Rays treatment, cells were incubated with 10mg/mL AGuIX® for 18h, then
irradiated at 2 or 4Gy using a preclinical irradiatior Xenx (Xstrahl, IRCM platform)

with the NP-containing medium.

- For “cold” Trastuzumab and AGuIX® cytotoxicity evaluation, mother solutions were
diluted into DMEM/F12 or RPMI1640 medium to reach a concentration range between
2.5- 20ug/mL (mAb) or 10-1mg/mL (AGuIX®).

- For bystander effects evaluation, experiments were performed as previously described
(221). Briefly, once the 18h of treatment is done, wells were washed with PBS to remove
unbound activity and cells were incubated with fresh complete medium for 2h, called
Conditioned Medium (CM). The 2h-CM is then transferred to recipient cells which
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were seeded a day prior to medium transfer at a density of 50 to 100 cells/well, and
fresh medium is re-added to treated donor cells. Noteworthy, the choice of a 2h CM
was based on previous protocols from the lab where it was shown that a 2h incubation

with CM is enough to lead to bystander effects.

Next, culture medium was removed, cells were washed twice with PBS 1X and fresh
medium was added. Cells were grown for about 12 days. At the end of this incubation, the
medium is removed and then the colonies formed are fixed using a mixture of acetic
acid/methanol (1:3) for 20 min at RT. Cells are then rinsed with PBS and stained with a
solution of Giemsa (Sigma St Louis, MO, USA). Wells are rinsed with deionized water and

the clones counted.

Survival Fraction (SF) is calculated based on the number of colonies present in the

control wells using the following formula:

SF (%) No of colonies formed after treatment No of cells seed in control wells
0 =

No of colonies formed in control wells x No of cells seed in treated wels

Proliferation assay: confluence percentage measurement using Incucyte®

At day 0 SKOV3, A431 or OVCARS cells were seed in 96-well plates at a density of
2-10 x 103 cells/well. The day after, cells were treated with 10mg/mL AGuIX®. 18h post-
incubation, cells were washed twice with PBS 1X and fresh complete culture medium was
added to the wells. Pictures were taken in phase contrast by the Incucyte® device

(Sartorius) every eight hours for 5 days.

Activity uptake

At day 0, SKOV3 cells were seed in 6-well plates at a density of 105 cells/well. At day
1, cells were incubated with iMBq/mL 77Lu-Trastuzumab in DMEM/F12 complete culture
medium for 18h. Cell were washed twice with PBS 1X and cell pellet recovered at 6h (during
18hincubation), 18h, 48h, 72h, 96h and 120h post-treatment. Cell pellet were washed once
again with PBS 1X, and remaining cell bound activity was measured with a Hidex AMG

Automatic Gamma Counter (Hidex, Turku, Finland).
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ICP-MS: Gadolinium quantification

ICP-MS measurements were performed to confirm the presence and quantify the

Gd content of each organ at different times after IP administration.

Invitro

At day 0, SKOV3 cells were seeded in 6-well plates at a density of 105 cells/well. At
day 1, cells were incubated with 1.15mM (7200nmol Gd) of AGulX® in DMEM/F12 culture
medium for 18h. Cells were washed twice with PBS 1X, and cell pellet were recovered at
2h, 6h, (during 18h incubation), 18h, 48h, 72h and 144h post-treatment. Cells were
digested in 69% HNO3 using the Multiwave 5000 microwave (Anton Paar, Austria), and
then analyzed by Nexion 2000 B ICP-MS (Perkin-Elmer).

In vivo

Mice were IP injected with 10 mg/animal of AGuIX® and sacrificed at 6h, 24h, 48h
and 5 days. A total of n=3/time points were used for the biodistribution study. Blood,
tumor, and major organs, including kidney, liver, and heart, were dissected, weighed, and
digested in 69% HNO3 using the Multiwave 5000 microwave (Anton Paar, Austria), and
then analyzed by Nexion 2000B ICP-MS (Perkin-Elmer).

ICP-MS procedure

The amount of AGuIX® particles in cells or organs was determined by measuring
gadolinium by ICP/MS (Nexion 2000B, Perkin-Elmer, Villebon Sur Yvette, France) with a
direct injection mode. Calibration points and samples were prepared in a 1% HNO3
solution. The Gd signal was monitored following the isotopes 158 and 160. The operating
conditions used for ICP-MS were as follows: nebulizer gas flow rate, 0.84 L/min; plasma
gas flow rate, 15 L/min; auxiliary gas flow rate, 1.2 L/min; radio frequency power, 1600 W
for plasma. All other parameters were set to maximize the Gd signal. Syngistix version 2.3
software was used to control the ICP-MS. The Gd signal was acquired by Empower

software version 7.3.
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In vitro microscopy experiments: AGuIX® intracellular localization/co-localization

- 3D Structured Illumination Microscopy

SKOV3 cells were seed in 6-well plates containing 12mm coverslips at a density of
2 x 105 cells/well. The day after, cells were incubated for 18h with AGuIX®-AF488, then
washed twice with PBS 1X. Cells were then incubated with 200nM Mitotracker™ Red
CMXRos (cat n°® M7512, Thermo Fisher Scientific) for 45 minutes, then rinsed twice with
PBS 1X. Coverslips were mounted using ProLong™ Gold medium. 3D-SIM super-
resolution imaging was performed with a DeltaVision V4 OMX microscope (Leica
Microssystems) equipped with a x100/1.4 numerical aperture (NA) Plan Super
Apochromat oil immersion objective (Olympus) and electron-multiplying charge-coupled
device (EMCCD; Evolve 512B, Photometrics) cameras. LASERs at 488 and 561 nm were
used with the standard corresponding emission filters at 525 and 605 nm respectivelly.
Imaging was performed according to manufacturer's instructions using five phases and
three angles per image plane. Raw images were reconstructed using SoftWorx (version 6.5,
GE Healthcare) using channel-specific optical transfer functions (pixel size of
reconstructed images = 40 nm). Quality of reconstructed images was assessed using the

SIMcheck plugin for Imaged.

- Confocal microscopy

SKOV3 cells were seed in 6-well plates containing 12mm coverslips at a density of
2 x 105 cells/well. The day after, cells were incubated for 18h with AGuIX®-AF488, then
washed twice with PBS 1X. Cells were then incubated with 75nM Lysotracker™ Red DND-
99 (cat. n® L7528, ThermoFisher) for 45 minutes, then rinsed twice with PBS 1X.
Coverslips were mounted using ProLong™ Gold medium. Confocal microscopy images
were acquired with a LSM780 confocal microscope (Carl Zeiss AG) equipped with a
x63/1.4 NA Plan-Apochromat oil immersion objective and GaAsP-PMT detectors and a
voxel size of 74 X 74 x 100 nm in x, y and z. LASERS at 488 and 561 nm were used.
Emissions were centered at 525 and 597 nm respectively. Standard confocal imaging

procedures were applied.
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Transmission Electron Microscopy: AGuIX® internalization and ultrastructural evaluation

SKOV3 cells were seed in T75 flasks at a density of 4 x 10° cells/ flask. The day after,
cells were treated with 10mg/mL AGuIX®, 1MBq/mL 77Lu-Trastuzumab + 10mg/mL
AGuIX® (in the absence or the presence of Deferiprone) or either left untreated. 18h post-
incubation, treatments were washed twice with PBS 1X and fresh culture medium added
to the flasks until the desired time of observation (18-120h). Cell pellets were immersed in
a solution of 2.5% glutaraldehyde in PHEM buffer (1X, pH 7.4) overnight at 4°C. They were
then rinced in PHEM buffer and post-fixed in a 0.5% osmic acid + 0.8% potassium
Hexacyanoferrate trihydrate for 2 hours in the dark at room temperature. After two rinces
in PHEM buffer, the cells were dehydrated in a graded series of ethanol solutions (30-
100%). Cell pellets were embedded in EmBed 812 using an Automated Microwave Tissue
Processor for Electronic Microscopy, Leica EM AMW. Thin sections (70 nm; Leica-
Reichert Ultracut E) were collected at different levels of each block. These sections were
counterstained with uranyl acetate 1.5% in 70% Ethanol and lead citrate and observed
using a Tecnai F20 transmission electron microscope at 120KV in the Institut des
Neurosciences de Montpellier: Electronic Microscopy facilities, INSERM U 1298,

Université Montpellier, Montpellier France.

DSBs kinetics evaluation: y-H2AX foci quantification

On Do, 2 x 105 cells are seeded on 12mm coverslips. At D1 cells are incubated with
the different treatment conditions (untreated, 1omg/mL AGuIX®, 1MBq/mL 77Lu-
Trastuzumab +/- 10mg/mL AGuIX®). Treatments are washed 2 times with PBS 1X and
put back to the incubator. Cells were fixed with PFA 4% at RT for 20 min, at 18, 24-, 48-,
72- and 96-hours following treatments, permeabilized with a Triton X-100 0.5% solution
for 10 min, followed by saturation for 1 hour at temperature (RT) with PBS-BSA 10 mg/mL.
The anti-phospho-histone H2AX (ser139) antibody (Cat n° 05-636, Sigma-Aldrich) is
diluted to 1/200 in PBS-BSA 10 mg/mL. Slides are then incubated with primary antibody
overnight at 4°C and washed 3 times with PBS 1X (10 min wash). Secondary antibody
coupled with FITC fluorochrome is diluted to 1/200 and incubated for 45 minutes at 37°C.
Coverslips were mounted with VECTASHIELD® Mounting Medium containing DAPI.

Slides are then examined using an inverted fluorescence microscope 40X or 63X
magnification (Leica Microsystems, Germany). Average number of y-H2AX foci/cell was

scored using ImageJ.
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Nuclear fragmentation kinetics: Micronuclei formation

At Do, SKOV3 cells were seed in 6-well plates at a density of 5 x 10° cells/well. On
D1, cells were incubated with the different treatment conditions (untreated, 10mg/mL
AGuIX®, 1MBq/mL 77Lu-Trastuzumab +/- 10mg/mL AGuIX®). Treatments are washed 2
x with PBS and put back to the incubator until the desired time. 24h prior to analysis time,
cytochalasin B (C6762, Sigma-Aldrich) is added to the culture medium (disruptor of actin
filaments and cell division blocker) at a final concentration of 4ug/mL. Cells are then
centrifuged for 5 min at 1200rpm. Cell pellet is then resuspended carefully in 10 mL of a
solution hypotonic KCl (preheated to 37°C) for 1omin at 37°C. At the end of this
incubation, 4mL of an acetic acid/ethanol fixation solution (1:3) are added drop by drop,
then cell solution is centrifuged for 5 min at 1200rpm at 4°C. Cell pellet is resuspended in
1omL of the fixing solution and cells centrifuged again. This step will be repeated once
again. After the last centrifugation, the cells are taken up in 10mL of the same solution and

stored at -20°C.

To visualize the micronuclei (MN), after thorough homogenization, 4oul of the
solution are added on a microscope slide and leave to dry for 15 min. To counterstain
binucleated cells, add a drop of PI staining solution (1ug/mL in a buffer solution containing
1omM Hepes/NaOH pH 7.4, 140mM NaCl, smM CaCl2) and place a cover glass on the top
of the slide. Slides are then examined using an inverted fluorescence microscope 40X or

63X magnification (Leica Microsystems, Germany).

Reactive Oxygen Species (ROS) generation: CM-H2DCFDA

At day 0, SKOV3 cells are seeded on 12mm coverslips placed in 6-well plates (105
cells/well). At day 1, culture medium is removed, and cells are either untreated (negative
control) or treated with 18ouM H202 (positive control), 1omg AGuIX®, 1MBq/mL 77Lu-
Trastuzumab + 10mg/mL AGuIX® for 18h in the presence or absence of Deferiprone
(1oouM). At the end of the treatment, wells are thoroughly washed 2 times with PBS 1X,
fresh culture medium is added, and cells are put back in culture until the desired time of

analysis.

Shortly before performing the experiment, ROS indicator (cat n°C6827,
Invitrogen™) is reconstituted to make a concentrated stock solution. Growth media is
removed and replaced in prewarmed Live Cell Imaging Solution (LCIS) containing the
probe to provide a final working concentration of 5uM dye. Incubate at 37°C, 5% CO. for
30omin.
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Once incubation is finished, wells are washed 2 times with PBS 1X. Cells are the
fixed with PFA 4% for 15min at RT. Cells are washed 3 times with PBS 1X. A drop of
Vectashield® mounting medium (containing DAPI) is added to a microscopy slide. The
coverslip is slowly placed on the side of the drop, then leave to stick by capillarity. Slides
are then examined using an inverted fluorescence microscope 40X or 63X magnification

(Leica Microsystems, Germany).

Antioxidants, ROS scavengers and iron chelators

All molecules were diluted in complete culture medium and incubated with the cells
for the 18h incubation along with the treatments. They were diluted to a final working
concentration of: 1mM N-Acetyl-L-cysteine (NAC) (Sigma Aldrich), 2o0ug/mL Catalase
(Sigma Aldrich), 0.5% DMSO (Sigma Aldrich) and 100uM Deferiprone (DFP) (Selleck

Chemicals).

Mitochondrial morphology

Mitotracker™ Red CMXRos (cat n° M7512, Thermo Fisher Scientific) solution
(1mM stock solution in anhydrous DMSO) must be prepared in advance. Before opening,
the vial is left to warm at RT and then briefly centrifuged in a microcentrifuge to deposit
de DMSO solution at the bottom of the vial. The 1mM stock solution is diluted to the final

working concentration (200nM) directly in the growth medium, pre-warmed to 37°C.

At day 0, SKOV3 cells are seeded on 12mm coverslips placed in 6-well plates (2 x
105 cells/well). At day 1, culture medium is removed, and cells are either untreated
(control) or treated with 1omg AGuIX®, 1MBq/mL '77Lu-Trastuzumab + 1omg/mL
AGuIX® for 18h. At the end of the treatment, wells are thoroughly washed 2 times with
PBS 1X. The prewarmed (37°C) probe-containing medium is added to the wells
(1mL/well). Cells are then incubated with the Mitotracker™-containing medium (200nM)
for 45min (37°C, 5% CO2). Once incubation is finished, wells are washed 2 times with PBS
1X, then fixed with PFA 4% for 15min at RT. Cells are washed 3 times with PBS 1X. A drop
of Vectashield® mounting medium (containing DAPI) is added to a microscopy slide. The
coverslip is slowly placed on the side of the drop, then leave to stick by capillarity. Slides
are then examined using an inverted fluorescence microscope 63X or 100X magnification

(Leica Microsystems, Germany).
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Mitochondrial depolarization

Mitochondrial depolarization was assessed in 2 x 104 SKOV3 cells grown in 6-well plates
and either left untreated (negative control) or exposed for 18h to 18ouM H202 (positive
control), 10mg/mL AGuIX®, iMBq/mL of 77Lu-Trastuzumab + 10mg/mL AGuIX®. 18h
post-incubation, all wells are thoroughly washed 2 times with PBS 1X, then complete
culture medium is added to the wells until the desired time of analysis. Cells were
harvested at 24h, 48h and 72h post-treatment initiation. At each time-point,
depolarized/dead cell population was detected using the Muse™ Mitopotential Assay Kit
(Cat n° MCH100110, Merck Millipore).

Lysosomal permeabilization

Lysotracker™ red DND-99 (cat n° L7528, Thermo Fisher Scientific) solution (1mM stock
solution in anhydrous DMSO) must be prepared in advance. Before opening, the vial is left
to warm at RT and then briefly centrifuged in a microcentrifuge to deposit de DMSO
solution at the bottom of the vial. The 1mM stock solution is diluted to the final working

concentration (75nM) directly in the growth medium, pre-warmed to 37°C.

At day 0, SKOV3 cells are seeded on 12mm coverslips placed in 6-well plates (2 x 105
cells/well). At day 1, culture medium is removed, and cells are either untreated (control)
or treated with 1omg AGuIX®, iMBq/mL 77Lu-Trastuzumab + 10mg/mL AGuIX® for 18h.
At the end of the treatment, wells are thoroughly washed 2 times with PBS 1X, complete
culture medium is added, and cells are put back to culture until the desired time of analysis.
The prewarmed (37°C) probe-containing medium is added to the wells (1mL/well). Cells
are then incubated with the Lysotracker™-containing medium for gomin (37°C, 5% CO2).
Once incubation is finished, wells are washed 2 times with PBS 1X. Cells are the fixed with
PFA 4% for 15min at RT. Cells are washed 3 times with PBS 1X. A drop of Vectashield®
mounting medium (containing DAPI) is added to a microscopy slide. The coverslip is
slowly placed on the side of the drop, then leave to stick by capillarity. Slides are then
examined using an inverted fluorescence microscope 40X or 63X magnification (Leica

Microsystems, Germany).

Lipid peroxidation: MDA quantification

The relative MDA concentration in SKOV3 cell lysates was assessed using a Lipid
Peroxidation (MDA) Assay Kit (cat n°® ab118970, Abcam) according to the manufacturer’s

instructions. SKOV3 cells were seed on 60mm Petri dishes at a density of 10° cells/dish
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(one dish per treatment condition and time-point). At day 1, culture medium is removed,
and cells are either left untreated (control) or treated with 18ouM H202 (positive control),
1omg/mL AGuIX®, 1iIMBq/mL 77Lu-Trastuzumab + 10mg/mL AGuIX® for 18h. At the end
of the treatment, wells are thoroughly washed 2 times with PBS 1X, fresh complete culture
medium is added to the Petri dishes and cells are put back in culture until the desired time

of analysis.

Briefly, MDA in the sample reacts with thiobarbituric acid (TBA) to generate a MDA-TBA
adduct. The MDA-TBA adduct can be quantified colorimetrically (OD = 532 nm) using the
PHERAstar microplate reader (BMG Labtech).

Cytoplasmic pH acidification

Intracellular pH was determined with pHrodo™ Red AM (cat n° P35372, Thermo Fisher
Scientific). On day 0, SKOV3 cells were seeded on 12mm coverslips placed in 6-well plates
(105 cells/well). At day 1, culture medium is removed, and cells are either untreated
(control) or treated with 1omg AGuIX®, 1MBq/mL '77Lu-Trastuzumab + 1omg/mL
AGuIX® for 18h. At the end of the treatment, wells are thoroughly washed 2 times with
PBS 1X complete culture medium is added and cells are put back to culture until the
desired time of analysis. After drug treatment, cells were washed with Live Cell Imaging
Solution (LCIS) and labeled with pHrodo™ Red AM dye solution (10 uL of pHrodo™ Red
AM + 100 uL of PowerLoad™ concentrate + 10 mL of LCIS) for 30 minutes at 37°C. After
washing with LCIS, cell fluorescence was measured (560/585 Ex/Em) using an inverted
fluorescence microscope 40X or 63X magnification (Leica Microsystems, Germany).

MFI/cell was scored using ImageJ.

Apoptosis

Apoptosis induction was assessed in 2 x 104 SKOV3 cells grown in 6-well plates and either
left untreated (negative control) or exposed for 18h to 18ouM H202 (positive control),
1omg/mL AGuIX®, 1MBq/mL of 77Lu-Trastuzumab + 1omg/mL AGuIX®. 18h post-
incubation, all wells are thoroughly washed 2 times with PBS 1X, then complete culture
medium is added to the wells until the desired time of analysis. Cells were harvested at
24h, 48h and 72h post-treatment initiation. At each time-point, apoptosis was detected
using the Muse™ Annexin V & Dead Cell Kit (Cat n® MCH100105, Merck Millipore,).
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Autophagosome monitoring (immunofluorescence)

On Do, 2 x 105 SKOV3 cells are seeded on 12mm coverslips placed in 6-well plates. At D1
cells are incubated with the different treatment conditions (untreated, 10mg/mL AGuIX®,
1MBq/mL 77Lu-Trastuzumab +/- 1omg/mL AGuIX®). Treatments are washed 2 times
with PBS 1X and put back to the incubator. At the desired time of analysis following
treatments, cells were fixed with PFA 4% at RT for 20 min, then washed 3 times with PBS
1X (10 min wash). Cells were permeabilized with a Triton X-100 0.25% solution for 10 min
at 4°C, followed by saturation for 1 hour at temperature (RT) with PBS-BSA 10 mg/mL.
The anti-LC3B antibody (Cat n° L7543, Sigma Aldrich) is diluted to 1/200in PBS-BSA 10
mg/mL. Slides are then incubated with primary antibody overnight at 4°C, and washed 3
x with PBS (10 min wash). Secondary antibody coupled with FITC fluorochrome is diluted
to 1/400 and incubated for 45 minutes at 37°C. Coverslips were mounted with
VECTASHIELD® Mounting Medium containing DAPI. Slides are then examined using an
inverted fluorescence microscope 40X or 63X magnification (Leica Microsystems,

Germany). MFI/cell was scored using ImageJ.

Western Blot

On Do, SKOV3 cells are seeded 60mm Petri dishes at a density of 10° cells/dish (one dish
per treatment condition and time-point). At D1 cells are incubated with the different
treatment conditions (untreated, 10mg/mL AGuIX®, 1iMBq/mL *77Lu-Trastuzumab +/-
1omg/mL AGuIX®). Treatments are washed 2 times with PBS 1X and cells are put back to
the incubator. At the desired time of analysis following treatments, cells are washed with
PBS then collected in an eppendorf tube with Ripa Lysis Buffer System (RIPA Buffer +
Na3VO4 + PMSF + Protease Inhibitor Cocktail) (Cat n°® sc-24948, Santa Cruz
Biotechnology) and heated for 5 minutes at 95° C. The samples are then stored at -80°C

until use.

Protein electrophoresis is performed on SDS-PAGE gels. A gel of 12% of acrylamide is used
according to the molecular weight of the proteins evaluated. The electrophoresis is done at
constant voltage, 80V for the migration in the “running” part of the gel then 120V for the
rest of the migration. After electrophoresis, proteins are transferred to a 0.2 um
nitrocellulose membrane (Bio-Rad) with a transfer apparatus Bio-Rad (Trans-Blot®
turbo). After transfer, membrane is blocked for 1 hour in TBS-Tween 0.1%, 5% skimmed
milk. The LC3B antibody (Cat n° L7543, Sigma-Aldrich) or GAPDH (Cat n° 2118S, Cell
Signalling) is then added to the membrane (1:1000) and incubated overnight at 4°C. The
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next day, the membrane is washed and incubated for 1 hour with a secondary antibody
coupled HRP (Horse Radish Peroxidase).

Membrane revelation is then done by adding an ECL solution (enhanced
chemiluminescence, Bio-Rad) and the image is acquired using a LI-COR Odyssey XF
Imager (LI-COR Biosciences). Pixel intensity was measured using Image Studio Lite

Version 5.2 software.

Proteome profiler

Protein phosphorylation was assessed using a Human Phospho Kinase Antibody Array kit
(R&D Systems, ARY003C). The kit membranes are pre-coated with detection antibodies
capable of detecting the phosphorylation of 37 different kinases and 2 related total
proteins. The kit has been used in accordance with the manufacturer instructions. Briefly,
SKOV3 cells were exposed to 77Lu-Trastuzumab + 1omg/mL AGuIX® for 18h in the
absence or the presence of Deferiprone (100uM). Cells are then thoroughly washed 2 times
with PBS 1X, fresh culture medium is added, and cells are put back in culture until the
desired time of analysis (48h post-treatment initiation). Cells are then suspended in the
kit lysis buffer for 30 minutes at 4°C. The lysate is then centrifuged, and the supernatant
collected and stored immediately at -80°C. The extract protein concentration was
determined by the Bradford method. For the assay, the same protein extract quantity for
all samples was incubated on the kit membrane overnight at 4°C and the revelation made
using the products provided in the kit. Membrane revelation was performed on a LI-COR
Odyssey XF Imager (LI-COR Biosciences). Pixel intensity was measured using Image

Studio Lite Version 5.2 software.

Animals

Athymic female Swiss nude mice (6-8 weeks old) (Charles River) were kept in the animal
facility for 1 week before use. They were housed at 22°C and 55% humidity, with a light—
dark cycle of 12 h and ad libitum food and water. Body weight was monitored twice a week,
and mice were examined throughout the study. All animal experiments were performed in
compliance with the French government guidelines and the INSERM standards for
experimental animal studies (agreement B34-172-27). The study was approved by the
ethics committees of the Institut de Recherche en Cancérologie de Montpellier
(IRCM/INSERM) and the Languedoc Roussillon region (CEEA-LR-36) for animal

experiments (reference number: 1056).
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Bioluminescence imaging: tumor growth follow-up

Athymic female Swiss nude mice were intraperitoneally (IP) xenografted with 3.5x10°
SKOV3-luc cells in 200ul DMEM-F12 serum-free medium. Tumor growth follow-up was
monitored by bioluminescence imaging. Mice received an IP injection of luciferin adapted
to mouse weight (0.1mg luciferin/g). Mice were anesthetized with 4% isoflurane and
maintained with 2% isoflurane the time of acquisition. Bioluminescence imaging started
10 min after luciferin injection. Images were obtained using an IVIS® Lumina Series III
camera (PerkinElmer, Massachusetts, USA). The software Living Image 4.5.2
(PerkinElmer, Massachusetts, USA) was used for image processing. Signal was expressed

in photons/s (p/s).

Bioluminescence signal calibration

The mouse model was set-up plotting bioluminescence measurement against tumor
measurement ex vivo. The approach required first the bioluminescence signal (p/s) to be
calibrated as a function of tumor size. The bioluminescence signal (p/s) intensity at
different time-points following xenograft was used. Since tumor size were too small to be
weighed, their length, wide and depth were measured at each time-point and used for
tumor volume determination. Next, a density of 1.05 g/cm3 was used for corresponding
weight determination. We used a linear relationship to plot bioluminescence intensity

versus tumor weight. Treatment started when tumor nodules were about 15-100mm3 (day

14).

In vivo treatments

Athymic female Swiss nude mice were IP grafted with 3.5 x 106 SKOV3-luc cells suspended
in 200ul of serum-free DMEM/F12 medium. Tumor growth was monitored by
bioluminescence imaging 2 times a week for 2 weeks. Mice were randomized after the last

bioluminescence image and right before treatments.

At day 14 following xenograft, mice were divided into different groups (n = 8) and received
single IP injections (200uL) of either: i) NaCl ii) 2.5, 5 or 10MBq 77Lu-Trastuzumab +/-
1omg AGuIX®iii) 12.5, 25 or 50ug Trastuzumab (adapted to be equivalent to the quantity
of the radiolabeled antibody) + 10mg AGuIX®.
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For the NP fractionated regimen study, mice received either i) Regimen 1: a single IP
injection of 4mg AGuIX® in 200ul saline solution for 5 consecutive days, ii) Regimen 2:
two injections of 2mg AGulX in 200pl saline solution per day (separated with a 6h time
lapse) for 5 consecutive days or iii) Regimen 3: two injections of 5mg AGuIX® in 200pul
saline solution per day (separated with a 6h time lapse) 24h and 72h after the injection of
the radiolabeled antibody.

Toxicity was assessed by measuring mice body weight twice a week throughout the study.
Hematologic toxicity was monitored in mice after treatment. Mouse were anesthesized
using 2% isoflurane and 50ul of blood were collected from the retro-orbital sinus in vials
coated with ethylenediaminetetraacetic acid (EDTA), once a week for 4 weeks post-
treatment. White blood cell number, haemoglobin and platelet levels were quantified using

the scil Vet abc system (scil Animal Care Co.).

Mouse wellbeing was monitored throughout the study, and no clinical signs of pain or

distress were seen. 4 weeks post-treatment, tumor nodules were recovered and measured.

To analyze response to treatments, the Response Evaluation Criteria In Solid Tumors
(RECIST) criteria were used. Briefly, the RECIST based 3-categories method classifies
drug responses into 3 categories: Objective response (OR), stable disease (SD) and
progressive disease (PD) based on relative tumor volume, or RTV, at a later day relative to
treatment initiation (OR: RTV < 0.65, PD: RTV > 1.35, SD: 0.65 < RTV < 1.35).

Biodistribution of 77Lu-Trastuzumab and AGuIX®-NPs

Athymic female Swiss nude mice were IP grafted with 3.5 x 106 SKOV3-luc cells suspended
in 200ul of serum-free DMEM/F12 medium. Tumor growth was monitored by
bioluminescence imaging 2 times a week for 2 weeks. Mice were randomized after the last
bioluminescence image and right before treatments. Mice then received a single IP
injection (200 pL) at day 14 following xenograft of Trastuzumab containing 2.8 MBq of
177Lu (specific activity, 200 MBq/mg). Mice were sacrificed, bled, and dissected at 24, 48
and 72h after the injection. Blood, tumor nodules, and organs were weighed, and the
activity uptake was measured with a Hidex AMG Automatic Gamma Counter (Hidex,
Turku, Finland). The percentage of injected activity per gram of tissue (%IA/g), corrected

for the radioactive decay, was calculated. Four mice were used for each time point.

For AGuIX® biodistribution, mice bearing intraperitoneal SKOV3-luc xenografts received

a single IP injection of 10mg (7200nmol Gd) of AGuIX®. Mice were sacrificed, bled, and
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tumors and organs of interest were recovered ex vivo 30 minutes, 6h, 24h and 48h post-
injection. Three mice were used for each time point. Samples were analyzed by ICP-MS as

previously detailed.

SPECT/CT imaging

The SPECT images produced in this work to image radiolabeled antibodies or
nanoparticles using 77Lu, In or 25 were acquired on a SPECT/CT NanoSPECT camera
(Bioscan®) located at the IRCM. The four detection heads are equipped with multi-pinhole
Tungsten collimators (9 openings of 1 mm in diameter). The energy window was centered
on the gamma emission peaks of 177Lu (208 and 113 keV + 20%) "'In (171 and 245 keV +
20%), or 251 (35 keV + 20%). The acquisitions were carried out in “pre-shots”, with a target
of 30,000 shots acquired per projection for a total of 24 projections. An X-ray scanner was
also performed (55 kV, 500 ms, 240 projections). A SPECT/CT acquisition usually took
30-60 minutes per mouse. During this acquisition, the animals were anesthetized with a
mixture of 1.5% Isoflurane/Oxygen (1L./min). SPECT and CT images were reconstructed
via HiSPECT software (version 1.4.3049, Scivis GmbH, Gottingen, Germany) then

analyzed with VivoQuant software (Invicro®).

Statistical analysis

Data were represented as the mean values + standard deviation (SD) for all in vivo and in
vitro experiments. If exceptionally, Standard Error of Mean (SEM) were used, it was
indicated in the graph legend. Comparison between treatment conditions and controls
were performed using parametric or nonparametric unpaired t-tests (Mann-Whitney).
Survival data were analysed using Log-rank test. A p-value < 0.05 was considered
significant: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Statistical analysis were

performed using Graphpad PrismVR 8.4.3.
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Establishment of experimental models
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Establishment of experimental models

1. Cell line characterization

Three different cell lines have been used for the development of this study, to
faithfully represent the clinical reality of OC heterogeneity: SKOV3, OVCAR3 and A431. As
previously explained in Part 1. OC and PC: needs for new therapeutic tools, around 90%
of OCs are EOCs, and among them, HGSOC account for 75% of EOCs, being the most
common form of the disease with the poorest outcome. HGSOC arise from the epithelium
of the fallopian tubes and are characterized by TP53 mutation (loss of function). HER2
overexpression has been related to poor survival outcomes in OC, therefore its targeting
for therapeutic purposes could represent a new therapeutic strategy for the subset of

patients overexpressing the receptor.

SKOV3

The SKOV3 cell line has a human ovarian adenocarcinoma origin and is the main
model used for the development of this work. SKOV3 is a well established p53-mutant
(TP53 mutation: H179R) not expressing p53 at protein or mRNA levels (222). Bearing p53
loss of function and mutations in ARID1A, BRAF, PI3KA and PTEN, characteristic of EOCs
subtypes besides HGSOC, as well as expressing high levels of HER2 receptor (Figure 47)
(we consider SKOV3 as our HER2high model), SKOV3 represents a faithful model for our
proof of concept study. However, a recent study analyzing different OC cell lines in the
Cancer Cell Line Encyclopedia stated that SKOV3, among other cellular models of HGSOC
most widely used in the literature, did not match the genomic signature of tumors in The
Cancer Genome Atlas (TCGA) database (223). That explains the need of including other

cell lines in our work.
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Figure 47: SKOV3 cell line. A) SKOV3 cells (ATCC). B) HER2 expression analysed by
Flow Cytometry.
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OVCAR

OVCARS cell line has a human ovarian adenocarcinoma origin. Along with SKOV3,
it is one of the most widely used and described in the literature OC-derived cell lines.
Interestingly, OVCARS3 bears TP53 mutations and substantial copy-number changes, two
key characteristics of HGSOCs (223). Constitutively expressing HER2 receptor (Figure 48)
we have considered OVCARS3 as our HER2!°¥ model, allowing us to evaluate the influence

of receptor expression in the efficacy of our targeted treatment.
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Figure 48: OVCARS cell line A) OVCARS3 cells (ATCC). B) HER2 expression analysed by
Flow Cytometry.

A431

A431 cell line has a vulvar epidermoid carcinoma origin, therefore does not account
for a purely ovarian origin. However, the gynecologic epithelial malignancy origin, its “low”
expression of HER2 receptors (Figure 49) when compared to SKOV3, as well as its p53

mutant status, makes A431 an interesting in vitro model to complement our study.
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Figure 49: A431 cell line. A) A431 cells (ATCC). B) HER2 expression analysed by Flow
Cytometry.
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2. Targeted Radionuclide Therapy: radionuclide, antibody bioconjugation,
radiolabelling and immunoreactivity

177Lu has been selected as radionuclide for the development of this study. As
previously overviewed in Section 3: TRT and OC, B-emitters have a strong potential in
treating small size tumor nodules that characterize OC-derived peritoneal residual disease.
Besides, this radioisotope has demonstrated its biological safety being currently used in
clinical routine for the treatment of neuroendocrine and prostate tumors with the FDA

approved drugs Lutathera® and Pluvicto™, respectively.

To target HER2 expressing cell lines SKOV3, OVCAR3 and A431, as well as SKOV3-
derived xenografts used for this work, Trastuzumab, an IgGixk specifically directed against
the HER2 internalizing antigen, has been selected as vector for 77Lu radionuclide. FDA
approved and currently used in clinical routine, this humanized antibody is marketed by
Roche under the name of Herceptin® (Genentech (Roche), San Francisco, CA, USA).

To deliver the radioisotope of interest, Trastuzumab has been associated to a
bifunctional chelating agent. The bioconjugation step is performed prior to radiolabelling
with the isotope of interest (Figure 50). Antibody bioconjugation aims to link them to a
chelator, which will trap the radioisotope and avoid free circulation of the radionuclide
resulting in increased non-targeted toxicities. Different chelating agents are used
depending on the isotope, and the different bioconjugation steps are carried out in metal-

free media to ensure not to contaminate the chelating agents with other metals.
1. Bioconjugation

OH

2. Radiolabeling

Figure 50: Summarized bioconjugation and radiolabelling reaction using 77Lu, DOTA
and Trastuzumab.

139



Results 1. Establishment of experimental models

Here, DOTA chelator (p-SCN-Bn-DOTA) was used, and correct bioconjugation
reaction verified by MALDI-TOF mass spectrometry analysis (Figure 51), obtaining a
range of 1 - 2.7 chelators per antibody when a bioconjugation ratio of chelator to antibody
of 15 : 1 was used. The m/z difference between the native mAb and the conjugate was
divided by the molecular weight of the added functional group (DOTA = 687.8) to find the

chelate-to-antibody ratio.

AO
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Trastuzumab

:{

Trastuzumab-DOTA

Figure 51: Maldi TOF analysis of A) Trastuzumab and B) Trastuzumab-DOTA. C) Structure of p-
SCN-Bn-DOTA chelator.

Instant Thin Layer Chromatography (ITLC) was used to determine radiolabelling
yield in the Radiopharmacy service at Montpellier Cancer Institute (ICM). As showed in
Figure 52, Region 1 (Reg #1) indicates the amount of 77Lu bound to the conjugated
antibody, and Region 2 (Reg #2), the amount of free radioisotope, thus obtaining a 98,85%

of radiolabelling yield after size exclusion chromate PD1o0.
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Intégration TLC

Substance R/F| %Total | Type Aire| %Aire

% Counts %
Reg #1 0,140| 95,14 |DD( 13963,00| 98,85
Reg #2 1,013 1,10 | DD( 162,00 1,15
Somme en ROI - - - 14125,00| 100,00
Aire générale - - - 14677,00 -
Aire (total) RF - - - 16293,00

Figure 52: ITLC measure of 177Lu-Trastuzumab.

Antibody bioconjugation and later radiolabelling can alter its structure, and
therefore modify its binding capacity to the target. To verify correct binding of the
radiolabelled antibody to HER2 antigen in SKOV3 cells, ensuring correct treatment

application for the in vitro experiments, immunoreactivity was systematically tested.

As showed in Figure 53, 81.09 % + 4.76 of

SKOV3 specific binding was obtained when the

100~ Specific binding radioimmunoconjugate was incubated with
80 ® Non-specific binding SKOV3 cells over 1h, indicating a great

o specificity of the radiolabeled antibody after
"E 601 bioconjugation and radiolabeling structural
?\g 40 modifications. When saturating HER2
receptors using “cold” Trastuzumab prior to

201 incubation  with  the radiolabelled

0L ——reotn compound, 1.5 % + 0.86 of unbound activity

indicates the specific targeting to HER2
Figure 53: Immunoreactivity of SKOV3 cells
treated with 77Lu-Trastuzumab before

(specific) and after (non-specific) saturation of indin her cell anticen
SKOV3 HER2 receptors. binding to other cell antigens.

receptors and almost null non-specific
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3. Establishment of an animal model of Peritoneal Carcinomatosis (SKOV3-luc
cell line on athymic female Swiss Nude mice)

All animal experiments described in this work were subject to a careful evaluation
prior to their execution, in order to follow the so-called “3R” rule, included in the European
Union legislation in 2010 (Directive No. 2010/63/EU) and transposed into French law in
2013. This “3R” concept was described by Richmond et al. and derived from by Russell and
Burch’s book about the care and use of animals for scientific purposes in 1959 (224).
Briefly, when an animal experiment is performed, it remains essential to 1) Replace
conscious living animal models with other insentient materials (cell cultures, computer
modelling...) as much as conceivable, 2) Reduce using the minimum number of animals to
attain our objectives and 3) Refine the methodology reducing animal's stress and

managing their pain.

In addition, all the experiments of the present work have been validated by the local
(IRCM) and regional animal ethics committee (CEEA-LR-36).

For the whole of our in vivo experiments, immunocompromised female athymic
Swiss nude mice came from the Charles River laboratory (Lyon, France). Upon reception,
they were 6-8 weeks old and had a stabilization period of one week before experiments
start to minimize stress and ensure their health status. Animals were visually inspected
daily and weighed at less once a week. Care was taken to identify any signs of discomfort,
stress or pain by observing behavioural changes: clinical condition, prostration, loss of
mobility, signs of respiratory distress or weight loss (<20% of the total mass). As the model
of our study aims to mimic OC-derived PC, tumor nodules were not visible with naked eye.
Palpation of the peritoneal cavity, as well as tumor mass measure (2500 mg or 2000 mm3),
further explained in this section, were also included as our limit point criteria. The

observation of one of these signs lead to the euthanasia of the concerned animal.

a. Bioluminescence imaging

In order to follow cell growth in vivo, SKOV3 cells were previously transfected with
the luciferase gene using the FuGENE® 6 transfection technique (225). The luciferase gene
was introduced into a plasmid containing a strong promoter and a gene resistant to the
selection antibiotic hygromycin (Gibco, France). Briefly, the SKOV3-luc cell line obtained

is cultured in complete medium with 0.1 mg/ml of hygromycin, allowing therefore the
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expression of the luciferase gene to follow-up tumor growth after IP injection of luciferin

(0.1 mg luciferin/g).

BL imaging started 10 min after luciferin injection. Mice were anesthetized with 4%
isoflurane and maintained with 2% isoflurane the time of acquisition. Images were
obtained using an IVIS® Lumina Series III camera (PerkinElmer, Massachusetts, USA).
The software Living Image 4.5.2 (PerkinElmer, Massachusetts, USA) was used for image
processing. Signal is expressed in photons per second (p/s) and is expected to increase as

the tumoral charge grows inside mice.

To validate this assumption, we performed first preliminary in vitro calibration
studies. An increasing number of SKOV3-luc cells (0 — 105 cells) was seeded to verify a
linear correlation between cell number and BL signal. Luciferin was added to the wells,

and 10 minutes later, acquisition performed.

As observed in Figure 54, regression analysis revealed a significant correlation

(****p<0.0001) between BL signal and cell number (r = 0.99).
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Figure 54: In vitro bioluminescence calibration. A) Bioluminescence acquisition obtained using
an increasing number of SKOV3-luc cells post-incubation with luciferin. B) Linear regression graph and
equation of the relationship bioluminescence signal and cell number.

b. Xenograft

As previously mentioned, SKOV3-luc cells have been transfected to express the
luciferase gene, allowing to produce a bioluminescent (BL) signal upon injection of

luciferin in mice.
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Xenograft was performed by IP injection SKOV3-luc cells, suspended in 200 pl of
serum-free DMEM-F12 culture medium. To mimic the minimal residual disease found in
patients suffering from OC-derived PC, peritoneal nodules need to have a millimetric size,
almost invisible for the naked eye, at the time of the treatment. Based on the previous work

of our team (143,144,226) also using a PC model for their research, we set the total tumor

mass for the beginning of the treatment at 12mg.

To envision the number of cells that we should use for the xenograft, we have used
the following equation, extracted from Watanabe et al., which represents a mathematical

model to predict tumor growth over time (227):

In which:
2p—-q Np(t) = tumor mass
Np(t) = No exp( T t) N, = n®cells grafted
p = probability cell divides

q = probability cell doesn't divide
T* = cell division time
t = time

Next, we will consider the equation we found for tumor growth over time when 10°
SKOV3-luc cells were engrafted, derived from the graph obtained when representing the

mean tumor mass of the tumor nodules recovered ex vivo from day 10 until day 48 post-

graft (Figure 55).
20+
y = 1.7133¢00461x
=) R? = 0.889
E 15+
%
© 10 Figure 55: Tumor growth over time when
E } 106 SKOV3-luc xenografts were sacrified
g . at different time-points.
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The following relation can be constructed, knowing that we want to achieve 12mg

of tumor mass in a lapse of 15 days to start the TRT treatment:
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N Np(t) > N, 12 > N, = 6,03
0~ (ZP—Q)_t © 0T 50046115 e
e\ T*
1.7133 = 106 cells grafted Ny = 3.5 x 10 cells must be engrafted to
No = 6.03 achieve a tumor mass of 12mg in 15 days

Taking these data together, we set to 3.5 x 10° SKOV3-luc cells to achieve a tumor

mass of 12 mg in 15 days for all of our experiments.

c¢. Tumor mass estimation

For a realistic residual peritoneal disease in vivo model, tumor size are too small to
be weighed. Therefore, tumor mass was estimated assuming that each nodule form can be
approximated to an ellipsoid, and measuring tumor nodules length, wide and depth for
tumor volume determination. Next, a density of 1.05 g/cms3 was used for the corresponding
weight determination. PC nodules were carefully removed ex vivo and placed on a graph
paper sheet to estimate their size. The calculation of the tumor mass was carried out by
determining in the first place the volume of each individual nodule. As mentioned above,
the shape of each PC nodule was approximated to an ellipsoid (Figure 56), whose volume

expression is given by the following formula:

V=§xnx§x§x

In which:

o H = Height

— L = Length
W = Width

4 H L W
2

Figure 56: Schematic representation of an

ellipsoid, assumed to represent a PC nodule.
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On graph paper, only 2 dimensions, H and L can be determined. Thus, to be able to
calculate the volume, we assumed that W = H. Dimensions were measured using ImageJ

image processing software. The mass of the nodule was then deduced by the formula:

m=Vxd

(assumed d = 1.05 g / cm3)

In which:
m = Mass
V= Volume
d = density

The total tumor mass is then calculated as the sum of the masses of each individual nodules

that grew inside the mouse. An example of this tumor mass estimation will be presented

next.
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Figure 57: SKOV3-luc PC model. A) SKOV3-luc derived PC nodules indicated with yellow arrows
in an athymic female Swiss nude mice. B) Example of ex vivo recovered PC nodules.
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We will use the mouse in Figure 57 as example. Each nodule has been measured using
graph paper as reference to establish a size scale, then measuring H and L for each

individual nodule (Table 10).

Height (cm) | Length (cm) | Width (cm) | Volume (cm3) Mass (mg)
Nodule 1 0.218 0.189 0.218 0.004702 4.938
Nodule 2 0.429 0.314 0.429 0.030258 31.771
Nodule 3 0.125 0.115 0.125 0.000940 0.987
Nodule 4 0.096 0.103 0.096 0.000497 0.521
Nodule 5 0.352 0.304 0.352 0.019722 20.708
Nodule 6 0.181 0.094 0.181 0.001612 1.693

Table 10: Example of tumor mass estimation for tumor nodules presented in Figure 57B.

After measuring H and L using Image J, volume is calculated with ellipsoid formula
presented in Figure 56. Once the volume value is obtained, it is multiplied by 1.05 g /cms3
to obtain the mass. Following the calculation of each individual nodule, the sum of all of
them will give the total tumor mass of the mouse. For this example, 60.62 mg or 57.73 mms3

were found.

d. Calibration curve

The mouse model set-up required first the BL signal to be calibrated as a function
of tumor size. The same way we established a relationship between cell number and BL
signal, we used a linear relationship to plot BL intensity versus tumor weight. The
calibration range obtained allowed to accurately follow-up tumor growth as well as

establish the limit point for survival studies, set to 2000 mms3 (equivalent to 2100 mg).

For the construction of the calibration curve, separate groups of tumor-bearing
mice were imaged twice a week and euthanized to estimate the tumor load by ex vivo
inspection of the peritoneal cavity and later estimation of the tumor size and weight as
explained in Section c. Tumor mass estimation. BL signal was measured immediately
before euthanasia. In addition, each mouse participating in our therapeutic efficacy and
survival studies BL signal and tumor burden were used for the construction of the curve.
The total number of nodules, as well as their estimated weight and size increased
progressively with time. The anatomical localization of tumors, their number, size, and

weight were faithfully reflected by the obtained BL images (Figure 58A).
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As showed in Figure 58B, the regression analysis revealed a significant (****p < 0.0001)
correlation between BL and tumor burden (r = 0.81), validating the strength of the

developed animal model.
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Figure 58: In vivo bioluminescence calibration. A) Example of bioluminescence imaging
increase over time. B) Calibration range of BL signal as function of tumor burden. (n = 175 mice).
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In vivo therapeutic efficacy

The present studies aim to give the first proof of concept of the enhanced
therapeutic efficacy in vivo using for the first time a combination of a radiolabeled

antibody, 177Lu-Trastuzumab, and the radiosensitizing gadolinium-based AGuIX® NPs.

We performed biodistribution studies of 177Lu-Trastuzumab and evaluated its therapeutic
efficacy in combination with AGuIX® at the Maximal Tolerated Activity (MTA) (10MBq)
previously defined by past members of our team Radiobiology for targeted and
personalized radiotherapy at the IRCM. We optimized the injected activity to be able to
visualize a significant radiosensitizing effect. Based on biodistribution studies of the NP,
we created different fractionated administration regimens to increase the
radiosensitization observed. Survival and toxicity of the treatments were then evaluated,
and SPECT/CT dual isotope imaging of both the radiolabeled NP and antibody were also

performed.

1. Injected activity optimization for 77Lu-Trastuzumab and AGuIX® treatment

Peritoneal carcinomatosis xenografts were generated by IP injection of 3.5 x 10°
SKOV3-luc cells as previously explained in Results 1.3 Establishment of an animal model
of Peritoneal Carcinomatosis (SKOV3-luc cell line on athymic female Swiss Nude mice).
Tumor growth follow-up was monitored twice a week by bioluminescence imaging and
randomisation of xenografts into the different conditions was performed one day before
treatment, right after bioluminescence measure. 32 mice participated in this study

(n=8/condition).

Treatments started 2 weeks post-xenograft and consisted in a single IP injection
(200ul/mouse) of i) saline solution (NaCl), ii) s0ug Trastuzumab (mAb quantity
equivalent to the quantity of injected radiolabeled antibody) + 10mg AGuIX® (co-
injection), iii)) 10MBq '77Lu-Trastuzumab or iv) 10MBq '77Lu-Trastuzumab + 1omg
AGuIX® (co-injection). 10MBq of Injected Activity (IA) were settled based on previous
experiments of our team, in which the activity was established as the MTA for 177Lu in nude
mice. 4 weeks post-treatment, all mice were euthanized, and tumor nodules carefully
recovered ex vivo. Tumor mass estimation was performed as previously explained in

Results 1.3.

Results are shown in Figure 59. Compared to the untreated control, Trastuzumab

+ AGuIX®decreased an 80.9% (*p=0.014) xenografts tumor mass.
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As expected TRT alone showed a strong therapeutic potential, significantly
decreasing the total tumor mass by a 94.9% compared to the untreated condition

(**p=0.012) and a 73.02% compared to Trastuzumab + AGuIX® controls (#p<0.026).

The combination TRT + AGuIX® decreased by a 97.6% and a 90.8% the total tumor
mass compared to NaCl (***p=0.0006) and Trastuzumab + AGuIX® (**p=0.0059)
controls, respectively. However, no significant differences were found when compared

with TRT alone.

The injected MTA of 77Lu-Trastuzumab (10MBq), showed a strong therapeutic
efficacy on its own. We hypothesize that this highly efficient activity does not allow to
appreciate a potential radiosensitizing of AGuIX® NPs. In further experiments, 77Lu-
Trastuzumab IAs will be reduced to a half (5 MBq) and a quarter (2.5 MBq) of the MTA.
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Figure 59: IA optimization for 77Lu-Trastuzumab and AGuIX® treatment (10MBq). A)
Experiment plan. B) Experiment timeline. C) Representative images of tumor nodules recover ex vivo 4
weeks post-treatment. C) Total tumor mass (mg) in SKOV3-luc xenografts 4 weeks post-treatment.
Trastuzumab (Tmab). Values are represented as each individual tumor mass + SD.
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For our second therapeutic efficacy experiment, therefore, treatments consisted in
a single IP injection (200ul/mouse) of i) saline solution (NaCl), ii) 25ug Trastuzumab
(mAb quantity equivalent to the quantity of the highest IA of radiolabeled antibody) +
1omg AGuIX® (co-injection), iii) 5 or 2.5MBq 77Lu-Trastuzumab or iv) 5 or 2.5MBq 77Lu-
Trastuzumab + 10mg AGuIX® (co-injection). 48 mice participated in this study
(n=8/condition).

Tumor growth follow-up was monitored by bioluminescence imaging. 4 weeks post-
treatment, all mice were euthanized, and tumor nodules collected and measured.

Experiment plan and obtained results are summarized in Figure 60.

Trastuzumab + AGuIX® co-treatment did not show a significant effect when
compared to saline solution control, highlighting the non-toxic properties of the NP in the

absence of an ionizing radiation.

2.5 MBq 77Lu-Trastuzumab significantly decreased the total tumor mass compared
to NaCl condition (*p=0.02). However, 2.5 MBq 77Lu-Trastuzumab +/- AGuIX® did not
show a significant increased efficacy when compared to Trastuzumab + AGuIX® control.
The lack of therapeutic advantage when compared to “cold” antibody treatment alone
made us reject this IA for future experiments. In addition, non-significant differences were

found between the radiolabeled mAb alone condition or in combination with the NP.

5 MBq 77Lu-Trastuzumab decreased by an 80.1% the total tumor mass when
compared to saline solution control (*p=0.027). However, non-significant therapeutic

advantage was found when compared to Trastuzumab + AGuIX® controls.

On the other hand, 5 MBq 77Lu-Trastuzumab + AGuIX® decreased by a 97.18%
(**p=0.0012) and a 95.82% (##p=0.0012) the total tumor mass compared to NaCl and
Trastuzumab + AGuIX® controls, respectively, showing an increased therapeutic efficacy
compared to the radiolabeled antibody alone. An activity of 5MBq 77Lu-Trastuzumab
associated to 10 mg AGuIX® showed a radiosensitizing trend, yet no significant differences

were found when compared with TRT treatment alone.

An IA of 5 MBq of the radiolabeled antibody was established as working activity for
further experiments. The lack of significant radiosensitizing effect could be related, besides
to the high efficacy of TRT alone, to the NP uptake and retention duration into tumors. We
investigated then 77Lu-Trastuzumab and AGuIX® biodistribution on tumor-bearing
animals to assess their uptake and elimination kinetics, to elaborate an adapted treatment

plan.
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A. Athymic female Swiss nude B.
Bearing PC nodules from 3x10° SK-OV-3-luc cells
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Figure 60: IA optimization for 77Lu-Trastuzumab and AGuIX® treatment (2.5 / 5 MBq).
A) Experiment plan. B) Experiment timeline. B) Total tumor mass (mg) in SKOV3-luc xenografts 4
weeks post-treatment. Trastuzumab (Tmab). Values are represented as each individual tumor mass
+ SD.

2. Radiolabeled antibody biodistribution

The same experimental conditions used for the therapeutic efficacy studies were
maintained for biodistribution evaluation of the radiopharmaceutical compound. Athymic
female Swiss nude mice were IP xenografted with 3.5 x 106 SKOV3-luc cells. Tumor growth
follow-up monitoring was performed by bioluminescence imaging. 14 days post-xenograft,
mice were randomized, and IP injected with 2MBq of 77Lu-labeled Trastuzumab. Mice
were euthanized from 24h until 168h post-injection. Tumors and organs were collected,
weighed and radioactivity uptake measured by y-counting. For each organ or tumor,

percentage of injected activity per gram of tissue (%IA/g) were plotted.

Results are presented in Figure 61. Tumor targeting showed a great specificity, with

less than 18% of the IA/g found in normal organs (including blood, liver, and kidneys).
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Biodistribution data analysis shows a maximal tumor uptake at 48h post-injection (71.46

+ 7.68 %I1A/g) with a peak serum concentration 24h after injection (17.88 + 2.39 % IA/g).
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Figure 61: 77Lu-Trastuzumab biodistribution study. Tissue distribution of bound activity at
selected times after IP injection of 77Lu-Trastuzumab (2MBq) in athymic female Swiss nude mice
bearing IP xenografts from SKOV3-luc cells. Tissue/tumot uptake is expressed as %IA/g. Error bars
are SEM of 4 mice.

3. AGuIX® biodistribution

The lack of radiosensitizing effect could be linked to the NP time of residence inside
tumors. It seemed therefore important to know AGuIX® biodistribution kinetics to adapt
the administration regimen in accordance with the results. 14 days post-xenograft, mice
were randomized, and IP injected with 10mg AGuIX® (7200nmol Gd). Mice were
euthanized from 30omin until 48h post-injection. Tumors and organs were collected and
weighed. NP uptake was measured quantifying Gd in tissues by ICP-MS. For each organ
or tumor, AGuIX® uptake, represented as the quantity of Gd per gram of tissue (nmol/g)

was plotted.

Biodistribution data, depicted in Figure 62, corroborate our previous hypothesis. A
quick flush-out (84.2%) of the NPs within tumors was observed between 30 minutes
(4266.86 + 804.67 nmol Gd/g) and 6h post-injection (803.60 + 320.69 nmol Gd/g). This
elimination kinetics matched the profile we found in kidneys, in which we observed a 71.9%

uptake increase between 30 minutes (839.87 + 400.4 nmol Gd/g) 6h post-injection
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(5137.67 + 316.61 nmol Gd/g), the maximal kidneys uptake. AGulX® was found to

accumulate in kidneys, as 45.5% of the injected dose was found at 48h post-injection.

AGuIX® showed a fast elimination and insufficient long-term tumor retention. This

elimination Kkinetics is suitable when an EBRT is combined with the NP, in which

irradiation arrives at a high dose rate (2Gy/min) when NP uptake is found maximal, then

it is quickly eliminated. For a TRT approach, irradiation is performed at a lower dose rate

but maintained over time. Therefore, a longer time of residence of the NP in tumors is

mandatory to observe a radiosensitizing effect.

Altogether, these observations led to the design of 3 fractionated administration
regimens of AGuIX® to be combined with TRT.
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Figure 62: AGuIX® biodistribution study on athymic female Swiss nude mice bearing
IP xenografts from SKOV3-luc cells. Tissue uptake expressed as %nmol Gd/g of tissue. Error

bars are SD of 3 mice.
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4. AGuIX®fractionated regimen therapeutic efficacy

Biodistribution results showed a maximal tumor uptake of the radiolabeled
antibody between 24 and 72h post-injection. AGuIX®is flushed out of tumors between 30
minutes and 6h post-injection, but a 45.5% uptake is maintained on kidneys at 48h post-
injection. Regulatory toxicity and biodistribution studies using AGuIX® have been
previously conducted on rodent models. The NP was administered via IV injection once a
week during two weeks using 750mg/kg as maximal dose. No treatment-related clinical
signs or hypersensitivity reactions were reported even at the highest doses (228). Based on
these previous studies, we have settled 8oomg/kg (20mg/25g mouse) as AGuIX® dose to

be fractionated over a week, administered by IP injection.

3 different AGuIX® fractionated regimens were designed as illustrated in Figure 63.

A. Regimen 1 (5 x 4 mg)

Y o » /é‘f > »
24h 48h 72h 96h 120h
9hoo a.m. —> | | | | |
B. Regimen 2 (10 x 2 mg)
4 & 4 & 4

15hoo p.m. — L L

C. Regimen 3 (4 x 5 mg)
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ohoo a.m. [
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Figure 63: Schematic representation of the 3 different AGuIX® fractionated regimens.
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Administration regimens are hereafter further detailed:

- Regimen 1 (5 x 4 mg): mice received a single IP injection of 4mg AGuIX® in 200 pl saline

solution for 5 consecutive days.

- Regimen 2 (10 x 2 mg): mice received two IP injections of 2mg AGuIX® in 200 pl saline

solution per day (separated with a 6h time lapse) for 5 consecutive days.

- Regimen 3 (4 x 5 mg): mice received two IP injections of 5mg AGuIX® in 200 pl saline

solution per day (separated with a 6h time lapse) 24 h and 72 h post-TRT.

For the development of the following study, the same experimental conditions as
used for previous therapeutic efficacy and biodistribution evaluations were maintained.
Xenografts were randomized into the different treatment conditions right after last
bioluminescence image and right before treatments. 48 mice were used in this study,
divided in 8 mice per treatment condition. 4 weeks post-injection of the radiolabeled

antibody, all mice were euthanized, and tumor nodules recovered and measured.

The results obtained, depicted in Figure 64, showed a significant difference
(*p=0.032) between 5MBq (489.35 + 864.96 mg) and the combination 5MBq +
fractionated Regimen 3 (4 x 5mg) (26 + 55.07 mg), demonstrating a reduction of an 89.71%

of the total tumor mass compared to 77Lu-Trastuzumab treatment alone.
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Figure 64: AGuIX® fractionated regimens therapeutic efficacy. Total tumor mass
(mg) in SKOV3-luc xenografts 4 weeks post-treatment. Trastuzumab (Tmab), Regimen 1 (R.1),
Regimen 2 (R.2), Regimen 3 (R.3). Values are represented as each individual tumor mass + SD.
Statistical test unilateral Mann-Whitney.
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Waterfall plots are often used in clinical trials to evaluate individual patient
response rates to a treatment. Clinical-like interpretation of waterfall plots can also be
achieved in preclinical research by depicting tumor growth curves of each individual
tumour-bearing mouse. Therefore, to compare responses to both treatments, the Response
Evaluation Criteria In Solid Tumors (RECIST) criteria was evaluated (229). Briefly, the
RECIST based method classifies drug responses into 3 categories: Complete Response
(CR), Stable Disease (SD) and Progressive Disease (PD) based on the Relative Tumor
Volume, or RTV, at a later day relative to treatment initiation (OR: RTV < 0.65, PD: RTV
> 1.35, SD: 0.65 < RTV < 1.35). RTV were calculated using the following formula:

RTV — Tx (absolute tumor volume of the respective tumor on day 28)

To (absolute tumor volume of the same tumor on day 0, when treatment started)

For the mouse model of PC used for our studies, tumor volume cannot be directly
measured using a caliper, but using bioluminescence data, directly related to mice tumor
burden (see Results 1.3 Establishment of an animal model of Peritoneal Carcinomatosis).
Therefore, RTV are calculated using the obtained measured bioluminescence signal (mean

of two measures/week). The results of individual RTV are shown in Figure 65 below:

AO

5MBq
5MBg + R. 3

Relative Tumor Volume (RTV)
R2oNeRaQ

RECIST 5MBq 5MBq + Regimen 3
Complete response (CR) 1 5
Stable disease (SD) 4 3

Progressive disease (PD) 3 0

Figure 65: RECIST evaluation between 5MBq +/- fractionated Regimen 3.
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As summarized in Figure 65, 3 out of 8 (3/8) mice obtained a stabilization of their
tumoral charge (SD) in the co-treatment group, while 4/8 in the radiopharmaceutical-only
group, indicating the strong therapeutic efficacy of TRT on its own, even when using half
of the MTA. Interestingly, CRs were obtained in 5/8 mice integrating the 5SMBq + Regimen
3 group, versus only 1/8 from 5MBq group, which was corroborated in dissection studies.
Moreover, from the co-treatment with AGuIX® (Regimen 3) and 77Lu-Trastuzumab group,
no mouse presented PD, versus 3/8 mice exhibiting progressive lesions in the 77Lu-

Trastuzumab treatment group.

Altogether, these observations highlight the radiosensitizing power of AGulX®
when combined with 77Lu-Trastuzumab. A half of the MTA co-administered with a
fractionated regimen of the NP obtained a strong therapeutic efficacy, higher than the
obtained with the radiolabeled antibody alone. These results led to a patent deposition:

“Combined therapy with nanoparticles and radiopharmaceuticals” (N° 22306057.5).

5. Survival study

To further verify the power of this therapeutic combination, we conducted a survival
study, not only compared to saline solution, Trastuzumab + AGuIX® and 77Lu-
Trastuzumab (5MBq), but two additional controls were added to the experiment to be able
to compare with standard care for OC patients in a clinical context: chemotherapeutic co-
treatment using carboplatin (CP) and paclitaxel (PTX). The combination of both
molecules, hereafter named CBP, was applied using CP at 15 mg/kg together with PTX at
12 mg/kg in two separate IP injections, found to be the MTD in previous studies
administered twice a week for 3 weeks (230). As 5MBq of the radiopharmaceutical were
used for the study, half of the MTA, one of the CBP-treated groups received
chemotherapeutic treatment only once a week, to mimic half of the Maximal Tolerated
Dose (MTD) and evaluate its effect. 38 mice participated in the study: 8 mice/group for
saline solution, Trastuzumab + AGuIX® and chemotherapy controls; 11 mice/group for
177Lu-Trastuzumab + AGulX® groups. Bioluminescence imaging was performed twice a

week throughout the study to monitor tumor growth.

Results, summarized in Figure 66, show that 77Lu-Trastuzumab + AGuIX®
(fractionated regimen 3) treatment improved tumor suppression relative to the effect
observed not only in controls, but also to the radiolabeled antibody alone. 33 days went by
without any cancer-related death event in the co-treatment group, while deaths had

already been produced in all controls, including the 5MBq-alone treatment group.
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Using the Log-rank test, we found that 77Lu-Trastuzumab + AGuIX® obtained 97
days of Median Survival (MS), increasing mice life span compared to NaCl (MS = 31.5d),
Trastuzumab + AGulX® (MS = 35d), half of the MTD CBP (1/week) treatment (MS = 50d)
(****p<0.0001), MTD CBP (2/week) (MS = 63d) (***p=0.0007) and, interestingly, 5MBq
of 77Lu-Trastuzumab alone (MS = 69d) (*p=0.016).

The combination TRT + AGuIX® not only strongly delayed tumor growth, but also

significantly increased mice survival.
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Figure 66: Survival study on SKOV3-luc xenografts. A) Experiment plan and B) timeline. C)
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Taken together, the survival study results highlight the absence of therapeutic
efficacy of AGuIX® in the absence of radiation treatment, as Trastuzumab + AGuIX®
treatment did not significantly improve mice survival compared to saline solution controls,
consistently with the previous therapeutic experiments. Notably, according to the previous
therapeutic experiments conducted, we provide strong evidence of AGuIX®
radiosensitizing potential when combined for the first time with a radiolabeled antibody,
as combined treatment demonstrated to significantly increase mice survival when
compared to the standard chemotherapeutic treatment for OC, both at the MTD and half

of the MTD, but also to 77Lu-Trastuzumab treatment alone.

a. Toxicity evaluation

To further compare the therapeutic combination administration safety, toxicity
studies were performed throughout the survival study. Blood samples were collected from
each group once a week up to 4 weeks post-treatment (n=4/group), recovered in EDTA-
coated tubes and analyzed using a Scil Vet + analyzer, allowing a complete blood count of
white blood cells and hemoglobin. All mice were weighed twice a week as part of their

health status evaluation. Results are summarized in Figure 67.
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B. Hemoglobin
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Figure 67: Survival study toxicity evaluation. A) White blood cells count, B) Hemoglobin count,
C) Weight loss determination relative to initial weight. Normal values are indicated with pointy lines.
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We acknowledge a lack of toxicity events for the saline, Trastuzumab + AGuIX® and
chemotherapeutic combination CBP administered once a week. These findings evidence
the absence of toxicity of the NP on its own, having no influence on white cell population,

hemoglobin, or mice weight.

We note a slight decrease in white blood cell population between weeks 1 and 2
post-treatment with the MTD of chemotherapy combination CBP administered twice a
week, coherent with the 20% decrease in weight observed in 2/8 mice between weeks 1 and
2 post-treatment. However, these events seemed transient, as leukopenia and mice weight
recovered normal values completely at week 4 post-treatment. No major changes were

observed in hemoglobin counts.

For 5MBq of 77Lu-Trastuzumab + AGuIX®, the toxicity profiles were found similar,
as expected. We did not observe significant toxicity events related to mice weight. A
transient leukopenia was observed the first week after injection of the radiopharmaceutical
for both treatment conditions, which seemed to be transitory as normal values were
recovered from week 2 post-injection. No major differences were observed in hemoglobin

counts.

The present survival study and toxicity evaluation results demonstrate the
radiosensitization and enhanced therapeutic efficacy of the radiopharmaceutical when
administered in combination with AGuIX®, while reducing the total injected activity to a
half of the MTA. When comparing 77Lu-Trastuzumab + AGuIX® to the standard
chemotherapeutic treatment (CBP 2/week), the last showed a significantly lower
therapeutic effect and more pronounced toxicity events in terms of leukopenia and mice
weight loss. These results could have a major impact for OC patients. 77Lu-Trastuzumab +
AGuIX® could be considered as a potential new tool to eliminate the metastatic residual
disease of those patients, reducing the IA while maintaining a strong therapeutic efficacy,

and therefore reducing radiation-induced potential toxicities found with higher IAs.

6. SPECT/CT imaging

When investigating the radiosensitization mechanism in vivo, and based on
previous biodistribution studies, we suggested that co-localization of the NPs and the
radiolabeled antibody was mandatory to obtain a radiosensitizing effect. To further explore
and visualize the co-localization of both compounds inside tumors, we performed

SPECT/CT imaging experiments. We investigated first the targeting potential of the NP,
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using a derivative containing free DOTAGA chelates. CuPRiX1 has a total DOTAGA content
of 703 nmol per mg (25.9% of uncomplexed DOTAGA) on its structure, allowing direct

radiolabeling with different radionuclides (231).
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AGuIX® was therefore labeled with 12MBq of !In in NH40Ac solution (pH 5.5) at
40°C for 45 min. ITLC results indicated a 76.05% of labeling yield (Figure 69).

Integration TLC

Substance R/F|%Total
k3
Reg #1 0,148]| ©8,89| DD
Reg #2 0,878]| 21,70| D

Sum 1n ROI

Total area

Area (total) RF
Remainder (Tot) 1063,56 9,41

Figure 69: ITLC measure of uIn-
AGuIX®,

For this experiment, tumor-bearing mice (SKOV3-luc PC xenografts) received a
single IP injection of 12MBq In-AGuIX®. Single Photon Emission Computed
Tomography (SPECT) images produced were acquired on a SPECT/CT NanoSPECT
camera (Bioscan®) at the IRCM. The energy window was centred on the gamma emission
peak of In, [171-245 keV] (+ 20%). A Computed Tomography (CT) (X-rays) scan was
performed prior SPECT. During acquisition, animals were anesthetized with a mixture of
1.5% Isoflurane/Oxygen (1L/min). SPECT and CT images were reconstructed with
HiSPECT software (Scivis GmbH) and analysed with VivoQuant software (Invicro®).

SPECT/CT images acquired after 1 In-AGuIX® IP injection is concordant with the
biodistribution data, showing a marked and specific accumulation of the NP in tumors 30

minutes post-IP injection, as showed in Figure 70. The fast elimination profile of AGuIX®
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can also be observed, as activity accumulation was found strong in both kidneys and
bladder. Of note, the NPs seem to stay localized in the peritoneal cavity, without apparent

diffusion to bloodstream or other organs.

Figure 70: SPECT/CT imaging on SKOV3-luc xenograft 30 minutes post-injection of
12MBq of 11In-labeled AGuIX®.

The same experiment was performed using dual isotope imaging on recovered PC
tumor nodules. SKOV3-luc xenografts were IP injected with 10MBq *25I-Trastuzumab.
Based on previous radiolabeled Trastuzumab biodistribution studies and following the
fractionated administration of the NP chosen for our survival studies, 20MBq 77Lu-
AGuIX® were administrated 24h following 25I-Trastuzumab injection. As observed in
previous NP biodistribution studies, AGuIX® seemed to be quickly eliminated between 30
minutes and 6h post-injection. Therefore, 6h post-administration of the NP, mice were
euthanized, and tumor nodules recovered and placed in the SPECT camera. The energy
window was centred on the gamma emission peak of 177Lu [113-208] keV (£ 20%) and of

125] [27-35] keV (+ 20%). An X-ray scanner was also performed.

SPECT/CT images obtained are showed in Figure 71. Interestingly, as previously
hypothesized and confirming antibody and NP former biodistribution studies, both
compounds were found simultaneously in tumor nodules. 25I-Trastuzumab exhibit a
homogeneous distribution within the tumor mass, indicating a marked tumor penetration
of the radiolabeled antibody. 77Lu-AGuIX® accumulation seemed to be stronger in the
periphery of the nodules, however, this could be due to their fast elimination, as 84.15% of

the injected NP was flushed out of tumors between 30 min and 6h post-administration.
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This co-localization provides proof of PC nodules specific targeting after IP
injection of radiolabeled Trastuzumab and AGulX®, opening an opportunity to develop a

theranostic approach for OC management.

A. 125]-Trastuzumab

B. 77Lu-AGuIX®

C. Merge

Figure 71: SPECT/CT imaging of SKOV3-luc tumor nodules recovered 24h post-injection of
A) 125]-Trastuzumab and 6h post-injection of B) 177Lu-AGuIX®. C) Merge.
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In vitro studies: unravelling radiosensitization mechanisms
1. Invitro studies of the therapeutic efficacy

The in vitro part of my PhD project consisted of investigating for the first time the
underlying cytotoxic mechanisms and enhanced therapeutic efficacy of the combination
177Lu-Trastuzumab + AGuIX®, to compare it with the effect of the radiolabelled mAb alone.
First, we performed clonogenic survival assays. In radiobiology, this test is considered as
the reference method for determining cell survival, investigating cell ability to form a
colony 10-12 days (late effects) after radiation exposure. The effects of the combination
treatment on the long-time considered main target of irradiation, DNA, were studied
investigating the kinetics of DSB formation by y-H2AX foci quantification, and the effects
on nucleus fragmentation by micronuclei formation. The intracellular localization of the
NP was then investigated, as we considered it was essential to elucidate the
radiosensitization mechanisms. Additional experiments were performed to better
understand the underlying cytotoxic effects and cell death mechanisms responsible for the

toxicity of the combination treatment.

a. Optimisation and toxicity of AGuIX® treatment in combination with X-Ray
irradiation

For the set-up of the working concentrations of the NP, prior to using the
radiolabelled mAb, we have used X-Ray radiation at 2 and 4Gy in combination with 1, 5
and 10mg/mL of AGuIX® to treat SKOV3 an A431 cells. NPs treatment was added to the
6-well plates 18h prior to X-Ray radiation and maintained during irradiation time. 18h
incubation time was chosen to match the treatment time with 77Lu-Trastuzumab used in

future experiments. NP-containing medium was washed right after X-Rays treatment.

The impact of co-treatment was assessed calculating the Sensitizer Enhancement
Ratios (SER). SER is defined as the SF of the radiation dose without radiosensitizer and
the SF in the presence of the radiosensitizer, where each radiation dose results in the same

clonogenic survival rates (232,233), and was calculated using the following formula:

Survival fraction without NPs (Control)

SER =
Survival fraction treated with NPs (AGulX® Treated)
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Figure 72: Clonogenic cell survival of A) SKOV3, B) A431 and C) OVCARS3 cells exposed to
X-ray irradiation at 0, 2 and 4 Gy * 0, 1, 5 or 10 mg/mL of AGuIX®, Results are expressed as

the mean of the obtained values + SD.

As shown in Figure 72, treatment with AGuIX® NPs alone showed to be mildly
cytotoxic for the three cell lines tested. When compared to the untreated control,
clonogenic survival fractions dropped a 13 + 3,02%; 12.46 + 2.56% and 6.67 + 4.03% for
SKOV3 cells and 12.4 + 4.7%; 10.49 + 6,09% and 6.39 + 3.3% of cell death for A431 cells;
and 10.33 + 12.92 %; 10.36 + 5.31 % and 0.93 + 11.7 % for OVCARS3 cells exposed to 10, 5,

and 1 mg/mL of NPs, respectively.

X-ray radiation alone was accompanied with a 37.86 + 5,33 % and 63.63 + 9.78
% of cell death for SKOV3 cells, 41.01 + 6,28 % and 80.82 + 3.01 % for A431 cells, 44.9 +
10.57 and 29.22 + 4.53 % for OVCARS cells when exposed to 2 and 4 Gy, respectively,

compared to the untreated controls.
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When X-Ray radiation and 10 mg/mL of AGuIX® treatment were combined,
compared to the untreated controls, a significant drop in SKOV3 cells survival for 2 Gy
(****p=0.00004) and 4 Gy (**p=0.008) was found. A significant effect of the combination
was found for A431 when 2 Gy were combined when 10 mg/mL of the NP (****p=0.0001),
and for OVCARS3 cells when 2 Gy (***p=0.0008) and 4Gy (***p=0.0001) were combined
with 10mg/mL of AGuIX®.

For SKOV3 cells, the SER of the combination X-Ray + 10mg/mL AGuIX® resulted
in SER of 1.43 and 1.69 for 2 and 4 Gy respectively. For A431 cells, SER of 1.39 and 1.20
were found for 2 and 4 Gy respectively. For OVCAR3 cells, SER of the therapeutic

combination were 2.23 and 2.51.

Based on the significant radiosensitization effect found, we have selected 10 mg/mL
of AGuIX® as our working concentration for all the following in vitro experiments. Once
the radiosensitizing conditions were determined, we investigated the influence of AGuIX®
treatment in cell proliferation in the absence of irradiation, using the IncuCyte device. The
IncuCyte live imaging took a picture in phase contrast every eight hours for up to five days.
As depicted in Figure 73, no significant differences were found in cell proliferation capacity

in the absence or the presence of AGuIX® for the three cell lines tested.
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Figure 73: Proliferation assay measuring the percentage of cell confluence using the
IncuCyte Live Cell Analysis. Results are expressed as the mean + SD.

b. Toxicity of unlabelled Trastuzumab

Before evaluating the effect of the radiolabelled antibody on cells clonogenic
survival, we evaluated the effect of the “cold” antibody alone. To match our radiolabelled

treatment conditions, as the specific activity we used for 77Lu-Trastuzumab was 200
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MBq/mg, and our preferred volume activity 1 MBq/mL, equivalent to 5 ug/mL of the mAb

alone, we have tested a range of concentration between 2.5-20 ug/mlL.

As shown in Figure 74, a mild non-significant cytotoxicity of unlabelled
Trastuzumab was observed, reflected by an 11 + 7.22 %, 6.29 + 8.25 % and 6.21 + 12.48 %
decrease in SF for SKOV3, A431 and OVCARS3, respectively, when 5 ug/mL were used.
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Figure 74 : Clonogenic survival of SKOV3 cells exposed to 0- 20 pug/mL of Trastuzumab
for 18h. Results are expressed as the mean + SD.

c. Toxicity of the therapeutic combination 77Lu-Trastuzumab +
AGuIX®

Next, we evaluated the toxicity of 77Lu-Trastuzumab treatment in the absence or

the presence of 10 mg/mL of the NP on SKOV3, A431 and OVCARS cell lines (Figure 75).

For SKOVS§ cells, 77Lu-Trastuzumab decreased the SF by a 15.61 + 8.58 %, 32.97
+ 7.16 % and a 51.51 + 12.02 % when compared to the untreated control when 1, 2 and 4
MBq/mL were used, respectively. With the addition of AGuIX®, SF decreased significantly
by an additional 26.29 + 9.83 % (¥****p<0.00001), 12.75 + 6.27 % (****p=0.00004) and
8.27 + 8.65 (¥*p=0.02), with observed SER of 1.46, 1.23 and 1.20 when using 1, 2 and 4
MBq/mL of the radiolabelled antibody, respectively.

For A431 cell line, the radiolabelled antibody alone obtained, when compared to
the untreated control, a decrease in SF with 1, 2 and 4 MBq/mL 77Lu-Trastuzumab of 14.6
+7.3 %, 37.72 £ 7.02 % and 56.87 + 3.67 %, respectively. Co-treatment with the NP and 1,
2 and 4 MBq/mL of the radiopharmaceutical resulted in increased cell death by a 20.8 +
10.6 % (***p=0.0002), 23.17 + 1.49 % (***p=0.0003) and 9.62 + 2.84 % (**p=0.006), as
well as SER of 1.32, 1.59 and 1.28, respectively.
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For OVCARS cells, when compared to the untreated control 77Lu-Trastuzumab
decreased the SF by a 17.71 + 10.14 %, 39.55 + 9.68 % and a 62.48 + 10.46 % when 1, 2 and
4 MBq/mL were used, respectively. When the NP was added to the therapeutic schema, a
significant decrease in cell survival was observed. We observed an additional 21.47 + 9.65
% (****p=0.00006), 17.63 + 11.44 % (**p=0.003) and a 7.11 + 10 % decrease in SF,
obtaining SER of 1.35, 1.41 and 1.23 when 10mg/mL of AGuIX® were combined with 1, 2
and 4 MBq/mL of the radiolabelled antibody, respectively.

Interestingly, results showed that the addition of AGuIX® achieved the same
cytotoxic effect as twice the activity that we employed. In other words, 1iMBq/mL *77Lu-
Trastuzumab + AGuIX®was as cytotoxic as 2MBq/mL of the radiolabelled antibody alone,
and so son. This effect seems stronger when low activities were used, suggesting that high
activities of 77Lu-Trastuzumab could be too effective to appreciate a radiosensitization
effect. Following these observations, when the combination treatment will be used in vivo,
we can expect to observe less toxicity in healthy tissues, as lower activities would achieve

higher efficacies. Results are summarized in Table 11.
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Figure 75 : Clonogenic cell survival of A) SKOV3, B) A431 and C) OVCARS cells exposed
to 77Lu-Trastuzumab at 0, 1, 2 and 4MBq/mL + 10mg/mL of AGuIX®. Results are expressed
as the mean + SD.
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% Clonogenic survival Sensitizer Enhancement Ratio
X-Rays (Gy) TRT (MBq/mL) X-Rays (Gy) TRT (MBq/mL)
Cell line

2 4 1 2 4

2 4 1 2 4
T+ | - [+ -+« -T+«1-T7c¢+

SKOV3 62.1 | 434 36.3 | 214 | 84.3 | 57.6 | 67.0 | 54.2 | 48.4 | 40.2 1.43 1.69 1.46 1.23 1.20
A431 58.9 | 42.2 19.2 15.9 | 85.4 | 64.6 | 62.2 | 39.1 | 43.1 | 33.5 1.39 1.20 1.32 1.59 1.28
OVCARS3 | 55.1 | 24.6 290.2 11.6 | 82.2 | 60.8 | 60.4 | 42.8 | 37.5 | 30.3 2.23 2.51 1.35 1.41 1.23

Table 11: Summary of the obtained SF and SER using X-Rays or TRT in the absence (-) or the presence (+) of 1tomg/mL AGuIX®,
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d. Bystander effects

A “bystander effect”, according to the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) 2006 report, is “the ability of irradiated cells to convey
manifestations of damage to neighboring cells not directly irradiated”. Different biological
endpoints have been observed, including apoptosis, senescence, cell cycle distribution or
chromosomal aberrations, among others. Ceramide production, lipid raft formation,
cytoplasmic Ca2* homeostasis, MAPKs, JNKs or cytokines (83) are some of the cellular
components contributing to bystander effects, which have been previously reported by

past members of our team when using alpha and Auger electron emitters (226, 234, 235).

We assessed then the contribution of bystander effects to B-emitting 77Lu-Trastuzumab +
AGuIX® treatment, transferring to recipient cells the CM obtained after 2h of incubation
with donor cells. No cytotoxic effects were noticed in recipient SKOV3 cells both in the
presence and the absence of the NP. As pictured in Figure 76, no decrease in cell survival
was observed following CM transfer from any of the corresponding activities (1-

4MBq/mL). On the contrary, their clonogenic survival tended to increase.

Results suggest that f-ionizing radiation may act mainly through targeted effects rather
than bystander effects, and that B-irradiation of SKOV3 cells could lead to the secretion
proliferative factors, as cell survival reflects an increase trend. However, bystander effects
are dependent on the cell line, as well as the radiation type and targeting molecule.

Additional experiments need to be conducted to further assess this question.
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Figure 76: Bystander effects on SKOV3 cells. A) TRT treatment alone and B) Combination TRT
+ AGuIX®,
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2. AGuIX® subcellular localization

NP uptake, correct internalization and later localization inside the cell, account as
crucial parameters to better understand the radiosensitization mechanism. For all the
following experiments, SKOV3 cells were incubated with 10 mg/mL of AGuIX® in
complete DMEM/F12 culture medium for 18h.

a. Kinetic study of internalization by ICP-MS

We verified first the correct internalization of AGuIX® inside SKOV3 cells at
different time-points post-incubation (2h-144h). Cells were then harvested, and
Gadolinium quantified using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
As shown in Figure 77A, the NP is correctly internalized from 2h post-incubation, reaching
a plateau of 0.05 pg/cell from 6h until 18h during treatment. 73.69 % of total Gadolinium
uptake was flushed out of cells 24h after treatment wash (48h).

When compared to the activity uptake following 18h of incubation with 77Lu-
Trastuzumab (Figure 77B), maximal uptake was also found at 18h post-incubation (0.045
Bqg/cell). The NP and the radiopharmaceutical were found at its highest
concentration/activity at the same time, confirming the co-localization of both compounds

in SKOV3 cells, essential for their interaction to obtain the observed radiosensitizing effect.
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Figure 77: Activity and AGuIX®uptake on SKOV3 cells. A) AGuIX®internalization kinetics (2
— 144h) on SKOV3 cells post-incubation with 10 mg/mL of the NP for 18h. B) Activity uptake (0-120h)
on SKOV3 cells post-incubation with 1iMBq/mL 177Lu-Trastuzumab. Results are expressed as the
mean + SD.
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b. Transmission Electron Microscopy

Next, we evaluated the exact intracellular localization of the NP by Transmission
Electron Microscopy (TEM). As depicted in Figure 78, we can confirm the effective
internalization of the NP when we compare the micrographs to those of the untreated
control. The NP is represented as electron-dense black clusters located all around the cell
cytoplasm, but not inside cell nucleus. AGuIX® seem to be in the vicinity of cell
mitochondria, entrapped inside membranous structures impossible to further identify

with this technique.

A. Untreated control
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B. AGuIX® (10 mg/mL)

Figure 78: TEM micrographs of SKOV3 cells A) Untreated or B) Treated with 10 mg/mL

AGuIX® for 18h. Yellow arrows indicate NP internalization. Red crosses indicate condensed
chromatin.
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c. Fluorescence and confocal microscopy

To visualize NP localization with respect to different cellular organelles that seem
potential candidates for AGuIX® co-localization, we have used in the following

experiments a version of the NP directly tagged to Alexa Fluor-488 (AF488) fluorophore.

e Cell nucleus

First, we evaluated AGuIX® localization respective to the cell nucleus. As showed in
Figure 79, the observation we have previously made when analysing TEM micrographs
and gadolinium uptake was confirmed using classic fluorescence microscopy: AGuIX® is
effectively internalized inside the cell cytoplasm after 18h incubation. However, consistent

with TEM imaging, the NP is not internalized by the cell nucleus.

AGuIX®-AF488

Figure 79: AGulIX® intracellular localization with respect to SKOV3 cell nucleus. Image
obtained using fluorescence microscopy. SKOV3 nucleus stained in blue (DAPI), AGuIX®-AF488 are
stained in green and the merge of both channels, blue and green.
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e Mitochondria

Next, we evaluated the position of AGulX® with respect to an organelle with crucial
importance for radiation biology, and as we have previously observed in TEM
micrographs, seem to be sometimes located in close vicinity to the NP: cell mitochondria.
To stain these organelles, we have incubated SKOV3 cells with the NP for 18h, then with
Mitotracker™ for 45min. We used for this acquisition a more sophisticated fully motorized
inverted microscope (Deltavision OMX). This device allows superresolution (SIM &

PALM/STORM) imaging, offering a 3D view of our sample.

As seen in Figure 80, confirming the observations made with TEM images, the NP
does not co-localize with SKOV3 cells mitochondria. However, the close distance between
them makes mitochondria attractive candidates for AGulX®-mediated cytotoxicity and
will be further explored in Section 5. “7Lu-Trastuzumab and AGuIX® treatment

functional consequences on cell organelles.

AGuIX®-AF488

Figure 80: AGuIX® intracellular localization with respect to SKOV3 cell mitochondria.
Image obtained using superresolution microscopy. AGuIX®-AF488 are stained in green, SKOV3
mitochondria are stained in red (Mitotracker™).
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e Lysosomes

The third organelles that we investigated were cell lysosomes. Using the same
conditions than for our mitochondria localization studies, we incubated SKOV3 cells with
the NP for 18h, then with Lysotracker™ Red DND-99 for 45 minutes. We used for this
acquisition a Leica SP8-UV confocal microscope, allowing multi-dimensional high-

resolution imaging.

Results, depicted in Figure 81, showed that the membranous structures NP were
trapped in on TEM images, were cell lysosomes, as we observed a quasi-perfect co-
localization with these organelles represented as the yellow merge between green and red
channels. Our results are in accordance with those published by Stefanéikova et al.
regarding co-localization of AGuIX® with cell lysosomes in an in vitro model of human
glioblastoma (U87 cells) (236), as well as Simonet et al. using a HNSCC model (SQ20B
J.L. cells) (237).

AGuIX®-AF488

Figure 81: AGuIX® intracellular localization with respect to SKOV3 cell lysosomes. Image
obtained using confocal microscopy. AGuIX®-AF488 are stained in green, SKOV3 lysosomes are stained
in red (Lysotracker™ Red DND-99).
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3. DNA damage response to 77Lu-Trastuzumab and AGuIX® treatment

Once we set our experimental models and treatment conditions, verified the
increased therapeutic efficacy of the combination TRT + NP, as well as the intracellular
localization of AGuIX®, we further investigated the effects of the drug combination on the

main target of irradiation within the cell: the DNA.

a. Kinetic study of Double Strand Break signalization: yH2AX foci

SKOV3 cells were either left untreated or were treated with 10 mg/mL AGuIX®, or
1MBq/mL of 77Lu-Trastuzumab + 10 mg/mL AGuIX® for 18h. After the 18h treatment,
cells were extensively washed with PBS and fixed with PFA 4% or left in culture with

complete medium until the time of analysis.

As previously overviewed in Introduction Section II.4 Targeted effects from the
Introduction Chapter, ionizing radiation can create DSBs in cells when their DNA is
crossed by radiation, and the formation of these DSBs induce the phosphorylation of
histone H2AX in the form of y-H2AX. These foci y-H2AX, once formed, will be localized

at the DSB sites marking their formation kinetics.
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Figure 82: DNA DSB signalization kinetics. A) Representative images of SKOV3 cell nucleus
(blue) with y-H2AX foci (green) indicating the DSB site. B) Average y-H2AX foci / nucleus of SKOV3
cells quantification. . Results are expressed as the distribution of the obtained values. Wider regions
indicate values that occur more frequently, narrower regions indicate values that occur less
frequently. Median values are represented as black dot lines.

As it can be observed in Figure 82, treatment for 18h with the NP alone did not

produce significant increase in DSB signalling when compared to the untreated control.

Treatment with 1MBq/mL of 77Lu-Trastuzumab increased significantly
(****p<0.0001) the number of y-H2AX foci per SKOV3 cell nucleus when compared to the
untreated control at 18, 24 and 48h post-treatment. Compared to NP treatment alone, DSB
formation increased significantly (####p<0.0001) from 18-48h and (##p=0.005) 72h

post-treatment.

When compared to the untreated control, co-treatment with 1MBq/mL of 77Lu-
Trastuzumab + 10 mg/mL AGuIX® produce a significant increase (****p<0.0001) in DSB
signalling from 18-48h and (¥**p=0.003) 72h post-treatment. Compared to AGuIX®
treatment alone, mean y-H2AX foci increased significantly (####p<0.0001) from 18-72h
post-treatment.
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However, when comparing TRT + AGuIX® conditions, apart some remaining
residual foci visible from 24-72h post-incubation when co-treatment with TRT + AGuIX®
was used, no significant differences were found in DSB signalisation kinetics compared to
TRT treatment alone. The effect of the combination treatment on DNA fragmentation
outcome will be further investigated assessing micronuclei formation, as the observed

residual foci could indicate more complex damage more difficult to repair.

b. Kinetic study of nuclear fragmentation: Micronuclei formation

When measuring y-H2AX foci, we observe the signalisation kinetics of the DNA DSB
formation. To quantify the effects of irradiation on DNA fragmentation, we will assess the
kinetics of micronuclei formation. As a reminder, “micronuclei (MN) are extra-nuclear
bodies containing damaged chromosome fragments and/or whole chromosomes that were
not correctly incorporated into the nucleus after cell division, which can be induced by
dysfunctions in cell repair machinery, with the consequent accumulation of DNA damages

and chromosomal aberrations” (238).

To measure MN, cells are blocked into division using cytochalasin B, a mycotoxin
capable to prevent microtubule polymerization (239). The number of MN per binucleated

cell population are then scored.

On Figure 83A, some examples of different MN scored per SKOV3 binucleated cell.

185



Results 3. In vitro studies: unravelling radiosensitization mechanisms

SKOV3 ##

"

*kkk

0.6' *kkk

*kk

0.4_ FEE ek *kkk

Number micronuclei / binucleated cell

0.21
0.0' T i T i T
24h 48h 72h
M Control TRT
AGuIX® TRT + AGuIX®

Figure 83: Micronuclei formation kinetics. A) Examples of MN scored per SKOV3 binucleated
cell. Yellow arrows indicate MN. B) Quantification of MN per SKOV3 binucleated cell. Results are
expressed as the mean + SEM.

As observed in Figure 83B, non-significant differences were found in MN formation

between the untreated control populations and treated with 10 mg/mL of the NP.

Compared to untreated and NP control populations, 1MBq/mL of 177Lu-Trastuzumab arose

MN formation significantly from 24h (***p=0.0004), 48h (***p=0.0007) and 72h post-
irradiation (****p<0.0001).

The same way, co-treatment with 1iMBq/mL of 77Lu-Trastuzumab + 10 mg/mL
AGuIX®significantly increased MN score 24h (*** p=0.0005), 48h (****p=0.00004) and

72h (****p<0.00001) post-treatment when compared to untreated and NP alone control

population.

Interestingly, the combination TRT + NP significantly rose MN formation when
compared to TRT alone at 72h (##p=0.002). The residual y-H2AX foci observed from 24h
post-irradiation could be responsible for more complex damage when irradiation is
combined with AGuIX®, which can be more difficult to repair. This replication
abnormalities result in chromosomic aberrations and nuclear fragmentation, increasing

MN formation and leading, eventually, to cell death.
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4. Oxidative stress contribution to 77Lu-Trastuzumab and AGuIX® treatment

As overviewed in “Radiobiology of ionizing radiations section 5.b”, most of
radiation-induced insults derive from the indirect mechanism of water radiolysis and
subsequent ROS production, as water is the major component of the cell, rather than DNA
direct damage. It seemed therefore important for our study to determine the influence of
ROS in AGuIX®-mediated cytotoxicity.

a. Reactive Oxygen Species (ROS) generation

To monitor the kinetics of ROS generation after the 18h treatment of SKOV3 cells
with 1omg/mL AGuIX®, or iMBq/mL of 777Lu-Trastuzumab + 10 mg/mL AGuIX®, we used
CM-H2DCFDA, a chloromethyl derivative of H2DCFDA, a chemically reduced, acetylated
form of fluorescein widely used in the literature through the years as an indicator for ROS
generation in cells. In normal conditions, the molecule is non-fluorescent, and converted
to green, fluorescent when the acetate groups are cleaved by intracellular esterases or

oxidation (ROS activity) occurring inside the cell.

Cells were treated for 18h and put back to culture until the desired time of analysis
(48, 72h post-treatment), then incubated with the molecular probe for 30 minutes, and
fixed with PFA 4%. Images were taken using a fluorescence inverted microscope (Leica
Microsystems, Wetzlar, Germany). The Mean Fluorescence Intensity (MFI) per image was

quantified and results presented as the fold change of MFI over the untreated control.

AO

Control TRT + AGuIX®
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72h
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Figure 84: ROS formation kinetics. A) Representative images of Control, NP, TRT and TRT+NP
conditions measuring ROS formation using DCHFDA on SKOV3 cells. Nuclei are stained in blue
(DAPI). ROS are satined in green (DCHFDA). B) Quantification of ROS formation represented as the
change in MFI over control. Results are expressed as the distribution of each value + SD.

Results, presented in Figure 84, showed a significant increase (**p=0.002) in ROS
formation at 48h when cell were treated with 10mg/mL AGulIX®. It has been previously
described that NPs increase oxidative stress in vitro (240), which could explain the mild
toxicity of AGuIX® that we observed in our clonogenic survival results. However, this ROS

increase seems to fade at 72h post-treatment.

ROS formation is one of the main consequences of cell exposure to an ionizing
radiation. As expected, for TRT treated cells ROS formation increased significantly at 48h
(**p=0.002) and 72h (****p=0.00005) post-treatment when compared to the untreated
control. When compared to NP treatment alone, TRT increased significantly
(###p=0.0002) ROS formation 72h post-treatment, explaining in part the enhanced
toxicity of TRT treatment.

When cells were treated with the combination TRT + NP, ROS formation increased
significantly when compared to the untreated control (****p<0.0001) and to NP treatment
alone at 48h (###p=0.0005) and 72h (****p<0.0001) post-incubation. Interestingly,
when compared to TRT alone, the presence of the NP seems responsible for a significant

increase in ROS formation 48h (** p=0.004) but also at 72h post-treatment (* p=0.01).

Altogether, these results suggest an important influence of ROS formation in
AGuIX®-mediated toxicity. Therefore, the effect of ROS inhibitors (antioxidants, iron
chelators) was tested to verify this hypothesis.
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b. Antioxidants and iron chelators: preventing ROS storm

To verify the effect of ROS formation inhibition (or decreased ROS formation) on
cell toxicity, we have tested different molecules capable to prevent or reduce this reactive
species. We have used three different ROS scavengers: N-acetylcysteine (NAC), catalase
and Dimethyl sulfoxide (DMSO). All “inhibitors” have been diluted in complete culture
medium and incubated with NP, TRT or TRT + NP treatment for 18h as our previous

experiments.

NAC is a widely used antioxidant molecule. Its action results from its capacity as
free radical scavenger, increasing intracellular glutathione (GSH) levels; but NAC also

possesses a reducing property through its thiol-disulfide exchange activity (241).

Catalase is a “heme” enzyme. It contains four porphyrin heme (iron) groups, the
active sites of the protein that allow the enzyme to react with hydrogen peroxide. Its main
function is to protect against the toxic effects of hydrogen peroxide by catalyzing its

decomposition into water and oxygen (2 H.O. —> 02 + 2 H20).

DMSO is used as a ROS scavenger in low concentrations, which we used at 0.5%
diluted in complete culture medium. It has been described that DMSO is able to reduce
both lipid peroxidation and protein carbonyl formation, as well as reduce the production

of hydroxyl radicals (242).

We have tested the effect of these 3 ROS “scavengers” on the main cell line for our

work, SKOV3. Results are presented in Figure 85:

A. NAC: the presence of NAC significantly increased cell survival by a 13.54 + 4.64 %
(***p=0.0006), a 19.54 + 5.34% (¥****p=0.00002) and a 26.81 + 4.21 %
(****p=0.00006) for 1, 2 and 4MBq/mL of 77Lu-Trastuzumab treatment alone,
respectively. When cells were treated with the radiolabelled antibody + NP, clonogenic
survival percentages significantly rose by a 32.93 + 6.1 % (****p=0.00006), 22.21 +
9.72 (****p=0.00009) and a 26.72 + 3.76 % (****p=0.00003) for 1, 2 and 4MBq/mL
in the presence of the NP, respectively. Globally, a more pronounced increase in cell
survival was found when the antioxidant was added to the TRT + NP therapeutic
scheme. However, we thought it would be interesting to test other ROS scavengers to

better contrast this hypothesis and provide more robust evidence of this phenomenon.

B. Catalase: the addition of 20ug/mL of catalase produce an increase in cell survival of

0.19 + 9.17 %, 11.2 + 5.05 % and 11.79 + 5.23% when 1, 2 and 4MBq/mL of the
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radiolabelled antibody alone were used, respectively. For TRT+NP, the presence of
catalase significantly increased cell survival, obtaining a 27.74 + 6.23 % (**p=0.002),
a24.13 £ 4.86 % (***p=0.0001) and a 19.85 + 3.57 % (**p=0.004) increase in survival
percentages when 1, 2 and 4MBq/mL were used, respectively. Here, we confirm the
hypothesis of water radiolysis and ROS generation contribution to AGuIX®-mediated

toxicity, suggesting that H.O. may play a crucial role in this process.

C. DMSO: 0.5% of DMSO in culture medium during the 18h treatment, resulted in no
difference, 16.02 + 7.61 % (***p=0.0002), 17.53 + 7.68 % (**p=0.007) of clonogenic
survival for 1, 2 and 4MBq/mL of 77Lu-Trastuzumab alone, respectively. For TRT+NP,
significant cell survival increases of 25.46 + 6.88 % (***p=0.0002), 26.57 + 19.36 %
(**p=0.003) and 18.98 + 8.88 % (**p=0.001) using 1, 2 and 4MBq/mL, respectively.
Again, a higher recover of cell survival was found in the presence of both the NP and
the ROS scavenger, giving robust proof of the contribution of free radicals to TRT+NP
cytotoxicity.

A. B.
SKOV3 SKOV3
1209 1201
= 1001 |_|1 |—| = 1001
> T 2
2 god - l|_‘ |—| 2 god bk | I |_‘
? ?
o 601 T I—l o 607 T ’_‘
g e
& 40- % 40-
] ]
c [ =
S 201 S 201
O O
0 T T T T T T T T 0 T T T T T T ] T
NPs + + + + + + NPs - -+ 4+ - -+ 4+ - -+ 4+
NAC -+ - + -+ - + - + - + Catalasel] - + - + -+ - + -+ - +
C‘
SKOV3
1201
= 1001
2 Tt I
80- T I—II l
£ I'I O 1MBg/mL
g 601 IIT I O 2MBg/mL
S 40-
o B 4MBg/mL
S 20-
O
c T T L] T T T T T
NPs - - + + - -+ + - -+ 4+
DMSO -+ -+ -+ -+ -+ -+

Figure 85: Clonogenic cell survival of SKOV3 cells exposed to 177Lu-Trastuzumab at 1, 2
and 4MBq/mL + 10mg/mL of AGuIX® + antioxidant treatment. A) NAC, B) Catalase or C)
DMSO. Results are expressed as the mean + SD.

190



Results 3. In vitro studies: unravelling radiosensitization mechanisms

To further investigate the role of H,O. and subsequent ROS generation in AGulX®-
mediated toxicity, we have combined our treatments with an iron chelator, deferiprone
(DFP). Iron is essential for a wide variety of normal cellular processes, but is also an active
player in the generation of ROS radicals, which, as we have previously described, have
shown to damage cellular components such as DNA, lipids and proteins (243). Iron is the
major catalyst of free radical reactions in biological systems and plays a key role in free
radical-induced damage related to oxidative stress (244). Two main reactions involve iron
and free radical formation: Fenton and Haber-Weiss reactions, converting low toxicity
H.0:. in high toxicity hydroxyl radicals (Figure 86) (245).

Haber-Weiss
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Figure 86: Schematic representation of Fenton and Haber-Weiss reactions.

DFP, EMA approved and commercialized under the name of Ferriprox®, is an
effective orally active iron-chelating drug developed for the treatment of thalassemia (iron-
overload toxicity). DFP has demonstrated to be an effective antioxidant, preventing
oxidative stress and biomolecular, subcellular, cellular, and tissue damage caused by iron-
dependent free radical formation in vitro and in vivo (246). Furthermore, the interaction
of DFP with Fe2+ ions completely inhibited hydroxyl radical production in the presence of
hydrogen peroxide (244).

We have therefore tested the effect of DFP in SKOV3, A431 and OVCARS3 cells. As
for the antioxidant’s experiments, DFP has been diluted in complete culture medium to
reach 100uM concentration and combined with TRT + NPs for our established 18h of

treatment. Results are presented in Figure 87.

- SKOV3: the presence of DFP significantly increased cell survival by a 12.53 + 9.25 %
(**p =0.001) and 2 10.88 + 9.77 % (*p=0.003) for 1 and 2MBq/mL of TRT alone. When
cells were treated with TRT+NP, the addition of DFP resulted in significant cell survival

recover of 27.6 + 11.27 % (****p<0.0001) and 23.15 + 12.88 % (***p=0.00008).
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- A431: For 1 and 2MBq/mL of TRT alone DFP did not produce significant increases in
cell survival. For 1 and 2MBq/mL of TRT + NP, respectively, the presence of DFP

produce 29.07 + 5.22% and 27.13 + 5.7% significant increases (****p<0.0001) of cell
clonogenic survival.

- OVCARS3: non-significant differences were found between TRT and TRT + DFP
conditions, although a trend in survival increase can be observed. For TRT + NP, the
presence of DFP increased significantly (**p=0.001) cell survival when 1MBq/mL of

177Lu-Trastuzumab was used, and a survival increase trend can be observed for
2MBq/mL.
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Figure 87: Clonogenic cell survival of A) SKOV3 B) A431 and C) OVCARS cells exposed to
177Lu-Trastuzumab at o, 1, and MBq/mL + 10mg/mL of AGuIX® + deferiprone (DFP).
Results are expressed as the mean + SD.

The DFP-induced gain of survival was stronger for TRT+NP condition, suggesting
that decrease of iron-dependent free radical formation plays a main role in AGuIX®-
mediated toxicity. This was validated in 3 different cell lines. The effect of DFP in ROS
formation monitoring using CM-H2DCFDA was further investigated to validate this
hypothesis.
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For this experiment, SKOV3 cells were used, and DFP was incubated with our
treatments the established 18h. Then treatments were washed, and cells maintained in
culture until the desired time of analysis, when cells were incubated with CM-H2DCFDA

in the same conditions used for the experiment in the absence of DFP.

Results, depicted in Figure 88, did not show significant differences in ROS
formation when cells were treated with AGuIX® alone in the absence or presence of the
iron chelator, suggesting that the NP alone oxidative stress responses is not dependent of

Fenton reactions.

TRT-derived ROS formation increase seem to be significantly reduced (*p=0.04) in
the presence of DFP 48h and 72h post-treatment. This result is consistent with the
recovery of SKOV3 cells survival previously showed in clonogenic survival assay. A part of

TRT cytotoxicity is dependent on Fenton-derived free radical production.

Interestingly, co-treatment with TRT and AGuIX® in the presence of the iron
chelator resulted in stronger significant decreases in ROS formation 48h (***p=0.0007)
and 72 h (** p=0.002) post-treatment. Again, these results are in accordance to the
obtained SF rates, indicating that iron-dependent ROS formation indeed plays a key role
in the therapeutic combination TRT + AGuIX®, which seems to be more powerful than for
TRT alone.
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Figure 88: Quantification of ROS formation in the presence (+) compared to the
absence (-) of DFP. Results are represented as the change in MFI over control, and expressed as
the distribution of each value + SD.
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5. 77Lu-Trastuzumab and AGuIX® treatment functional consequences on cell
organelles

As observed in TEM, super resolution, and confocal microscopy images, AGulX®is
distributed in SKOV3 cells cytoplasm, in vicinity to mitochondria and co-localized with
lysosomes. It seems therefore important to focus on the health status of this two organelles,
much probably implicated in the underlying AGuIX®-mediated cytotoxic mechanisms. We
maintained the same treatment conditions as for our previous experiments, using
1omg/mL of the NP and 1MBq/mL of 77Lu-Trastuzumab alone or in combination with
1omg/mL AGuIX®for 18h.

a. Mitochondria

* Mitochondrial morphology

Mitochondrial ultrastructure is a reliable indicator of their general status. Recent
evidence propose that their morphology is firmly associated to ROS generation depending
on the physiological status of the cell (247). In normal conditions, mitochondria form a
tubular, highly interconnected structured network. When they suffer membrane
depolarization , it has been described that the loss of their mitochondrial membrane
potential (AWm) is responsible for initiating striking structural changes from tubular to
ring/doughnut shaped mitochondria (248,249). Ahmad et al. showed that during
increased generation of mitochondrial ROS, mitochondria suffer the above-mentioned
conformational change from tubular to doughnut-like or blob forms, and that this shape

changes could be prevented with the addition of antioxidants (250).

As for the co-localization experiments, we used a Mitotracker™ to stain SKOV3 cells
mitochondria in red, and cellular nuclei in blue using DAPI. Based on our previous results
of ROS formation kinetics, which seem to significantly increase from 48h post-treatment,
we decided to set our experimental imaging at 72h to be able to observe any morphological

mitochondrial changes. Images were taken using conventional fluorescence microscopy.

The obtained images of mitochondrial morphology monitoring are presented in
Figure 89. As we can observe, the above-mentioned shape changes from tubular (as seen
in untreated control, AGuIX® alone treatment, and 1MBq/mL of *77Lu-Trastuzumab) to a
round doughnut shape is seen in 77Lu-Trastuzumab + AGuIX® in response to the strong

ROS increase in co-treated cells.
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Figure 89: Mitochondrial morphology in SKOV3 cells 72h post-treatment with
1omg/mL AGuIX®, iMBq/mL of 77Lu-Trastuzumab + AGuIX®,
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e Mitochondrial membrane depolarization

To verify the hypothesis of AWm loss responsible for mitochondrial shape change

with a quantitative technique, we measured this parameter using flow cytometry with a
Muse cytometer (Muse, Merck Millipore) and the MitoPotential kit. The gates used for the

analysis and the quantification of total depolarization are showed in Figure 90.
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Figure 90: Mitochondrial membrane depolarization. A) Example of the gates used for the
experiments. B) Quantification of mitochondrial depolarization in SKOV3 cells from 24 to 72h post-
treatment. Results are expressed as the distribution of the obtained values. Wider regions indicate
values that occur more frequently, narrower regions indicate values that occur less frequently. Median

values are represented as black dot lines.
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As seen in Figure 9oB, non-significant differences were found in mitochondrial
depolarization when the untreated control and NP alone groups were compared between
them. TRT treatment alone increased significantly mitochondrial depolarization 24h

(*p=0.03) post-treatment which seem to be transient.

TRT + NP increased mitochondrial depolarization when compared to the untreated
control 24h (*p=0.01), 48h (**p=0.007) and 72h (*p=0.02) post-treatment. Interestingly,
when co-treatment with TRT + NP was used, mitochondrial depolarization seemed to be
long-lasting and increased significantly 24h (*p=0.01), 48h (*p=0.01) and 72h (*p=0.02)
post-treatment when compared to TRT treatment alone, consistently with the

mitochondrial shape change previously observed.

b. Lysosomes

Our previous observations confirmed the localization of AGuIX® inside cell
lysosomes and a significant increase in ROS formation when co-treatment with 77Lu-
Trastuzumab and the NP was used on SKOV3 cells. We demonstrated that treatment with
antioxidants and iron chelators can decrease the combination treatment cytotoxicity, as

well as ROS generation.

Lysosomes are organelles charged with large amounts of transition metals, like
redox-active iron (251). This iron-rich organelles are very sensitive to oxidative stress, and
the extent of this oxidative stress will dictate the magnitude of lysosomal destabilization
and the consequences that will follow (252). These characteristics make lysosomes
particularly sensitive to Fenton reactions, as they lack H.O.-catalyzing enzymes. An
increase in H.O, will lead to an increment in OH* production, highly deleterious for
lysosomes, as these free radicals will attack their membranes from the inside, producing
peroxidative reactions and eventually lead to the lysosome rupture and leakage (253).
Lysosomal rupture and following release of lysosomal content into the cytoplasm is known
as Lysosomal Membrane Permeabilization (LMP), triggered by a large variety of stimuli,
including strong ROS generation (254—256). It has been described that iron chelation can
inhibit intra-lysosomal Fenton chemistry, prevent lysosomal rupture and the downstream
events that follow, including disruption of mitochondrial membrane potential, DNA

fragmentation and apoptosis (253).

It seems therefore important to monitor lysosomal health following our treatments.

First, we quantified the number of intact lysosomes per SKOV3 cell. Next, we verified the
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hypothesized LMP and the subsequent leakage of lysosomal content by measuring

cytoplasmic pH, as well as the degree of lipid peroxidation.

Lysosomal membrane permeabilization

As for co-localization experiments, we used a Lysotracker™ to stain SKOV3 cells
lysosomes in red, and nuclei in blue using DAPI. We performed a kinetic study of lysosomal
integrity from 48 to 96h post-treatment. Images were taken using conventional

fluorescence microscopy and the number of Lysotraker™ puncta was quantified using

Image J.
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Figure 91: Lysosomal integrity. A) Representative images of SKOV3 cells lysosomes (red) and nuclei
(blue) 48-96h untreated or following AGuIX® or TRT + AGuIX®treatment. B) Quantification of lysosomes
per SKOV3 cells 24-96h post-treatment. Results are expressed as the distribution of the obtained values +
SD.

198



Results 3. In vitro studies: unravelling radiosensitization mechanisms

Results are presented in Figure 91. We can observe in panel B the diffusion of the
fluorescent dye from 48h post-treatment with the combination TRT + NP, leading to the
loss of the characteristic and defined punctate of LysoTracker™ red staining pattern that

we can observe in untreated and NP-alone treated cells.

When quantifying the number of LysoTracker™ punctate, we did not find significant
differences between untreated controls and AGuIX® treatment alone. Interestingly, the
number of intact lysosomes slightly decreased at 96h post-irradiation when cells were
treated with 1MBq/mL of the radiolabelled antibody, suggesting a potential irradiation-

derived lysosomal damage.

Co-treatment with 1MBq/mL of 77Lu-Trastuzumab + AGulIX®, as observed in
fluorescence microscopy images, led not only to the increased size and diffusion of the dye,
but also to a significant drop (****p<0.0001) in lysosomal puncta number when compared
to TRT treatment alone, giving more robustness to a possible LMP following NP irradiation

inside cell lysosomes.

To further address this hypothesis, we performed the same experiments adding
DFP to the therapeutic scheme, the iron chelator involved in reduced cytotoxicity of the
TRT + NP combination and the drop of ROS formation. We kept the same conditions as
for previous experiments, maintaining treatments for 18h and incubating cells with

LysoTracker™ at the desired time of the analysis.
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Figure 92: Lysosomal integrity in the presence of DFP. Quantification of intact lysosomes
per SKOV3 cells 72-96h post-treatment. Results are expressed as the distribution of the obtained
values + SD.
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Results of lysosomal puncta quantification are depicted in Figure 92. As previously
observed, no significant differences were found between untreated controls and NP-alone
treated cells, suggesting that iron chelation does not affect lysosomal integrity in these
conditions, matching the previous results obtained in clonogenic survival and ROS
monitoring experiments. Interestingly, no significant differences were found between the
different conditions tested, suggesting a protector effect of iron chelation on lysosomal
stability when cells are treated with TRT alone or the combination TRT + AGuIX®.

e Lipid peroxidation

To verify the previously suggested LMP, we verified the peroxidation of cell
membranes by quantification of one of the main products of lipid insults by free radicals:
malondialdehyde (MDA). As described in Radiobiology of ionizing radiations Section 5c.
Lipid peroxidation, PUFAs oxidation by free radicals results in the production of lipid
hydroperoxides, which, after degradation, will produce a variety of aldehydes, among

which, MDA accounts for being the primary and best known of these molecules (257).

MDA was therefore quantified in SKOV3 cell extracts after the 18h incubation with

the treatments right after treatment removal (18h) until 48h post-incubation (72h).

SKOV3
##
? 16- _ a
3 14- *x
E 12' . **
§ 104
£ 8
[
8 6-
[
S 4
S 2
s
0- T T T
18h 48h 72h
H Control TRT
AGUIX® TRT + AGuIX®

Figure 93: MDA quantification. Measure of lipid peroxidation through MDA production
quantification in SKOV3 cells either untreated or treated with AGuIX®, TRT or TRT + AGuIX® from
18 to 48h post-incubation. Results are expressed as the mean value + SD.
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Results are presented in Figure 93, as the quantity of MDA in nmol per mg of cell
protein extract. No differences in MDA production were found between untreated control
and AGuIX®-alone conditions. As expected, the radiolabeled antibody increased lipid
peroxidation when compared to the untreated or NP-alone treated conditions.
Interestingly, MDA production increased significantly (**p=0.003) in TRT + NP treated
samples at 48h post-treatment when compared to TRT alone, indicating a greater
oxidative damage when AGuIX® is added to the therapeutic scheme. This result is in
accordance to those obtained in ROS quantification and the recovery of SKOV3, OVCAR3

and A431 cells SF in the presence of antioxidants and iron chelator.

e Cytoplasmic pH acidification

When LMP occurs, the lysosomal content is spilled on cell cytoplasm, producing its

acidification and leakage of lysosomal hydrolases (258).

To further verify the hypothesized LMP occurring after TRT + AGulIX® co-
treatment, we used the fluorescent probe pHrodo™ Red AM Intracellular pH Indicator
(Thermo Fisher Scientific). The reagent is weakly fluorescent at neutral pH and increases
its fluorescence as the pH decreases. pHrodo™ Red probe allows to quantify cellular

cytosolic pH, with excitation/emission wavelengths of 560/585 nm.

We performed therefore conventional fluorescence microscopy experiments on
SKOV3 cells from 72 to 120h post-treatment. Cytosolic acidification was measured as MFI

quantification using Image J.

A. Control AGuIX® TRT TRT + AGuIX®

96h 72h

120h
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Figure 94: Cytoplasmic acidification. A) Representative images of pHrodo Red staining
following treatment with AGuIX®, TRT or TRT + AGuIX® from 72 to 120h post-incubation. B) pH
drop quantification expressed as the fold change in MFI compared to the untreated control. Results
are presented as the individual values obtained + SD.

Results are presented in Figure 94. As observed in representative images,
cytoplasmic acidification is represented as the diffusion of the red colorant through cell
cytoplasm in TRT and TRT + AGulX® treated samples. The increase of fluorescence is

inversely related to pH drop, meaning that more fluorescence translated in less pH value.

This increase in red staining was related to a drop of 8.36 + 10.71 % (96h) and 6.35
+ 9.14 % (120h) on pH values for TRT treated condition when compared to the untreated

controls. However, this decrease was found non-significant.

Noteworthy, when compared to TRT alone, co-treatment with TRT and AGuIX®
resulted in significant pH drops of 21.81 + 5.2 % at 72h (****p<0.0001), 25.12 + 9.38 % at
96h (****p=0.00005), and 23.93 + 8.63 % at 120h (***p=0.0004) post-treatment.

These results are in accordance with the previous obtained on lysosome integrity
monitoring, giving more power to the LMP and subsequent lysosomal leakage into cell
cytoplasm hypothesized when TRT + AGuIX® are used to treat SKOV3 cells.
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6. Cell death pathways associated to 77Lu-Trastuzumab and AGuIX® treatment

The functional consequences of AGuIX® irradiation inside cell lysosomes using
177Lu-Trastuzumab results in a substantial increase in ROS production, which has shown
to produce a loss of the lysosomal membrane integrity and leakage of the content into the
cell cytoplasm, decreasing the cytoplasmic pH in co-treated SKOV3 samples. This increase
in ROS production and lysosome leakage into the cytoplasm has been described to

decrease AWm (258), which we have noted when TRT + AGuIX® treatment was used.

Following these observations, we suggest that the combination treatment produce
an increase in lipid peroxidation due to the contribution of intra-lysosomal iron and water
radiolysis to Fenton chemistry reactions and subsequent formation of OH:, highly
deleterious for lysosomal membranes. Leakage of lysosomal content into the cell
cytoplasm will contribute, along with the loss of AWm, to an increase in apoptotic cell death
(259), leading to a blockade of the autophagic flux, as autophagosome-lysosome function

would be impaired (Figure 95).

The molecular pathways implicated will be next identified using a protein kinase

array, and the ultrastuctural modifications taking place will be observed by TEM.
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Figure 95: Schematic representation of the hypothesized consequences of TRT +
AGuIX® combination treatment. Adapted from Wang et al., 2018. Created with Biorender.

a. Apoptosis

High doses of ROS activate apoptosis (260). It seemed therefore important to
investigated it first, using the Muse® Annexin V & Dead Cell Kit, relying on Annexin V

biding to phosphatidylserine (PS), present in the cell surface upon apoptosis onset. 7-AAD,
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excluded from live and healthy cells, allows the discrimination of late-stage apoptotic and
dead cells.
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Figure 96: Apoptosis monitoring. A) Example of the gates used for the experiments. B)
Quantification of apoptosis in SKOV3 cells from 24 to 72h post-treatment. Results are expressed as
the distribution of the obtained values. Wider regions indicate values that occur more frequently,
narrower regions indicate values that occur less frequently. Median values are represented as black
dot lines.

Results are presented in Figure 96, where the gates used for the analysis (panel A) and the

quantification of total apoptotic population (early and late apoptosis) (panel B) are

presented. AGuIX® treatment alone significantly increased apoptosis percentage at 48h
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(**p=0.002) and 72h (¥*p=0.01) post-incubation compared to the untreated control, which

could explain the mild cytotoxicity observed in clonogenic survival results.

TRT treatment alone, as expected, increased significantly the total apoptotic
population at 24h (¥p=0.01), 48h (**p=0.002) and 72h post-incubation (*p=0.01)

compared to the untreated control.

Compared to the controls, co-treatment with TRT and the NP increased
significantly total apoptosis in SKOV3 cells 24h (**p=0.004), 48h (**p=0.004) and 72h
post-incubation (*p=0.01). Notably, apoptotic population not only was found increased
when compared to the untreated control, but significant increase was found at 24h
(##p=0.004), 48h (#p=0.03) and 72h (##p=0.007) post-treatment when compared to
TRT treatment alone. These results seem in accordance to the increased ROS storm
generated, subsequent LMP and leakage of the lysosomal content into the cell cytoplasm,
and mitochondrial depolarization observed when the NP was included to the TRT
therapeutic scheme, as these events have been previously related to the induction of

apoptosis (259—261).

Since apoptosis accounts for around 20% of radiation-induced cell death (262),
other types of cell death pathways must be involved in this process, which seem important

to further investigate.

b. Autophagy blockade: autophagosome accumulation

It has been described that LMP, and subsequent lysosomal impairment hinders the
normal autophagic flux in cells (263,264). As a self-digestive mechanism, autophagy
depends on lysosomal degradation and it is classified as macroautophagy, chaperone-
mediated autophagy and microautophagy. Macroautophagy is characterized by the
formation of double membrane structures entrapping damaged cell components called
autophagosomes. For degradation, autophagosomes fuse with lysosomes to form
autophagolysosomes (265,266), and therefore, when lysosomes are dysfunctional, this

process is compromised.

The detection of the lipidated form of the microtubule-associated protein 1 Light
Chain 3, or LC3-1I1, is the most widely used marker of autophagosomes as it is recruited to

their membrane, and its amount is relative to the amount of autophagosomes (267).

205



Results 3. In vitro studies: unravelling radiosensitization mechanisms

We performed a kinetic study of LC3 protein, identifying LC3B-I and LC3B-II
isoforms from 18 to 72h post-treatment, using GAPDH as housekeeping gene. Pixel

intensity of each subunit was normalized to GAPDH.
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Figure 97: Western Blot analysis of LC3B expression. A) Western Blot membrane using LC3B
and GAPDH antibodies. B) Quantification of pixel intensity measuring LC3BI to LC3BII conversion
relative to GAPDH pixel intensity.

Results are presented in Figure 97, indicating that the combination treatment 77Lu-
Trastuzumab + AGuIX® causes either upregulation of autophagosome formation or
blockade of autophagic degradation. LC3B-II increase indicates an accumulation of
autophagosomes, but it does not guarantee autophagic degradation. To further assess this
question, lysosomal inhibitors should be employed. If LC3B-II further accumulates in the
presence of the inhibitors, an enhancement of the autophagic flux will be evidenced. On
the contrary, if LC3B-II levels remain unchanged, autophagosome accumulation occurred
due to inhibition of autophagic degradation, as the hypothesized blockade of

autophagosome-lysosome fusion (268).

To further confirm the Western Blot results, we thus measured LC3B staining by
immunofluorescence in SKOV3 untreated samples, or treated with AGuIX®, TRT alone or

in combination with the NP 72h post-treatment. MFI was quantified using Image J.
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Results are presented in Figure 98. A significant increase of LC3B (¥***p=0.001)
was found in AGulX®-treated cells compared to the untreated control, which was not
observed in Western Blot experiments. NPs interfering with the autophagic flux have been
previously reported in the literature (267), but this effect cytotoxicity appears to have low
influence on SKOV3 cell viability, as measured by clonogenic survival assay an

proliferation monitoring.

TRT treatment increased significantly LC3B staining (***p=0.0001) compared to
the untreated control. This finding is consistent with previous reports of autophagy
induction post-IR treatment (269). Whether this effect has cytoprotective or cytotoxic

potential is still a matter of discussion.

Interestingly, co-treatment with TRT and AGuIX® resulted in significant LC3B
staining increase compared to the untreated control (***p=0.001), but also compared to
TRT treatment alone (###p=0.001). This observation suggests a greater rate of
autophagosome formation/accumulation when SKOV3 cells are co-treated with TRT and
the NP.

This result supports our previous Western Blot findings, but also of the LMP
process, where injured lysosomes impair the normal autophagic flux. Moreover,
autophagosome accumulation and inhibition of autophagy have been reported to trigger

apoptosis (270), consistent with our previous findings.
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Figure 98: LC3B immunofluorescence monitoring. A) Representative images of LC3B staining
following treatment with AGuIX®, TRT or TRT + AGuIX® 72h post-incubation. B) Positive LC3B
quantification expressed as the fold change in MFI compared to the untreated control. Results are
presented as the individual values obtained + SD.
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c. Proteome profiler: pathways implicated

To screen and evaluate the activation of the implicated pathways in AGulX®-
mediated cytotoxicity, we investigated the phosphorylation (activation) of different
proteins on SKOV3 cell extracts 48h post-treatment using a Human Phospho-Kinase
Antibody Array.
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Figure 99: Human Phospho-Kinase Antibody Array performed on SKOV3 cell extracts
48h post-treatment with TRT + NP. Results are represented as the mean pixel intensity found
in the array membranes.

Results are presented in Figure 99. When observing the black dots on the
membranes depicted in panel A, co-treatment with TRT and the NPs resulted in increased
phosphorylation of a notable number of subtracts. The main differences observed between

both conditions will be discussed hereafter.
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When compared to TRT array membrane, the combination TRT + NP evidenced a
97.74% increase in pixel intensity on Extracellular signal-Related Kinases 1-2
(ERK1/2), and a 61.96% increase on c-Jun N-terminal kinases (JNK), indicating a
strong protein phosphorylation. ERK and JNK are members of the Mitogen-Activated
Protein Kinases (MAPKs) family. Three major groups of MAPKs are known in humans:
ERK1/2, JNK, and p38. These kinases can be activated by intracellular and extracellular
stimuli including IR, oxidative stress and ROS formation, cytokines and growth factors

(271) (Figure 100).

[Growth factors, cytokines, oxidative stress]
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‘ MAPK ERK p38 INK from Son et al., 2011.
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In general, increased ROS production in a cell leads to the activation of ERKs, JNKs,
or p38 MAPKSs, but the mechanisms by which ROS can activate them remain unclear (272).
ROS-induced JNK activation is known to play a main role in oxidative stress mediated cell
death by both apoptosis and necrosis (273), and it’s related to radiation-induced DNA
damage (274). Although ERK1/2 function has been long-time related to cell survival
functions, these kinases have been described to have pro-apoptotic functions, and their
enhanced signalling can cause tumor cell death (275). Several studies have documented
the pro-apoptotic functions of the Ras/Raf/ERK pathway induction by DNA damaging
agents (etoposide, ionizing and UV irradiation...) (276—278) and various anticancer
compounds (resveratrol, taxol...) (279,280). Indeed, Lee et al. stated that oxidative
damage-induced apoptosis is mediated by ERK1/2 phosphorylation (281), and Cagnol et
al. suggested that ROS-mediated prolonged ERK activation might be the crucial
mechanism implicating the functions of the Ras/Raf/ERK pathway in cell death.
Furthermore, ERK activity has been shown to have a direct effect in mitochondrial health
by decreasing AWm and subsequently promoting apoptosis (282—284). These findings are
in accordance to our previous results, in which the combination TRT + NP increased ROS

formation, mitochondrial depolarization and the total apoptotic cell population.
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TRT+NP-induced ERK and JNK hyper activation is consistent with the increased
phosphorylation of several of its described transcription factors (275), including: c-Jun
(95.71% increased pixel intensity), Ribosomal S6 kinase (RSK1/2/3) (91.79% increased
pixel intensity), Mitogen- and Stress-activated Kinases-1 and -2 (MSK1/2) (99.17%
increased pixel intensity) and Signal Transducers and Activators of Transcription 3

(STATS3) (91.64% increased pixel intensity).

Heat Shock Protein 60 (HSP60), which pixel intensity increased by a 96.93%
upon co-treatment with TRT and AGuIX®, unlike other members of the HSP family with
clear anti-apoptotic functions, can possess pro-death features (285), related to
apoptosome complex activation and favouring the disruption of mitochondrial integrity

when translocated from the mitochondrial membrane (286).

AKT, like many other protein kinases, plays a pivotal role at the crossroads of cell
death and survival. It has been described that increased production of H,O. stimulates the
phosphorylation of p70S6K1 by activating the PI3K/Akt signaling pathway (287), and AKT
hyperactivation involving ROS generation triggers apoptotic cell death and prevents tumor
progression (288). AKT inhibition results in downregulated apoptosis and autophagy
upregulation (289), while its activation is related to autophagy inhibition, and has been
linked to accumulation of autophagosomes-dependent apoptosis (290), consistently with
our previous findings. Compared to TRT alone, co-treatment with AGuIX® induced AKT
phosphorylation, both in T308 and S473 sites, increasing pixel intensity by an 89.28
and a 93.87%, respectively. In accordance, we found an increased phosphorylation in
downstream effectors of the AKT pathway, including: p70S6 kinase (p70S6K) (95.58%
increased pixel intensity), Glycogen Synthase Kinase-3 (GSK3) (a/B: 52.91% and B: 57.57%
increased pixel intensity), and endothelial-Nitric Oxide Synthase (e-NOS) (69.90%

increased pixel intensity).

Signal Transducers and Activators of Transcription 3 (STAT3) protein, which
classically is considered to regulate cell proliferation, survival, or DNA damage repair, has
also been involved in lysosome-mediated cell death, promoting LMP and Cathepsin
upregulation, and impairing autophagosome clearance (291,292). STAT3

phosphorylation was found increased by a 91.64% in TRT+NP-treated samples.

Proline-rich AKT substrate of 40 kDa (PRAS40) pixel intensity increased a
93.63% in TRT + AGuIX®-treated samples. PRAS40 acts at the crossing of Akt- and
mammalian Target Of Rapamycin (mTOR)-mediated signaling pathways, Akt being the
major kinase promoting PRAS40 phosphorylation in T246 site (the one investigated in the
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used protein kinase array) (293). Phosphorylation of PRAS40 contributes to the activation
of the PI3K/AKT/mTOR signaling pathway and the inhibition of autophagy (294).

The same experiment was performed using the iron chelator DFP in combination
with TRT + NP to treat SKOV3 cells. Protein extracts were taken 48h post-treatment.
Results are showed in Figure 101. Interestingly, JNK, ERK1/2 as well as MSK1/2, the main
kinases activated during TRT + NP treatment which activation is related to a sustained
ROS production, seem abolished when the iron chelator is present. This finding is in
accordance to the previous results obtained in clonogenic survival and ROS monitoring
experiments, in which addition of DFP resulted in increased cell survival and decreased
ROS generation. Other kinases phosphorylation, notably p38, p70, PRAS40, RSK, STAT3

and HSP60, was found decreased in the presence of the iron chelator.
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Figure 101: Human Phospho-Kinase Antibody Array performed on SKOV3 cell extracts
48h post-treatment with TRT+NP + DFP. Results are represented as the mean pixel intensity
found in the array membranes.
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d. Ultrastructural modifications

To further verify the consequences of the therapeutic combination TRT + AGuIX®,
we performed a kinetic observation study using TEM. SKOV3 cells were either left
untreated or treated with AGuIX®, the radiolabelled antibody alone or in the presence of
the NPs, and images were taken from 18h (right after treatment wash) to 120h post-

treatment.

A summary of our findings is depicted in Figure 102. The main ultrastructural
modifications per time-point found in TRT+NP-treated samples, evidenced in the below-
exposed figure, will be further discussed hereafter.

Control AGuIX® TRT TRT + AGuIX®

Figure 102: Time-lapse of ultrastructural modifications in SKOV3 cells untreated or
treated with AGuIX®, 77Lu-Trastuzumab alone or in combination with AGuIX® from 18h
to 120h post-treatment.
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e—F YT

Figure 103: TEM micrographs of SKOV3 cells 18h after treatment with 1MBq/mL of
177Lu-Trastuzumab + 10mg/mL AGuIX®, Lysosomes containing the NPs are indicated with red
asterisks, autophagosomes with blue arrowheads, damaged mitochondria with yellow arrowheads.
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Right after the 18h of treatment, most of AGuIX® NPs seem to remain entrapped
inside cell lysosomes, as we have previously observed in Gd uptake quantification
experiments by ICP-MS, represented in TEM micrographs as electron-dense clusters (not
present in untreated controls and TRT alone treated cells), indicated with red asterisks in
Figure 103. In accordance to flow cytometry experiments, were mitochondrial membrane
depolarization started to appear (24h post-treatment initiation), mitochondrial health
seems to be compromised. We can observe, indicated with yellow arrows, mitochondria
swelling as well as crest disordering. As indicated with blue arrows, we observe a small
proportion of autophagosomes/late endosomes, characterized by a double membrane

entrapping normal-looking ribosomes inside the autophagosome-like compartment.
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Figure 104: TEM micrographs of SKOV3 cells 48h after treatment with 1MBq/mL of
177Lu-Trastuzumab + 1omg/mL AGuIX®. Autophagosomes are indicated with blue arrowheads,
cytoplasmic vacuoles with pink arrowheads, damaged mitochondria with yellow arrowheads, vacuole
membrane with black arrows (B).

As seen in Figure 104, illustrated with three different examples in panel A, from

48h post-treatment, a massive “cytoplasm vacuolization” can be observed in our TRT +
AGuIX® treated samples, not observed in the other untreated or treated conditions. The
formed round-shaped “vacuoles” seem to possess a membrane delimitating their structure
(panel B) and contain degrading material on their inside. Similar structures have been
described by Lérincz et al. as “aberrant late endosomes unable to fuse with neighbouring
acid phosphatase—positive lysosomes” (295), while Corbet et al. described them as lipid
droplets, which formation is favoured by acidic cytoplasmic pH (296), and they accumulate
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in cells exposed to oxidative stress to protect membranes from peroxidation reactions

(297). So far, we have not further identified these structures.

One can observe in panel C and D the presence of several autophagosome-like

compartments distributed around the cell cytoplasm, indicated with blue arrowheads.

The electron-dense clusters of lysosome-entrapped NPs seem to have been
eliminated from the cells. This observation is in accordance to our Gd uptake results, in
which 73.69% of AGulX® was flushed out SKOV3 cells 24h post-treatment wash.
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Figure 105: TEM micrographs of SKOV3 cells 72h after treatment with 1MBq/mL of
177Lu-Trastuzumab + 10mg/mL AGuIX®. Autophagosomes are indicated with blue arrowheads,
cytoplasmic vacuoles with pink arrowheads, damaged mitochondria with yellow arrowheads,
cytoplasm dissolution/necrosis-like features with green arrowheads, unidentified “spilling-content”
structure with orange cross.

Ultrastructural modifications produced in SKOV3 cells 72h post-treatment are
presented in Figure 105. As indicated with green arrowheads in panel B, the round
vacuoles observed at 48h post-treatment seem to have been replaced or transformed into
larger vacuole-like membrane-lacking structures with low-electron density.

Autophagosomes can be observed around the cell cytoplasm, indicated with blue
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arrowheads. In panel B, we can observe a kind of transition state between the round-
shaped vacuoles observed at 48h, starting to lose its defined shape, containing degradation

material on its inside.

Panel C shows again the large vacuole-like membrane-lacking structures which
seem to digest the cellular cytoplasmic content. A large unidentified structure appears to
spill its content inside the cell cytoplasm, also visible in panel D. A well-defined
autophagosome, with the double layer membrane surrounding its structure, entrapping a

mitochondria on its inside for future degradation can be observed.

120h
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Figure 106: TEM micrographs of SKOV3 cells 120h after treatment with 1tMBq/mL of
177Lu-Trastuzumab + 10mg/mL AGuIX®. Autophagosomes are indicated with blue arrowheads,
damaged mitochondria with yellow arrowheads, cytoplasm dissolution/necrosis-like features with
green arrowheads, multi lamellar bodies with purple arrowheads.
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The effects of co-treatment with 77Lu-Trastuzumab + AGuIX® 5 days post-
incubation are summarized in Figure 106. In panel A we can observe three representative
images of SKOV3 cells, in which the large vacuole-like membrane-lacking structures we
observed at 72h post-treatment seem to have invaded cell cytoplasm, as it has been
digested. Cell membrane seems to be intact, and we note a progressive disappearance of

cell organelles.

We took a closer look to the composition of this vacuoles, illustrated in panel B,
which we have no further identified. We observe some late endosomes/autophagosomes,

indicated with blue arrowheads.

Of note, we observed the apparition of Multi Lamellar Bodies (MLB), indicated in
panels C-E with purple arrowheads. MLBs are membrane-bound cellular organelles with
a size comprised between 100 and 2400nm, composed of concentric membrane layers and
generally an electron-dense core (298). Their presence indicates a form of mature, single-
membrane autophagosome (299). Hariri et al. stated that resistance to lysosomal
degradation leads to the formation of a propitious microenvironment for MLB formation
(300), in line with previous findings linking MLBs accumulation to impaired lysosomal
degradation (301—-304). Consistently, Garcia-Sanz et al. provided evidence that MLBs
formation was related to lysosomal dysfunction in Parkinson disease pathogenesis,
rendering the cell more vulnerable to apoptosis (305). Moreover, Nixon et al. established
a link between the accumulation of MLBs and impaired lysosomal degradation in
Alzheimer disease, leading to the impediment of the neuroprotective functions of
autophagy (306). Anticancer drugs, as topoisomerase II inhibitor F14512, have also been
linked to this cytotoxic ultrastructural features, characterized the presence of numerous

multi-lamellar and vesicular bodies and large electron-lucent (methuosis-like) vacuoles

(307).

As indicated with yellow arrowheads and evidenced in panels C-E, mitochondria

were obviously damaged, swelled and the crests could barely be seen.

e [Iron chelation

To further verify the effect of iron chelation and impairment of ROS generation in
our samples, the same experiment was performed using the iron chelator DFP in
combination with TRT + NP to treat SKOV3 cells. TEM images were taken 48 and 72h

post-treatment.
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48h - DFP

Figure 107: TEM micrographs of SKOV3 cells 48h after treatment with 1MBq/mL of 177Lu-
Trastuzumab + 10mg/mL AGuIX®in the presence of the iron chelator Deferiprone (DFP).
Lysosomes containing the NPs are indicated with red asterisks.
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The results obtained 48h post-incubation of SKOV3 cells with 77Lu-Trastuzumab +
AGuIX® in the presence of DFP are summarized in Figure 107. Contrary to TRT + NP
condition, electron-dense structures, previously identified as lysosomes containing
AGuIX® can be observed at 48h post-treatment. No autophagosome-like structures were
observed in the analysed micrographs. Notably, the vast cytoplasmic vacuolization

observed in TRT + NP-treated samples is not visible in the presence of the iron chelator,

=2h - DFP
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Figure 108: TEM micrographs of SKOV3 cells 48h after treatment with 1tMBq/mL of 177Lu-
Trastuzumab + 10mg/mL AGuIX®in the presence of the iron chelator Deferiprone (DFP).
Autophagosomes are indicated with blue arrowheads, mitochondria with yellow arrowheads, cytoplasm
dissolution/necrosis-like features with green arrowheads.

Figure 108 summarizes the results obtained 72h post-incubation of SKOV3 cells
with 77Lu-Trastuzumab + AGuIX® in the presence of DFP.

Panel A shows the previously discussed outcome of TRT + NP treatment 72h post-
incubation. In contrast, panel B shows the same treatment condition in the presence of
DFP. The difference between both micrographs is stricking. As for the 48h time-point, in
which cytoplasm vacuolization seemed abolished in the presence of the iron chelator, the
large vacuole-like membrane-lacking structures spread over SKOV3 cells cytoplasm at 72h

post-treatment can no longer be observed in DFP-treated samples.

Mitochondria with more organized structure and crests, and no empty matrix are
indicated with yellow arrowheads in panels C and D. A late endosome/autophagosome can

still be observed in panel D.

Altogether, our TEM results suggest that irradiation of the NP inside cell lysosomes,
the subsequent increase in ROS formation and later LMP may be the origin of the above-
discussed cytoplasmic vacuolization. Lysosomal impairment seems to be responsible for
the accumulation of autophagosomes and MLBs in SKOV3 cell cytoplasm, hindering the

correct digestion of damaged cell components and therefore contributing to cell death.
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Discussion

Our work aimed to evaluate the radiosensitizing potential of AGuIX® NPs in
combination, for the first time, with a radiolabeled antibody (*77Lu-Trastuzumab) for the
treatment of ovarian cancer (OC)-derived peritoneal carcinomatosis (PC), while trying to

understand their mechanism of action at the cellular level.

In vivo, 77Lu-Trastuzumab and AGuIX® treatments were first optimized based on
biodistribution studies. In addition, SPECT/CT imaging showed a specific accumulation
in tumor nodules after AGuIX® IP injection in SKOV3-derived PC xenografts, as it has
been previously described after IV injection in several rodent tumor models (brain, lung,
melanoma, head and neck...) (228). Dual isotope imaging showed a co-localization of the
radiolabelled antibody and the NPs, for smaller and bigger tumor nodules, supporting the
obtained biodistribution results. The antibody remained at least 3 days in tumor nodules,
while AGuIX® were quickly flushed-out between 30 minutes and 6h post-injection. This
elimination kinetics is suitable when EBRT is combined with the NP, in which irradiation
arrives at a high dose rate (2Gy/min) in a “flash” manner (compared to TRT) when NP
uptake is found maximal, then it is quickly eliminated. For a TRT approach, irradiation is
performed at a lower dose rate but is maintained over time. Therefore, a longer time of
residence of the NP in tumors is mandatory to notice a radiosensitizing effect. These
observations led to the design of different fractionated regimens to be combined with TRT.
When smg of the NP were administered 24, 30, 72 and 79h post-injection of 77Lu-
Trastuzumab, a significant therapeutic enhancement was achieved when compared to TRT
treatment alone (*p=0.032). Using the RECIST criteria, the combination treatment
resulted in 5 subjects obtaining complete responses (CR) and 3 subjects a stabilization of
the disease (SD), while 77Lu-Trastuzumab treatment alone achieved 1 CR, 4 SD and 3
subjects showing disease progression. In addition, survival studies highlighted that the
combination TRT + AGuIX® not only strongly delayed tumor growth, but also significantly
increased mice survival when compared to the standard chemotherapeutic treatment for
OC (***p=0.0007), but also to the radiolabeled antibody treatment alone (*p=0.016).
177Lu-Trastuzumab + AGuIX® could be considered as a potential new tool to eliminate the
metastatic residual disease for OC patients, reducing the injected activity (IA) while
maintaining a strong therapeutic efficacy, and therefore decreasing radiation-induced
potential toxicities that can be found in patients receiving higher IAs. Moreover, co-
localization images provide proof of PC nodules specific targeting after IP injection of

radiolabeled Trastuzumab and AGulX®, opening an opportunity to develop a theranostic
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approach for OC management. These results led to a patent deposition:

“Combined therapy with nanoparticles and radiopharmaceuticals” (N°

22306057.5).

In vitro experiments were then performed to elucidate the radiosensitization
mechanism, responsible for the enhanced therapeutic efficacy observed in vivo. The
radiosensitizing effect of high-Z metals was first observed in patients with metal implants
suffering from mandibular and head and neck cancers receiving RT (308,309). Thereafter,
the radiosensitizing potential of gold, silver, titanium, hafnium, and gadolinium-based
NPs, among others, has been evaluated. Radiosensitization using high-Z NPs has been
hypothesized to be produced when a low-energy radiation (keV) will come across high-Z
atoms present in the NP structure. This event will most likely tear up an electron from the
inner shell of the atom through the photoelectric effect, creating a vacancy in its orbital.
This vacancy is typically filled by an Auger electron (AE), from an outer shell to a lower
shell, fulfilling the vacancy. To fall to the lower shell, the electron must lose some energy,
which is transferred to another outer-shell electron. Each fall will create a vacancy, leading
to an AE cascade, derived from a single initial inner shell ionization (202,310). These
emitted low energy AE (<1keV), possessing high LET (4 to 26 keV/um), are capable to
produce strong dose deposits within a short nanometre distance in the surrounding

cellular environment (125,311).

Targeted effects were first evaluated in vitro measuring clonogenic survival assay
and radiation induced DNA damage assessing YH2AX phosphorylation and micronuclei

formation.

When 1omg/mlL AGuIX® were combined with 77Lu-Trastuzumab at 1, 2 or
4MBq/mlL, respectively, Sensitizer Enhancement Ratios of 1.46, 1.23 and 1.20 were
obtained for SKOV3 cells, 1.32, 1.59 and 1.28 were observed for A431, and 1.35, 1.41 and
1.23 for OVCARS cells. The obtained SER or EBR, were similar to results previously
published for other studies using AGuIX® in combination with different external radiation
modalities in cervical cancer HeLa cells (SER4Gy=1.54 for 220 kVp and 1.28 for 6 MV
irradiation) (312), pancreatic cancer Panc-1 cells (SER4Gy=1.41 for 220kVp and 1.12 for 6
MV irradiation) (313), glioblastoma U87 cells (SER2Gy=1.22 for for 1.25 MeV irradiation)
(236), melanoma B16F10 cells (SER2Gy=2.08 for 220 kV irradiation) (213) and head and
neck squamous cell carcinoma (HNSCC) SQ20B cells (SER4Gy=1.4 for 250 kV irradiation)

(237).
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Radiation-induced DNA damage was next evaluated, first by studying the kinetics
of DNA DSB signalization (y-H2AX foci staining) after 177Lu-Trastuzumab treatment in the
presence or the absence of the NPs. We did not find significant differences in y-H2AX
kinetics between both conditions, except for some residual foci observed when cells were
incubated with the radiolabeled antibody in the presence of AGuIX®. Indeed, an increase
in residual DNA DSBs has been previously reported in a HNSCC model in combination
with 250 kV photon irradiation and 75 MeV/n 13C+¢ irradiation (314), as well as in a
melanoma model combined with 220 kV X-rays (213), while no differences were found
with or without the addition of AGuIX® in glioblastoma U87 cells in combination with ¢°Co
y-rays (315). These results highlight the great variation existing when testing different cell
lines, irradiation modalities and radiosensitizing conditions, as the radiosensitization

mechanism most certainly differs depending on the experimental parameters.

In addition, we measured micronuclei formation per binucleated cell. Micronuclei
are linked to the accumulation of chromosomal aberrations, due to poor or misrepair DNA
damage, and are good indicators of mitotic cell death. Interestingly, the combination TRT
+ NP significantly rose MN formation when compared to TRT alone at 72h (**p=0.002).
Mitotic catastrophe has been previously reported by Miladi et al. using DTPA-based
gadolinium NPs in combination with X-Ray irradiation (250 kV) in HNSCC SQ20B cells

(316).

Altogether, these data suggest that the residual y-H2AX foci observed from 24h
post-irradiation could be responsible for more complex and lethal damage when 77Lu-
Trastuzumab is combined with AGuIX®. Those insults seem to be more difficult to repair
or could be misrepaired by the cell DNA Damage Response (DDR) machinery (Figure 109).
Briefly, DNA damage is sensed by the MRN complex, including Meiotic Recombination 11
(MRE11), RAD50 and NBS1 proteins, recruiting and activating Ataxia Telangiectasia
Mutated (ATM). In turn, ATM will activate its downstream substrates, such as BRCA1,
Checkpoint Kinase 2 (Chk2), and p53, mediating ATM effects on DNA repair, cell cycle
arrest and apoptosis, among others (317,318). Two main mechanisms are involved in
radiation-induced DNA DSB repair: Non-Homologous End Joining (NHEJ) and
Homologous Recombination (HR). NHEJ pathway, involving notably KU70/80
recruiting, produces imprecise repair, contributing to insertion or deletion mutations at
the strand break site. On the other hand, HR, involving BRCA1/2 is more accurate and

error free, consequently dealing with DNA fragments or correcting pathogenic mutations

(319).
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Therefore, a decrease in DSB signalization or a weakening in HR-DSB repair could
be responsible for the significant rise in micronuclei formation observed in TRT +
AGuIX®-treated samples compared to TRT alone, in the absence of significantly increased
y-H2AX signalization. In accordance, Sun et al., using a triple negative breast cancer model
combining AGuIX® with 137Cs y-Source irradiation, have reported an inhibition in ATM
and MRE11 phosphorylation, as well as BRCA1 HR pathway substrate. No differences were
reported in KU70/80 NHEJ repair proteins, suggesting that the NPs can deepen radiation-
induced DNA damage by decreasing HR repair (320).

Further studies need to be conducted to address this hypothesis, exploring the main
DNA-damage sensors and repair mechanisms, but also the potential SSB contribution to

the increased nuclear fragmentation.

AO
@,/ — \ o= RADS
ATM \ ‘vJRﬁ)S‘l - MRN
53BP1 ey G;B:RCAZ Nbs1 complex
YH2AX ? 5»' BRCA1 i) ?o RADS51
OV ST N NRNOT
DNA-PKcs l
\ Y _RAD51 l ARP1
/ iy 9
DDR proteins recruitment RADS51 filament formation e %
SONON
A DsB
CtIP/MRN MRN
DODOT OO
EXO1
DNA-PK complex RPA,
&  cesses
Pol A, Polp
53BP1 DNOOVOT OO
: DOQOOOLON
Artemis
LIG4 BRCA1
XLF BRCA2
¥ RADS51
NHEJ pathway HR pathway

Figure 109: DNA DDR machinery. A) Damage sensors and their functional complexes in
response to DNA DSBs. B) DNA DSBs repair pathways. Adapted from Huang et al. (2020).
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Non-targeted effects contribution to AGuIX®-mediated toxicity were evaluated
monitoring Reactive Oxygen Species (ROS) activity. Our results indicate a significant
increase in ROS production when TRT + AGuIX® treatment was compared to TRT alone
48h (**p=0.004) and 72h (*p=0.01) post-treatment. ROS generation and oxidative stress
contribution to NP-mediated biological impact have been previously reported using metal-
based NPs, as gold (321—325), silver (326), platinum (327), hafnium (328) and titanium
(329). Interestingly, and consistent with our previous results, IR-induced increased ROS

production has been previously related to micronuclei formation (330).

To explore the role of ROS in AGulX®-mediated radiosensitization, we performed
clonogenic survival experiments on SKOV3 cells in the presence of different antioxidants
(Catalase, DMSO, NAC). Globally, an increase in cell survival was found when the three
antioxidants tested were added to the therapeutic scheme, and this survival increase was
found more pronounced in TRT + NP- than in TRT-alone treated samples. These results

give robust proof of the contribution of free radicals’ formation to TRT+NP cytotoxicity.

As previously described by Stefanéikova et al. using U87 glioblastoma cells (236)
and Simonet et al. using SQ20B HNSCC cells (237), we found that AGuIX® co-localized

almost exclusively with SKOV3 cell lysosomes, and were absent from the cell nucleus.

SKOV3 cells exposure to 77Lu-Trastuzumab radiation most likely led, as previously
explained, to a strong dose deposit due to radiation interaction with Gd-NP located inside
lysosomes, yielding enhanced photoelectric effect and the following AE cascades.
Consequently, these events can cause robust and localized damage through direct and
indirect effects (91, 330, 331). Lysosomes are organelles charged with large amounts of
transition metals, like redox-active iron (251), and are very sensitive to oxidative stress and
Fenton reactions, as they lack H.O.-catalyzing enzymes. Therefore, an increase in H.O,
will lead to an increment in hydroxyl radical production, highly deleterious for lysosomes,
as these ROS will attack their membranes producing peroxidative reactions, and eventually

lead to the lysosome rupture and leakage (253).

To further investigate the role of H.O., iron, and subsequent hydroxyl radical
generation in AGulX®-mediated toxicity, we have combined our treatments with an iron
chelator, deferiprone (DFP). Clonogenic survival experiments using SKOV3, A431 and
OVCAR3 cells showed that DFP-derived gain of survival was stronger for TRT+NP
condition for all the tested cell lines, suggesting that the decrease of iron-dependent free
radical formation plays a main role in AGuIX®-mediated toxicity. Interestingly, when

compared to TRT alone, co-treatment with TRT and AGuIX® in the presence of the iron

230



Discussion

chelator resulted in stronger significant decreases in ROS formation 48h (***p=0.0007)
and 72 h (**p=0.002) post-treatment. These results are in accordance with the obtained
SF rates, indicating that iron-dependent ROS formation indeed plays a key role in the
therapeutic combination TRT + AGulX®.

To verify the above-mentioned peroxidation of lysosomal and cellular membranes,
we quantified MDA generation, one of the main products of lipid insults by free radicals.
We observed a rise in MDA production in TRT + AGuIX®-treated samples 48h post-
treatment when compared to TRT treatment alone, indicating higher levels of lipid
peroxidation 24h after treatment wash, thus a potential role of ferroptosis in AGuIX®-
mediated toxicity. Lysosome number quantification per SKOV3 cell using LysoTracker™
showed that co-treatment with 1iMBq/mL of *77Lu-Trastuzumab + AGuIX® led not only to
the increased size and diffusion of the dye, but also to a significant drop (****p<0.0001)
in lysosomal puncta number when compared to TRT treatment alone. Interestingly, no
significant differences were found between the different conditions tested when DFP was
added to the therapeutic scheme, suggesting a protector effect of iron chelation and
reduction of hydroxyl radical production on lysosomal stability. The hypothesized LMP
was further verified measuring cytoplasmic acidification. Noteworthy, when compared to
TRT alone, co-treatment with TRT + AGuIX® resulted in significant pH drops of 21.81 +
5.2 % at 72h (****p<0.0001), 25.12 + 9.38 % at 96h (****p=0.00005), and 23.93 + 8.63 %
at 120h (***p=0.0004) post-treatment, giving more robustness to a potential LMP

following NP irradiation inside cell lysosomes, initiating the radiosensitizing effects.

Altogether, these data suggest that the functional consequences of AGuIX®
irradiation inside cell lysosomes using 77Lu-Trastuzumab results in a substantial increase
in ROS production accompanied by an increase in lipid peroxidation, which has shown to
produce a loss of the lysosomal membrane integrity and leakage of lysosomal content into
the cell cytoplasm, decreasing the cytoplasmic pH in co-treated SKOV3 samples. Although
NP did not co-localize with mitochondria, both seem to be in close vicinity and could
potentially be affected by the radiosensitization-derived events. After the combined
treatment, mitochondrial morphology seemed to suffer a conformational change from
healthy tubular to ring/doughnut shape, suggesting a loss of their membrane potential
(AWYm) (248,249). Consistently, mitochondrial membrane depolarization increased
significantly in TRT + AGulIX® treated samples 24h (*p=0.01), 48h (*p=0.01) and 72h
(*p=0.02) post-treatment when compared to TRT treatment alone. This increase in ROS

production and lysosome leakage have been described to decrease AWm (258).
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We investigated then the cell death pathways potentially implicated in TRT +
AGuIX®-mediated toxicity. Of note, the total apoptotic population not only was found
increased when compared to the untreated control, but a significant increase was found at
24h (**p=0.004), 48h (*p=0.03) and 72h (**p=0.007) post-treatment when compared to
TRT treatment alone. These data seem in accordance to the increased ROS storm
generated, subsequent LMP, leakage of the lysosomal content into the cell cytoplasm, and
mitochondrial depolarization observed when the NP was included to the TRT therapeutic
scheme, since these events have been previously related to apoptosis induction (259—261).
Our results are in accordance with the apoptosis increase reported using DTPA-based
gadolinium NPs in combination with X-ray irradiation (250kV) in HNSCC SQ20B cells
(316).

Since our data indicate a permeabilization of the lysosomal membrane, and
lysosomal impairment hinders the normal autophagic flux in cells (262, 263), we estimated
opportune to further investigate this pathway. Simonet et al. previously described an
increase in LC3B-II after combination treatment of AGuIX® and X-Rays (250kV) in
HNSCC SQ20B cells (237). However, they attributed it to an enhancement of autophagic
cell death. The function of autophagy in radiation treatment is still controversial, as a dual
role in cell death and survival has been reported, considering autophagy as a double-edged
sword (333). Our results suggest an accumulation of autophagosomes in SKOV3 cells after
TRT+NP treatment, as an increase in LC3B was measured both by Western Blot (LC3B-II)
and immunofluorescence. Stimulation of autophagosome synthesis to remove intracellular
damaging agents, like ROS or ROS-derived damaged organelles and cell components, can
have fatal consequences when the autophagy flux is defective due to lysosomal failure
(334). Under stress conditions, as oxidation, LC3B-II increase indicates an accumulation
of autophagosomes, but it does not guarantee autophagic degradation. To further assess
this question, lysosomal inhibitors, like bafilomycin A1 or chloroquine (335), should be
employed. If LC3B-II further accumulates in the presence of the inhibitors, an
enhancement of the autophagic flux will be evidenced. If, on the contrary, LC3B-II levels
remain unchanged, autophagosome accumulation occurred due to inhibition of
autophagic degradation, as the hypothesized blockade of autophagosome-lysosome fusion
(268).

In the present study, we demonstrated the activation of the MAPKs pathway in
SKOV3 cells co-treated with 77Lu-Trastuzumab and AGuIX® compared to TRT-alone
treated samples. JNK and ERK1/2 phosphorylation, as well as its downstream effectors c-

Jun, RSK1/2/3, MSKi1/2 and STAT3, presented 61-99% of increased pixel intensity
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compared to the radiolabeled antibody alone. Depending on the stimulus, such as an
increased ROS production, MAPKs activity can mediate different antiproliferative events,
including oxidative damage-induced apoptosis (281), cell cycle arrest or autophagic
vacuolization (336). Iron chelation abolished ERK phosphorylation and decreased JNK
activation, suggesting that hydroxyl radical production plays a main role in these events.
AKT phosphorylation, and its downstream effectors p70S6, GSK3 and e-NOS were also
found increased in the combination-treated samples. AKT plays a pivotal role at the
crossroads of cell death and survival. It has been described that increased production of
H.O. stimulates the phosphorylation of p70S6K1 by activating the PI3K/Akt signaling
pathway (287), and AKT hyperactivation involving ROS generation triggers apoptotic cell
death and prevents tumor progression (288). AKT inhibition results in downregulated
apoptosis and autophagy upregulation (289), while its activation is related to autophagy
inhibition, and has been linked to accumulation of autophagosomes-dependent apoptosis
(290), consistently with our previous findings. However, the addition of DFP did not seem
to have a substantial effect on AKT inhibition, suggesting that its activation is independent
of sustained ROS production. Whether JNK, ERK and AKT pathways activation is
implicated in cell death or survival remains unknown. Further studies need to be
conducted using kinases inhibitors to evaluate their effect on cell survival to further

elucidate this question.

TEM micrographs showed a characteristic massive “cytoplasmic vacuolization” in
TRT + AGulX®treated samples, not observed in the other untreated or treated conditions.
These round-shaped “vacuoles” seem to possess, at first, a membrane delimitating their
structure and contain degrading material on their inside. Similar structures have been
described by Lérincz et al. as “aberrant late endosomes unable to fuse with neighbouring
acid phosphatase—positive lysosomes” (295), while Corbet et al. described them as lipid
droplets, which formation is favoured by acidic cytoplasmic pH (296), and they accumulate
in cells exposed to oxidative stress to protect membranes from peroxidation reactions
(297). So far, we have not further identified these structures, which seem to be gradually
replaced or transformed into larger membrane-lacking structures with low-electron
density, invading progressively the cell cytoplasm, as it has been digested. Cell membrane
seems to be intact, and we note a progressive disappearance of cell organelles. Strikingly,
in the presence of the iron chelator, DFP, the large vacuole-like structures spread over
SKOV3 cells cytoplasm can no longer be observed, suggesting a relationship between these

ultrastructural modifications and increased hydroxyl radical production.
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Consistently with Western Blot and immunofluorescence LC3B monitoring
experiments, autophagosomes can be observed accumulated in the cell cytoplasm. Of note,
we observed the apparition of Multi Lamellar Bodies (MLBs), membrane-bound cellular
organelles with a size ranging between 100 and 2400nm, composed of concentric
membrane layers and generally an electron-dense core (298), which presence indicates a
form of mature, single-membrane autophagosome (299). Resistance to lysosomal
degradation leads to the formation of a propitious microenvironment for MLB formation
(300), and their accumulation is linked to impaired lysosomal degradation (301—304).
Altogether, TEM results suggest that TRT irradiation of the NP inside cell lysosomes, the
subsequent increase in ROS formation and later LMP, could be the origin of the above-
discussed cytoplasmic vacuolization. Lysosomal impairment seems to be responsible for
the accumulation of autophagosomes and MLBs in SKOV3 cell cytoplasm, hindering the

correct digestion of damaged cell components and likely contributing to cell death.
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Ovarian Cancer (OC) represents a major worldwide health concern, remaining the
most lethal gynaecologic malignancy despite its relatively low prevalence. Unfortunately,
in 70-80% of cases, ovarian cancer is diagnosed at a late stage (stage III/IV) when the
disease has already spread, without clinical signs or symptoms, to the abdominal cavity as

Peritoneal Carninomatosis (PC).

The standard treatment, consisting of a cytoreductive surgery to remove the
macroscopic disease, followed by systemic platinum and taxane-based chemotherapy can
extend patients overall survival, but relapse will be observed in 70-90% of cases. The
targeted therapies developed the past years do not show substantial returns, except for
Bevacizumab (VEGF trap) and PARP inhibitors, which can represent an advantage for a
subset of patients. In this type of metastatic and diffuse disorders, conventional
radiotherapy cannot be applied due to the high risk of damage of the tumor-surrounding

healthy tissues.

These treatment failures explain the urgent need for new therapeutic and diagnostic
tools for OC management. Targeted Radionuclide Therapy (TRT), using *77Lu, an efficient
B-emitter already used in clinical routine, coupled to a vector specifically directed against
overexpressed OC cells antigens, could constitute a new treatment opportunity. TRT
therapeutic efficacy has been previously investigated for OC management, obtaining
disappointing results. The use of radiation sensitizers to potentiate the effect of TRT might

bypass the lack of effectiveness obtained in clinical trials.

The aim of this work was to give the first proof of concept of the therapeutic efficacy
combining a radiolabeled antibody and AGuIX® radiosensitizing NPs for the treatment of
OC-derived PC.

In vivo, we demonstrated the enhanced therapeutic efficacy the combination TRT
+ AGuIX®, which strongly delayed tumor growth and increased mice survival compared to
TRT treatment alone, but also to the standard chemotherapeutic treatment for OC

patients, reporting less toxicity events.

The specific targeting of PC tumor nodules after IP injection of the radiolabeled
antibody and the NP, opens a new opportunity to optimize this theranostic strategy for the

management of OC.
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In vitro, the outcome of AGuIX® radiosensitization is the result of different

pathways combination and does not rely on only one mechanism.

We report a strong dependence on iron-derived hydroxyl radical production,
produced certainly from NP irradiation inside cell lysosomes, leading to an increased ROS
production responsible for an increment in lipid peroxidation, cell Lysosomal Membrane
Permeabilization (LMP) and spilling of the lysosomal content into the cytoplasm. We
suggest a main role of ferroptosis or iron-dependent lipid peroxidation in AGuIX®-

mediated toxicity.

The ROS storm generated is responsible for the reported increase in DNA
fragmentation, as observed by a rise in micronuclei formation. DNA damage sensors,
repair pathways and Single Strand Break (SSB) contribution should be next investigated

to further explain this phenomenon.

We suggest that lysosomal impairment will lead to the blockade of the normal
autophagic flux, leading to the accumulation of autophagosomes, contributing to
cytotoxicity. Lysosomal inhibitors can be used to confirm this hypothesis monitoring

LC3BII accumulation.

Additionally, a decrease in mitochondrial membrane potential, and an increase in
the total cell apoptotic population were observed. The link between these events should be
further explored, in which ERK and JNK pathways activation might play a main role.
Whether these mechanisms are involved in a desperate cell effort to survive, or in the

activation of death pathways remains unanswered.

Altogether, these events lead to dramatic ultrastructural modifications observed by
TEM, characterized by a massive cytoplasmic vacuolization followed by an apparent
cytoplasmic dissolution and the accumulation of autophagosomes and damaged

undigested cell components.

Iron chelation showed to increase TRT+NP-treated cell survival, recover partly
lysosomal integrity, reverse ultrastructural modifications, and decrease ERK and JNK
phosphorylation. ERK/JNK inhibition should be tested to further elucidate its role in
AGuIX®-mediated toxicity.
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Figure 110: Putative mechanisms of AGuIX®-mediated toxicity: the result of different
pathways combination. 1) NP irradiation inside cell lysosomes produce 2) AE cascades
specifically inside these structures. 3) The strong dose deposit contributes to
Fenton/Haber-Weiss chemistry, leading to an increased iron-derived Reactive Oxygen
Species (ROS) production (attenuated by the action of an iron chelator: deferiprone (DFP),
responsible for 3) membranes lipid peroxidation, subsequent cell Lysosomal Membrane
Permeabilization (LMP) and 4) lysosomal content spilling into the cytoplasm. 5) The
amplificated ROS storm generated is responsible for: 6) an increase in micronuclei
formation and total cell apoptotic population, and a decrease in mitochondrial membrane
potential. Lysosomal impairment leads to normal autophagic flux blockade and

subsequent autophagosomes’ accumulation, contributing to cytotoxicity.
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Potentiation of Targeted Radionuclide Therapy using

gadolinium-based nanoparticles

varian Cancer (OC) is the most lethal gynecological malignancy in France nowadays and the 8t most-frequent

cause of cancer-related death among women worldwide. OC progresses without clinical signs or symptoms

in most of cases, leading to a late stage diagnosis (stage III/IV) when it has spread into the peritoneal cavity
under the form of peritoneal carcinomatosis (PC). The treatments available do not show substantial returns, as disease
will reoccur in 70-90% of patients. Conversely to external radiotherapy, with high-risk of damaging the surrounding
healthy tissues, Targeted Radionuclide Therapy (TRT) specifically irradiates tumors while sparing healthy tissues,
offering an attractive therapeutic option. Here, we investigated the radiosensitizing effects of AGuIX® nanoparticles
(NP) on OC combined with 77Lu-Trastuzumab. We expect the high LET Auger electrons emitted by the irradiated NPs
to overcome OC treatment resistance.

In vivo, using female nude mice bearing intraperitoneal (IP) xenografts from SKOV3-luc cells, we report the
enhanced therapeutic efficacy of the combination TRT + AGuIX®, which strongly delayed tumor growth and increased
mice median survival compared to controls (****p<0.0001) and TRT alone group (*p=0.016). SPECT/CT imaging
highlighted the specific targeting of PC tumor nodules after IP injection of the radiolabeled antibody and the NP, opening
a new opportunity to optimize this theranostic strategy for the management of OC.

The combination efficacy was supported by in vitro data, showing synergistic effects between AGuIX® and TRT,
as measured by clonogenic survival assay using SKOV3, OVCAR3 and A431 cells. Fluorescence and Transmission
Electron Microscopy (TEM) imaging showed a co-localization of the NP with cell lysosomes, organelles charged with
transition metals as iron, essential for hydroxyl radical production through the Fenton reaction. Consequently, and
compared to TRT alone, TRT + AGuIX® significantly increased Reactive Oxygen Species (ROS) production and lipid
peroxidation, suggesting a potential role of ferroptosis in AGuIX®-mediated toxicity. We acknowledge a decreased
number of lysosomes in treated cells associated with cytoplasmic pH decrease, suggesting a lysosomal disruption.
Autophagosome accumulation, a striking cytoplasmic vacualization, mitochondrial depolarization, apoptosis and
micronuclei formation were a signature of the combination, which can be reversed by iron chelation.

We provide strong evidence of AGuIX® radiosensitizing effect when combined, for the first time, with a
radiolabeled antibody for the treatment of OC-derived PC. At a cellular level, we report a high dependence on iron-
derived hydroxyl radical production, leading to a lysosomal-mediated cell disruption. The later radiosensitization
allows reducing the activity injected in mice while keeping a high therapeutic efficacy, reducing potential treatment-
related toxicites. As AGuIX® NPs are already combined with external radiotherapy in clinical trials, the present study
opens perspectives to translation in TRT for the treatment of OC-derived PC.

Keywords: Ovarian Cancer, Peritoneal Carcinomatosis, Radioimmunotherapy, Radiosensitization, Theranostic, 177Lu,
Lysosomal Membrane Permeabilization, Iron-dependent cell death, Ferroptosis
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Potentialisation d’une thérapie ciblée par radionucléides

en utilisant des nanoparticules de gadolinium

e Cancer Ovarien (CO) est aujourd'hui la malignité gynécologique la plus mortelle en France, et la 8¢me cause

plus fréquente de déces par cancer chez les femmes dans le monde. Le CO progresse sans signes cliniques ni

symptomes dans la plupart des cas, conduisant a un diagnostic tardif (stade I1I/IV) lorsqu'il s'est propagé dans

la cavité péritonéale sous la forme d'une carcinose péritonéale (CP). Les traitements disponibles ne montrent
pas de rendements substantiels, car la maladie réapparaitra chez 70 a 90 % des patients. Contrairement a la
radiothérapie externe, a haut risque d'atteinte des tissus sains environnants, la Radioimmunoithérapie (RIT) irradie
spécifiquement les tumeurs tout en épargnant les tissus sains, offrant une option thérapeutique intéressante. Ici, nous
avons étudié les effets radiosensibilisants des nanoparticules (NP) AGuIX® sur le CO combiné au 77Lu-Trastuzumab.
Nous attendons a ce que les électrons Auger a haut TEL émis par les NP irradiées surmontent la résistance aux
traitements du CO.

In vivo, en utilisant des souris nude femelles portant des xénogreffes intrapéritonéales (IP) de cellules SKOV3-
luc, nous rapportons l'efficacité thérapeutique accrue de la combinaison RIT + AGuIX®, qui a fortement retardé la
croissance tumorale et augmenté la survie médiane des souris par rapport aux controls (*** *p<0,0001) et groupe RIT
seule (*p=0,016). L'imagerie SPECT/CT a mis en évidence le ciblage spécifique des nodules tumoraux apres injection
IP de l'anticorps radiomarqué et de la NP, ouvrant une nouvelle opportunité d'optimiser cette stratégie théranostique
pour la prise en charge du CO.

L'efficacité de la combinaison a été étayée par des données in vitro, montrant des effets synergiques entre
AGuIX® et RIT, mesurés par des tests de survie clonogénique utilisant des cellules SKOV3, OVCAR3 et A431. L'imagerie
par microscopie électronique a transmission (MET) et a fluorescence a montré une co-localisation des NP avec les
lysosomes, des organelles chargées de métaux de transition comme le fer, essentiel a la production de radicaux
hydroxyles par la réaction de Fenton. Par conséquent, et par rapport a la RIT seule, RIT + AGuIX® a augmenté de
maniere significative la production d'espéces réactives de 1'oxygene (ROS) et la peroxydation lipidique, suggérant un
role potentiel de la ferroptose dans la toxicité médiée par AGuIX®. Nous constatons une diminution du nombre de
lysosomes dans les cellules traitées associée a une diminution du pH cytoplasmique, suggérant une perturbation
lysosomale. L'accumulation d'autophagosomes, une vacualisation cytoplasmique frappante, la dépolarisation
mitochondriale, 1'apoptose et la formation de micronoyaux étaient une signature de la combinaison, qui peut étre
atténué par la chélation du fer.

Nous fournissons des preuves solides de I'effet radiosensibilisant des AGuIX® combinés, pour la premiére fois,
avec un anticorps radiomarqué pour le traitement de la CP dérivée du CO. In vitro, nous rapportons une forte
dépendance du fer a la production de radicaux hydroxyle, conduisant a une perturbation lysosomale. Cette
radiosensibilisation permet de réduire l'activité injectée chez la souris tout en gardant une efficacité thérapeutique
élevée, réduisant les éventuelles toxicités liées au traitement. AGuIX® sont déja associées a la radiothérapie externe dans
nombreux essais cliniques. La présente étude ouvre donc des perspectives de translation de la RIT pour le traitement
des CP dérivés du CO.

Mots clés: Cancer de l'ovaire, carcinose péritonéale, radioimmunothérapie, radiosensibilisation, théranostique,
177Lu, perméabilisation de la membrane lysosomale, mort cellulaire dépendante du fer, ferroptose




