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Abstract: The poor prognosis of pancreatic cancer requires novel treatment options. This review
examines the evolution of radiopharmaceuticals in the treatment of pancreatic cancer. Established
strategies such as peptide receptor radionuclide therapy (PRRT) offer targeted and effective treat-
ment, compared to conventional treatments. However, there are currently no radiopharmaceuticals
approved for the treatment of pancreatic cancer in Europe, which requires further research and novel
approaches. New radiopharmaceuticals including radiolabeled antibodies, peptides, and nanotech-
nological approaches are promising in addressing the challenges of pancreatic cancer therapy. These
new agents may offer more specific targeting and potentially improve efficacy compared to traditional
therapies. Further research is needed to optimize efficacy, address limitations, and explore the overall
potential of these new strategies in the treatment of this aggressive and harmful pathology.
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1. Introduction

Pancreatic cancer is a highly malignant tumor of the digestive tract, which is difficult
to treat and seriously endangers human life and health [1]. It accounts for almost as many
deaths (466,000) as cases (496,000) because of its poor prognosis, and is the seventh leading
cause of cancer death in both sexes [2]. According to Ferlay et al. in 2016, pancreatic
cancer is projected to become the third leading cause of cancer death in the EU by 2025,
surpassing colorectal cancer and accounting for 25% of all cancer deaths [3]. The World
Health Organization (WHO) in 2020 revealed that among people of all ages and considering
both sexes, pancreatic cancer has been identified as the third leading cancer-related cause
of death in different countries including Italy, Germany, Austria, Czechia, Hungary, Malta,
Spain, Switzerland and USA [4]. For some other countries, in particular, Finland, Qatar,
Benin and Guadeloupe, pancreatic cancer was revealed to be the second leading cause of
death among all the different types of cancer in 2020 (among females aged > 70 years [4].

Tumors of pancreas are divided into two groups: (1) Non-endocrine pancreas tumors
(2) Endocrine pancreas tumors [5,6]. Non-endocrine pancreas tumors are categorized
as benign and malignant [5,6]. Benign non-endocrine tumors of the pancreas: adenoma,
cystadenoma, lipoma, fibroma, hemangioma, lymphangioma and neuroma [5,6]. Malignant
tumors of the pancreas have different histological features, i.e., (1) ductal adenocarcinoma
(2) cystadenocarcinoma and (3) other (sarcomas, metastatic, etc.) malignant tumors [5,6].

Pancreatic neuroendocrine neoplasms originate from pancreatic endocrine cells, dif-
ferently from pancreatic adenocarcinoma which originates from the epithelial cells of the
pancreatic ducts [7]. It is worth underlining the histological difference between these
two types of neoplasms since they have different progression and, consequently, different
treatments. The first type (NETs), even if in some cases an aggressive course of the disease
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can occur, usually translates into a better prognosis and a higher probability of survival
compared to the second type reported (PDAC), which has a much more aggressive course,
with rapidly infiltrative growth [7-9].

The estimates underscore the pressing necessity for novel and groundbreaking treat-
ment approaches to benefit patients with this deadly disease. Numerous initiatives are
currently underway to modify the disease’s progression, to keep pace with the improved
outcomes that have been observed in other malignancies [10].

The conventional therapies for pancreatic cancer (PC) typically involve surgery,
chemotherapy, radiotherapy, and palliative care. However, there has been an increas-
ing focus on targeted therapy, immunotherapy, and microbial therapy in recent years,
which may be integrated with traditional approaches to treat PC in the future [11]. The
stage of the disease is a crucial determinant of its treatment and prognosis [12-15], indeed
the treatment options are selected depending on the stage of PC in a multidisciplinary ap-
proach [16]. For patients with local or regional disease, the treatment and prognosis depend
on the resectability of the tumor; incomplete resection can have a detrimental effect on
survival, similar to those presenting with metastatic disease [12-15]. With curative surgery,
the recurrence rates of pancreatic cancer remain notably high. Consequently, chemotherapy
becomes the inevitable choice post-surgery for patients. However, the overall prognosis for
patients undergoing adjuvant chemotherapy remains grim due to the low vasculature and
the development of an immunosuppressive cancer-associated microenvironment surround-
ing the pancreas [17]. In a patient with unresectable or locally advanced pancreatic cancer
(LAPC), radiotherapy with or without chemotherapy remains an important modality in
achieving local control [18].

Radiopharmaceuticals entered clinical practice around the 1930s [19]; currently, many
radionuclides have been identified and some compounds based on them have been de-
veloped with specific biological activity towards various types of cancer [20]. Radiophar-
maceuticals are biologically active molecules labeled by radionuclides which provide a
beneficial source of ionizing radiation mainly applied in diagnostic imaging and ther-
apy [21]. Radiopharmaceutical therapy (RPT) involves the delivery of radionuclides for
use in the treatment of patients with cancer [22]. RPT radionuclides emit « or 8 particles
(helium nuclei or electron, respectively), or <y rays (very high energy photons) depending
on their specific radioactive decay mechanism, or can produce high energy Auger elec-
trons [22]. Similar to external beam radiation, each emission type can cause damage to
cellular DNA and organelles, and generate destructive radical oxygen species, all of which
can result in cell death [22,23]. Radiopharmaceuticals generally consist of a molecule that
contains at least one radioisotope, a targeting molecule that can specifically recognize and
bind to cancer cells, and a link between these two elements, as depicted in Figure 1; but it
can also refer to a radionulcide salt that is capable of localize to specific tissues because of
their biomolecular properties [24], for example, 8Sr naturally localizes to bone tissues [25],
and 13'T accumulates in thyroid tissues. Other radionuclides need a labeling compound in
order to reach the desired target.
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Figure 1. Graphical representation of Radiopharmaceuticals.
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This review aims to provide a comprehensive analysis of the current approaches and
future directions in the use of therapeutic radiopharmaceuticals for the treatment of pan-
creatic cancer, referring predominantly to PDAC and exploring the evolving landscape of
radiopharmaceutical therapy, highlighting the potential benefits, limitations, and emerging
trends in the field.

Through an examination of established techniques and newer radiopharmaceutical
technologies, the goal is to shed light on the transformative impact of these agents in
pancreatic cancer therapy and to underscore the importance of further research to optimize
efficacy, address challenges, and unlock the full spectrum of innovative strategies aimed at
enhancing patient outcomes in this complex oncological scenario. Furthermore, the most
recent clinical trials in the field of treatment of pancreas cancer are presented. This review,
hence, aims to bring to the reader’s attention what modern radiological methods are and
to present an updated library of (radio)molecular systems used to treat one of the most
aggressive forms of cancer.

2. Understanding Pancreatic Cancer and Its Challenges
2.1. Pathogenesis and Genetic Alterations

The low survival rates associated with PDAC primarily reflect the fact that tumors
progress rapidly with few specific symptoms and are thus at an advanced stage at diagnosis,
with only 10% being operable [26]. PDAC accounts for more than 90% of all pancreatic
tumors, which constitute a heterogeneous group of diseases encompassing cancers of the
endocrine and exocrine pancreas [26].

The transformation of a normal cell into a malign one involves various mutations
and epigenetic modifications [27]. Genetic studies imply that PDAC arises from one of
three known precursor lesions, including pancreatic intraepithelial neoplasias (PanINs),
intraductal papillary mucinous neoplasms, and mucinous cystic neoplasms. The majority of
PDAC cases develop from PanINs, progressing from PanIN1A and -1B to PanIN-3 [26,28].
NGS (next generation genome sequencing) and computational biology have provided a
comprehensive understanding of the genetic alterations driving the genesis and progression
of pancreatic cancer. The most common genetic alterations in pancreatic cancer include
KRAS (Kirsten rat sarcoma virus) mutations, which are present in approximately 90% of
cases [29]. Among these, mutations like G12D, G12V, and G12C are the most prevalent.
KRAS mutations impair GTPase activity, affecting various signaling pathways and serving
as a marker for poor prognosis. However, other genes like TP53, CDKN2A, and SMAD4 also
play crucial roles in pancreatic cancer development [30]. Epigenetic alterations involving
genes regulating chromatin remodeling and histone modifications are frequently observed
in pancreatic tumorigenesis [29].

Histologically, PDAC is characterized by a dense stromal matrix that consists of various
cellular and acellular components [31]. This stromal matrix is also referred to as a desmo-
plastic reaction or tumor microenvironment (TME) and starts to evolve early around PanIN
lesions [31]. In addition, the pancreatic TME has an abundant fibrotic stroma, rich in vari-
ous cell types and extracellular components including collagen, fibronectin, and hyaluronic
acid [32]. Cells within the tumor microenvironment (TME) interact with each other and
produce various components such as ECM (extracellular matrix, growth factors (e.g., TGE,
VEGF), matricellular proteins (e.g., SPARC, tenascin), enzymes (e.g., MMPs, TIMPs), and
cytokines, creating a complex signaling network with tumor cells [31,33]. Single-cell RNA
sequencing studies on human pancreatic adenocarcinoma (PDAC) samples have revealed a
heterogeneous mixture of cancer cell subtypes, distinct fibroblast and macrophage subpop-
ulations, and significant alterations in the TME post-chemotherapy. These studies highlight
the complexity of the PDAC TME and its response to therapy [31,33].

2.2. Metabolic Dysregulations

Pancreatic cancer induces metabolic dysregulation, which holds significant importance
in the pathology of the disease. This dysregulation encompasses alterations in glucose
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metabolism, amino acid metabolism, and lipid metabolism, contributing to the progression
and characteristics of pancreatic cancer cells [34].

Among what was reported before, the main challenges to face while dealing with pan-
creatic cancer are as follows: (1) hypoxic microenvironment—highly hypoxic conditions in
pancreatic tumors upregulate glycolytic activity through HIF-1«, contributing to metabolic
adaptations that sustain cancer cell survival [35]; (2) therapeutic resistance—alterations
in metabolic pathways, such as increased fatty acid synthesis, can lead to resistance to
conventional treatments like gemcitabine [36]; (3) metabolic plasticity—pancreatic cancer
cells exhibit compensatory metabolic networks that allow them to adapt to changes in
nutrient availability, posing challenges for targeted therapies [29].

2.3. Screening and Diagnosis Technigues

Another critical point concerning PC is the screening and diagnosis techniques. PC is
currently not suitable for population-based screening due to its low incidence and the lack
of accurate, affordable, and non-invasive screening tests, leading to late-stage diagnosis
with symptoms often indicating advanced disease [37]. As such, only 10-20% of newly
diagnosed PDAC patients are eligible for a potentially upfront curative resection [38].

The methods currently used for PC diagnosis mainly concern imaging (computed
tomography, magnetic resonance imaging, endoscopic ultrasound, and others), serological
tests (carbohydrate antigen 19-9, carcinoembryonic antigen, carbohydrate antigen 125,
carbohydrate antigen 242, macrophage inhibitory cytokine-1, mucin 5AC), liquid biopsies
(circulating tumor DNA, circulating tumor cells, exosomes, microRNAs) [39]. More pre-
cisely, Multidetector computed tomography (MDCT) with angiography, performed during
the pancreatic arterial (40-50 s) and portal venous (65-70 s) phases, has emerged as the gold
standard imaging modality for pancreatic cancer evaluation worldwide. This technique
yields high-resolution 3D multiplanar reconstructions, facilitating precise assessment of
tumor dimensions, local invasion, vascular involvement, and metastatic spread [40-43].

Future advancements in cancer biomarkers and "‘omics’ technologies for early detection
of pancreatic cancer include: metabolomics, whose studies aim to identify metabolic
changes associated with pancreatic cancer, offering insights into potential biomarkers
(which are defined characteristics that can be measured as an indicator of normal biological
processes, pathogenic processes or responses to an exposure or intervention for early
detection [44]) for early detections; saliva analysis—saliva metabolome, transcriptome, and
microbiome studies; a fecal microbiota signature with high specificity for pancreatic cancer;
proteomic and glycomic biomarkers; machine learning applications in precision oncology
and ultrasensitive fluorescence nanobiosensors [37].

3. The Role of Radiopharmaceuticals in the Treatment of Cancer
3.1. Overview of Radiopharmaceuticals

As reported before in this review, radiopharmaceuticals are active compounds, com-
posed of a radionuclide (responsible for the ionizing radiation) and a targeting compound
capable of carrying or delivering the radioactive nuclide to the desired location, the targeted
organ, tissue or lesion [45]. Often, these two elements are connected by a linker.

Tumors and cancer cells undergo exposure to ionizing radiation, a process that dam-
ages the DNA of the cells, thereby impeding their growth and proliferation [46]. Generally,
there are two primary methods for subjecting tumors to ionizing radiation. Firstly, tumors
can be irradiated using an external radiation source, such as an orthovoltage X-ray machine,
a linear accelerator, a Cobalt-60 source, a neutron beam generator, or a proton beam genera-
tor [46]. Secondly, tumors can be subjected to a radioisotope, either through implantation
directly into the tumor or through systematic administration, leading to the continuous
emission of ionizing radiation over time [46—48].
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3.2. Classification and Applications of Radiopharmaceuticals

This subsection discusses the classification of radiopharmaceuticals based on their
types, mechanisms of action, and clinical considerations. A schematic representation is
depicted in Figure 2.
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Figure 2. Schematic representation of Radiopharmaceuticals categorization (PRRT stands for Peptide
Receptor Radionuclide Therapy).

3.2.1. Types of Radioisotopes

Radiopharmaceuticals can be divided into various types based on their specific activity
and applications and several classifications are possible. A crucial aspect of radiopharma-
ceutical classification is the type of radioisotope they contain. These radioisotopes emit
different kinds of radiation, such as X-rays, positrons, 7y rays, or 8 particles (electron or
positron), each with unique properties and clinical applications. For molecular imaging,
since the aim is to detect possible cancerous tissues, it is preferable to use radionuclides that
are rather penetrating but not quite ionizing (y or B — emitting radionuclides). Radionu-
clides used for therapy are lower penetrating but more energetic, hence, they havemore
ionizing emissions (8™, « or Auger e~ emitters). For example, 7 emitters like PTc are
commonly used in diagnostic imaging due to their favorable imaging characteristics and
low radiation dose to patients [49,50]. Positron emitters like '8F are utilized in positron
emission tomography (PET) imaging, enabling high-resolution imaging of metabolic pro-
cesses in the body [51]. B emitters such as ”/Lu are employed in targeted radionuclide
therapy for various cancers, including neuroendocrine tumors and metastatic prostate
cancer. ”’Lu-tagged radioligands are molecules precisely designed to target and bind
to specific receptors or proteins characteristic of targeted cancer [52]. B~ particles parti-
cles can penetrate large volumes of tissue, making them suitable for treating extensive
tumors [50]. However, their long range also means that surrounding, untargeted cells may
receive radiation exposure, known as the cross-fire effect. In contrast, a particles have a
shorter range and are effective for targeting smaller tumors, particularly in hematological
cases, through targeted a-therapy. Auger electrons, which irradiate at subcellular levels,
are particularly effective for delivering high radiation doses directly to cancer cell nuclei,
minimizing damage to adjacent healthy tissue. The main challenge with Auger electrons
lies in ensuring precise targeting of the intended site [50,53-55]. Table 1 reports the most
common radioisotopes used in therapy.

3.2.2. Mechanisms of Action

Radiopharmaceuticals can be classified based on their mechanism of action and tar-
geting specificity. Targeted radiopharmaceuticals are a specialized category of radiophar-
maceuticals designed to deliver radiation specifically to target cells or tissues, such as
cancer cells while minimizing exposure to healthy tissues. These radiopharmaceuticals
utilize various targeting mechanisms to enhance their specificity and efficacy in cancer
therapy. One important example is monoclonal antibodies, which are commonly used in
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targeted radiopharmaceutical therapy. They are designed to specifically bind to antigens
expressed on the surface of cancer cells. By attaching a radionuclide to the monoclonal
antibody, the radiation can be delivered directly to the cancer cells, leading to localized cell
destruction [56].

Table 1. Main radioisotopes used in therapy [50].

Radioisotope Half-Life Energy (MeV) Tissue Penetration Range (mm)
B-emitter
Py 2.7 days 2.284 12
161Tp 6.9 days 0.593 3
77Lu 6.7 days 0.497 22
1317 8 days 0.81 24
188Re 17h 2.118 11
w-emitter
1491 41h 3.97 <100 um
2 A 72h 7.45 <100 pm
212pp 10.6 h 8.78 <100 um
223Ra 11.4 days 5.71,6.82,7.39, 6.62 <100 um
27Th 18.7 days 6'1§’35§7é’ 662'82’ <100 pm
25 Ac¢ 10 days 5.8,6.3,7.1,8.38 <100 um
Auger e” emitter
1251 60 days 0.019 <1 pum
Ml 2.8 days 0.007 <lum

Peptide receptor radionuclide therapy (PRRT) is a type of targeted radionuclide
therapy that involves the systemic administration of therapeutic peptides labeled with
radionuclides that selectively target cancer cells [57]. Radiolabeled SSAs (Somatostatin
analogs) are the preferred choice for PRRT, as the receptor—peptide complex is internalized
via endocytosis and the radionuclide is preferentially retained by the receptor-expressing
tumor cells [57,58].

Another promising targeting strategy is provided by nanoparticle-based radiophar-
maceuticals, where these radiopharmaceutical delivery systems utilize nanoparticles to
improve the efficacy of radiopharmaceuticals. Nanoparticles, due to their unique properties
such as size and surface characteristics, can enhance drug availability, reduce toxicity, and
increase efficiency [59].

Summarily, the classification of radiopharmaceuticals encompasses various types
based on their specific radioisotopes, applications, and targeting mechanisms, with a focus
on distinguishing between diagnostic and therapeutic radiopharmaceuticals, as well as
considering the type of radiation emitted and the mode of action, such as targeted versus
non-targeted delivery approaches. A summary and schematic illustration of the different
mechanisms of actions of radiopharmaceuticals is reported in Figure 3.
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Figure 3. Illustration depicting various mechanisms of actions of radiopharmaceuticals [50,60].

The decision regarding which radiopharmaceutical to use is predominantly driven by
the specific characteristics and requirements of the cancer under consideration. Different
types of cancers exhibit unique biological behaviors, molecular signatures, and therapeutic
vulnerabilities. Therefore, the choice of radiopharmaceutical is carefully tailored to match
the distinct features of each cancer type [61].

The first radiopharmaceutical approved by the FDA is radioiodine 3'I [62], which is
used specifically for thyroid cancer [63]. Differentiated thyroid cancer metastases retain the
ability to concentrate iodine for thyroglobulin hormone production. High concentrations
of radioiodine (**'T) may be delivered via this mechanism leading to tumor cell death by
beta particle irradiation [64].

In the realm of cancer therapy, RPT presents a unique blend of attributes from both
chemotherapy and targeted biological therapy [64]. While chemotherapy primarily inhibits
signaling pathways associated with malignancy, RPT distinguishes itself by its ability to
kill cancer cells [64,65]. However, unlike chemotherapy, RPT targets cells based on the
expression of tumor-specific markers rather than their rate of proliferation [64].

Opver the past few years, the repertoire of available or investigational RPTs has steadily
expanded. The FDA approval and successful market penetration of 2*RaCl, (Xofigo™),
an a-emitter used for the treatment of patients suffering from castration-resistant prostate
cancer with bone metastases and no visceral metastases [66], have underscored the viability
of a-emitter-based RPTs («RPT) [64,67]. a particles are potent ionizing agents classified
as high Linear Energy Transfer (LET) radiation [68]. Since « particles cannot be directly
visualized in vivo, the gamma photons, characteristic X-rays, or bremsstrahlung radiation
emitted during the decay of the parent radionuclide are commonly utilized for quantifying
target uptake, conducting dosimetry assessments, and evaluating therapy response [68].



Pharmaceuticals 2024, 17, 1314

8 of 21

Quantifying target uptake, dosimetry, and therapy response. Complex molecular pathways
are initiated when a-particles interact with biological tissue [68,69]. High Linear Energy
Transfer (LET) radiation primarily targets DNA, and even a single « particle track can cause
irreparable double-strand breaks [68-70]. The passage of « tracks through the nucleus is
associated with cytotoxicity, while traversal through the cytoplasm leads to less severe
radiation-induced effects [68-71]. Conversely, B particle irradiation predominantly induces
single-strand breaks, demonstrating approximately 500 times lower cytotoxic potency
compared to « particles [68].

While RPTs utilizing B particle emitters (such as 13111311, 1771y, and 90Y) have amassed
considerable clinical experience, much of it has been gleaned outside of rigorous clinical
trials, making their comparative efficacy challenging to ascertain [64]. Nonetheless, the
observed positive clinical outcomes, particularly in cases where other treatment options
have been exhausted, have spurred pharmaceutical companies to initiate FDA registration
trials, aiming for the commercialization of these agents [64].

A notable example of this trend is the recent FDA approval of Lutathera™, a 17/ Lu-
labeled anti-somatostatin peptide RPT, for the treatment of somatostatin receptor-positive
gastroenteropancreatic neuroendocrine tumors [64,72].

Clinically approved radiopharmaceuticals utilizing °Y have been effectively em-
ployed in treating diverse cancer types. These formulations involve the coupling of Y
chelators, such as DTPA (diethylene-triamine-pentaacetate) or DOTA (2,2',2"”,2""-(1,4,7,10-
Tetraazacyclo-dodecane-1,4,7,10-tetrayl) tetraacetic acid), with cell receptor-targeting motifs,
such as peptides or antibodies, facilitating the targeted delivery of therapy to cancerous
cells. For instance, the conjugation of DTPA or DOTA to various peptides enables the
precise localization of chelate ions to distinct anatomical sites within the body [73].

Unlike & and B radiation, Auger electron emitter-based therapy necessitates the precise
targeting of the radioisotope to individual tumor cells, including their nuclei [74]. The
optimal efficacy of Auger radiation occurs when the emitters are firmly bound to DNA [74].
Despite encountering numerous challenges, Auger radiation therapy strategies continue
to hold promise due to their selective toxicity towards cells incorporating the radiophar-
maceutical into their nuclei [74]. In contrast to alpha and beta-minus radiation, Auger
radiation emitters exhibit low toxicity when circulating in the blood or bone marrow but
demonstrate heightened efficiency upon integration into the DNA of target cells [74].

4. Radiopharmaceuticals Therapy for Pancreatic Cancer
4.1. Clinical Management of Pancreatic Cancer

At the clinical level, treatment selection is primarily guided by an analysis of the
disease stage, with particular consideration given to the presence or absence of metastases,
and thus, its spread to adjacent organs, nerves, and blood vessels [75]. Pancreatic resection
surgery represents the most effective therapeutic option in cases where tumor removal is
feasible, namely when metastases have not spread to distant sites within the abdominal
cavity, liver, or lungs, or when there is no extensive involvement of major nearby blood
vessels [75].

For non-surgically treatable, yet non-metastatic forms, chemotherapy is administered
to shrink the tumor size to render it operable. Additionally, in patients already identified
as candidates for surgery, preoperative chemotherapy may be administered to eliminate
tumor cells that may have spread beyond the pancreas.

In instances where disease extension at the time of diagnosis precludes surgical inter-
vention, radiation therapy may be employed, either in conjunction with or independently
of chemotherapy, to minimize local disease extension and organ-dependent symptoms.
Furthermore, postoperative radiation therapy is advised in cases of extensive nodal involve-
ment or inadequate resection as determined by definitive histological examination [75-77].
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4.2. Current Radiopharmaceuticals

The treatment of pancreatic cancer remains challenging despite recent advances in
radiopharmaceuticals. While various radioisotopes and radiopharmaceuticals have been
explored for different types of cancer, the efficacy in pancreatic cancer has been limited.

Radiopharmaceuticals for NETs Treatment

As reported before, one promising therapy concerns Peptide Receptor Radionuclide
Therapy (PRRT), which is an advanced form of molecular radiotherapy designed to target
specific receptor molecules on cancer cells, notably NETs, delivering a precise and effective
dose of radiation therapy. Known for its efficacy, low toxicity profile, and convenient treat-
ment schedule, PRRT has rapidly emerged as a highly promising and evolving therapeutic
approach in cancer care [78]. A schematic representation of the PRRT mechanism is shown
in Figure 4.

Peptide
i
~

(a)
Radionuclide
Chelator

Cancer Cell

+ Somatostatin Receptor

(b)

(e @

Figure 4. Schematic representation of Peptide Receptor Radionuclide Therapy (PRRT) mechanism;
(a) on the left, radiopharmaceutical composed of radionuclide, chelator and a peptide; on the right a
generic cancer cell exhibiting a somatostatin receptor; (b) binding between the radiopharmaceutical
and the somatostatin receptor; (c) internalization of the radiopharmaceutical in the cancerous cell;
(d) radioactivity of the radionuclide in the target cell.

A notable radiopharmaceutical approved in North America and Europe showing
promise in managing neuroendocrine tumors (NETs) is !””Lu DOTATATE, a peptide recep-
tor radionuclide therapy (PRRT) agent targeting somatostatin receptors (SSTRs) commonly
overexpressed in these tumors [79]. Among all other chelator-peptide analogs (TETA,
TEMA, SAR) DOTATATE is the most studied and clinically used (tagged with 177Lu/?Y)
worldwide [78] (Figure 5 shows the chemical structure of Lutathera®). PRRT comprises
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binding a radiolabeled hormone analogous to SSTRs on tumor cells, quickly clearing
leftover radioactivity, and long-term retention of radioactivity in the cells. PRRT outper-
forms external beam irradiation and systemic chemotherapy by targeting tumor cells more
effectively and with fewer adverse effects [80].
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Figure 5. Structure of Lutathera® (77Lu).

According to the joint IJAEA, EANM, and SNMMI practical guidance on peptide
receptor radionuclide therapy in neuroendocrine tumors [81], PRRT is indicated for the
treatment of patients with positive expression of SSTR2 (which is the most frequently
expressed subtypes in both gastroenteropancreatic NETs and also in normal tissue [82]), or
metastatic or inoperable NETs. PRRT can also be considered as first-line in patients with
extensive metastatic/large-bulk disease at diagnosis [83].

Studies predominantly focus on Yttrium (®®Y) and Lutetium (”7Lu) isotopes, showing
PRRT’s efficacy in gastroenteropancreatic NETs with response rates of 15-40%. PRRT offers
significant benefits, including improved disease control and prolonged progression-free
periods [80,84-86]; it is considered to be a very well-tolerated therapy by patients, with very
few and mild side effects if adequate precautions are taken [78]. However, questions remain
regarding optimal sequencing, patient selection, and combination therapy [80,84-86].

5. Novel Approaches in Radiopharmaceutical Therapy for Pancreatic Cancer
5.1. Radioimmunotherapy

In recent years, radioimmunotherapy has emerged as a promising approach for the
targeted treatment of PDAC. Radioimmunotherapy works by utilizing radiolabeled anti-
bodies that specifically target antigens overexpressed on the surface of pancreatic cancer
cells. These antibodies deliver radiation directly to the cancer cells, inducing DNA damage
and cell death; additionally, the radiation emitted by the radionuclide can have a bystander
effect (which refers to the radiation effects induced in non-irradiated cells as a result of cel-
lular signaling from nearby, irradiated cells [87]), further enhancing the treatment efficacy
by affecting neighboring cancer cells [88].

Several targets can be selected with radioimmunotherapy (RIT). In general, an ideal
RIT target should be selected based on its expression profile on cancerous and normal cells,
low blood circulation, and high affinity to the intended radioimmunoconjugate [88].

One of these targets has been investigated by Jiao et al. They found that Centrinl
(CETN1) and Centrin2 (CETN2), which are multi-functional calcium-binding phospho-
proteins overexpressed in PDAC, can be addressed by specific antibodies; when they
are radiolabeled with 213 Bi, they show effectiveness in radioimmunotherapy of PDAC
xenografts, providing a safe and CETN1-specific treatment option [89].

Aung et al. investigated the role of 634 integrin in PC and demonstrated that it is a
good target employing single-photon emission computed tomography (SPECT) or near-
infrared (NIR) imaging for immunotargeting [90]. The overexpression of 64 is observed in
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the early stages of pancreatic adenocarcinoma termed pancreatic intraepithelial neoplasias
(PanINs) and holds great promise as an early biomarker [90,91]. The authors isolated a
fully human monoclonal immunoglobulin (Ig) G1 antibody against 654, designated as
ITGA6B4, from a large-scale human antibody library constructed using a phage-display
system and screened using living pancreatic cancer cells, and they labeled ITGA6B4 with
Indium-111 (*"'In) for single-photon emission computed tomography (SPECT) and near-
infrared (NIR) fluorophore indocyanine green (ICG) for NIR fluorescence imaging [90,92].

Hausner et al. performed the first-in-human study aimed to evaluate the safety,
pharmacokinetics, and imaging capabilities of the peptide in patients diagnosed with
metastatic cancers, specifically lung, colon, breast, and pancreatic cancers [93]. The au-
thors developed ['® FJavB6-Binding Peptide as a novel PET imaging agent for a broad spec-
trum of malignancies. The key findings of this study are as follows: the safety and tol-
erability of ['®F]avp6-Binding Peptide as it was well tolerated by the participants with
no significant adverse side effects noted. PET images showed the substantial uptake
of ['® FlavB6-Binding Peptide in both primary tumors and metastatic locations, such as the
brain, bone, liver, and lung. This indicates that the peptide effectively targets the integrin,
which is overexpressed in several epithelial-derived cancers, offering a dependable approach
for detecting malignancies [93].

Another RIT proposal has been studied by Yoshii et al. They demonstrated that adju-
vant **Cu-RIT with **Cu-PCTAcetuximab (where PCTA is the chelator acronym), following
the surgical resection of PC, significantly prolongs survival, while exhibiting minimal tox-
icity [94]. In comparison to conventional adjuvant chemotherapy with gemcitabine in a
mouse orthotopic xenograft model, this therapy shows an overall better outcome. Notably,
it effectively suppresses local recurrence, hepatic metastasis, and peritoneal dissemination,
which are typically associated with the poor prognosis of PC patients. These findings
suggest that adjuvant **Cu-ipRIT with ®*Cu-PCTA-cetuximab represents a promising novel
treatment option to enhance the condition of PC patients post-surgery [94].

RIT seems to be a promising approach to PDAC, but optimizing it presents a persistent
challenge, especially in addressing advanced stages of the disease [88].

5.2. Nanotechnologies

Extensive research has been conducted leveraging the principles of nanotechnology
for therapeutic drug delivery [95]. While each system possesses unique characteristics,
the objective in cancer therapy is to achieve improved drug absorption and permeability,
alongside site specificity and control over drug release rate [95,96].

Nanoparticles exhibit the capability to (a) passively target tumor vasculature via the
enhanced permeability and retention effect (EPR) [95,97], or (b) actively target specific
sites by functionalizing them with site-specific ligands [98]. The conjugation of nanopar-
ticles with cytotoxic agents can augment tumor penetration, leading to more effective
treatments [95,99-101].

Trujillo-Nolasco et al. synthesized a new nanosystem based on the use of targeted
therapy and radiotherapy to produce a synergistic effect [102]. PC often involves the
activation of the KRAS oncogene (Kirsten rat sarcoma 2 viral oncogene homolog) during
tumor formation. The novel therapeutic approach proposed by Trujillo-Nolasco et al. in-
volves the use of the C19 molecule ((25)-N-(2,5-dichlorophenyl)-2-[(3,4-dimethoxyphenyl)-
methylamine]propanamide), which disrupts KRAS-membrane association in cancer cells.
Additionally, pancreatic cancer commonly exhibits the overexpression of the chemokine
receptor CXCR4 [102,103]. This research proposes a dendrimer-based nanoradiopharma-
ceutical (177Lu-DN(C19)-CXCR4L) that encapsulates C19 and targets CXCR4 receptors,
serving as both a targeted radiotherapy system using lutetium-177 and an oncotherapeutic
agent by stabilizing the KRAS4b-PDE complex, thus offering a dual-specific therapy for
pancreatic cancer. The synthesized nanosystem demonstrated efficient encapsulation of
C19, a favorable particle size, and specific uptake in pancreatic cell lines [102]. Significant
cytotoxic effects were observed, particularly in the KRAS-dependent and radioresistant
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cell line Mia PaCa-2, which expresses high levels of CXCR4 receptors. Treatment with
a radiation dose of 3 Gy/Bgq, attributed to the presence of C19, significantly decreased
cell viability, showcasing a synergistic effect between radiotherapy and chemotherapy in
inducing apoptosis in pancreatic cancer cells [102].

Gold nanoparticles (AuNPs) offer promising medical applications. This is due to their
radioactive isotopes such as 198Au and 199Au. 198Au, with its 2.70-day half-life, emits
(961 keV) and 1y radiation (411 keV vy (96%) [104]. This enables efficient destruction of tumor
cells and tissue. The ideal beta penetration range and suitable half-life of 198Au provide
crossfire effects to destroy tumor cells and tissue while minimizing radiation exposure to
neighboring non-target tissues [104]. A key advantage of radioactive gold nanoparticles is
their ability to exert therapeutic effects even when taken up by only a subpopulation of
tumor cells. This is due to the path length of the emitted radiation. 198Au also allows for
monitoring therapeutic response through scintigraphic imaging, facilitating the evaluation
of tumor retention characteristics and pharmacokinetics [104]. Recently, radioactive analogs
of mangiferin-functionalized gold nanoparticles (MGF-AuNPs) have been synthesized and
characterized. Mangiferin (a compound extracted from mango fruit [105]) displays tumor
cell avidity with high selectivity toward receptors over-expressed by a host of tumors that
includes PC [104,106-108].

5.3. Theranostic Approaches

Theranostics is a concept that represents the combination of therapy and diagnostics,
and, more precisely, it refers to the use of RPTs containing radionuclides for imaging
(hence for the diagnosis of the disease) and therapy [109,110]. Watabe et al. developed
a novel theranostic approach using radioactive monoclonal antibodies (mAbs) targeting
glypican-1 (GPC1), a protein overexpressed in PDAC tumors. The diagnostic is pro-
vided by 8Zr labeled with mAbs; through Pet scanning, it is possible to localize the
tumoral tissue due to the high uptake in GPCl-expressing cells [111]. The same mAbs
are tagged with radioactive 2! At for targeted a therapy. This treatment causes DNA
damage in cancer cells, leading to a marked reduction in tumor growth in experimental
modes. Nanoparticles have also been designed to deliver imaging agents in conjunction
with chemotherapeutic therapeutic agents [112]. An example of this approach is the work
of Wang et al. that engineered cetuximab-modified gemcitabine-loaded magnetic albu-
min nanospheres to enhance targeted therapy and imaging for pancreatic cancer cells.
This strategy showed improved therapeutic effectiveness by utilizing thermochemother-
apy combined with magnetic targeting techniques [113]. The capability to use a single
species or molecular entity for both diagnosis and therapy at the same time is extremely
promising and may offer new medical avenues for cancer treatment, as evidenced by the
success of agents like ®®Ga/!””Lu-DOTATATE in NETs [114]. Its promising efficacy has
facilitated its progression to first-in-human clinical trials, which are currently underway
for the treatment of PDAC [115]. The conclusions of these initial clinical trials are that
[68Ga]Ga DOTA-5GPET/CT can be used properly for the diagnosis and thus the selection
of patients for treatment and that [1”/Lu]Lu DOTA-ABM-5G is able to reach the metastasis
and be retained and that the theranostic combination of the two elements is safe and well
tolerated [115]. A challenging aspect of the theranostic approaches related to PDAC is the
paucity of specific molecular targets and the characteristic dense stromal barrier of these
tumors. It is crucial to identify novel and specific molecular targets.

5.4. Photothermal Therapy Combined with Radiopharmaceuticals

Photothermal therapy is a technique that uses photothermal effects induced by pho-
tothermal agents that convert light energy into heat, thus increasing the temperature of
surrounding tissue and triggering cell death [116]; Figure 6 illustrates this mechanism.
Shi et al. developed a semiconducting polymer nano-radiopharmaceutical labeled with
therapeutic radioisotope 771Lu (177Lu-SPN-GIP) for combined radio- and photothermal
therapy (PTT) [117]. This nano-radiopharmaceutical demonstrated good stability, high cell
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uptake, and long retention time in the tumor site. Combining radiotherapy and photother-
mal therapy, 7”Lu-SPN-GIP showed enhanced therapeutic capability in killing cancer cells
and xenograft tumors in living mice compared to RT or PTT alone [117]. Additionally, it
was found to suppress the growth of tumor stem cells and reverse epithelial-mesenchymal
transition (EMT), potentially reducing the occurrence of metastasis [117].

Cancerous Cells NIR Laser
( Cancerous Cell Death

C

Figure 6. Phototermal Therapy mechanism scheme.

Tumor Capillar

An et al. developed a novel combination therapy strategy, termed RNT-SDT-PTT,
which combines radionuclide therapy, sonodynamic therapy (which involves the sensitiza-
tion of target tissues with a non-toxic sensitizing chemical agent and subsequent exposure
of the sensitized tissues to relatively low-intensity ultrasound [118]), and photothermal
therapy for the treatment of PC [119]. They utilized polydopamine-modified Au nanostars
loaded with protoporphyrin (IX) and labeled with diagnostic (99mTc) or therapeutic (1311I)
radionuclides for precise diagnosis and treatment [119]. The intratumoral injection of 1311I-
AN@D/IX allowed for targeted delivery, maximizing local dose absorption and reducing
the required number of injections [119]. The synergistic effects of the combined therapy
were demonstrated to significantly inhibit tumor growth in pancreatic tumor-bearing
mice [119]. The study highlighted the potential of this multi-modal therapy approach to
enhance therapeutic efficacy and improve treatment outcomes.

A novel photothermal-based nanoparticle, composed of anti-urokinase plasminogen
activator receptor (uPAR), polyethylene glycol (PEG), and indocyanine green-modified
gold nanocapsules, has shown promising results in enhancing the median survival rate of
complete ablation [120,121]. When combined with Iodine-125 (125I) interstitial brachyther-
apy (IBT-125I), this nanoparticle formulation improved the median survival rate by 25%
with a single intervention [120,121].

5.5. Latest Clinical Trials

Antibody-based targets seem to be one of the most promising mechanisms to address
PDAC and thus to be translated into clinical practice. Several antibody-based targets have
been developed and primarily assessed in preclinical studies [122,123]. CA 19-9 is known
to be the marker for PDAC. Different agents have proven to have a high affinity for CA 19-9,
but in particular mAb, 5B1 [124]. Viola-Villegas et al. developed #Zr-5B1, a fully human,
antibody-based radiotracer that targets tumor-associated CA 19-9 performing preclinical
tests and demonstrating that 8Zr-5B1 is able to detect orthotopic models of PDAC [125].
In 2019 Lohrmann et al. reported the first clinical trial of [¥°Zr]Zr-HuMab-5B1 [126]. It was
demonstrated that this system can detect the primary sites of PDAC, metastases, and small
lymph nodes [122,126].

A recent study aimed to apply static and dynamic PET/CT using ®Ga-labeled Fibrob-
last Activated Protein Inhibitors (®® Ga-FAPI-PET/CT) in 32 preoperative, treatment-naive
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patients with ambiguous pancreatic masses to assess the potential diagnostic utility of
this novel imaging technique in distinguishing between mass-forming pancreatitis and
PDAC [127].

The majority of the ongoing clinical trials concern NETs, and this confirms again that
PDAC treatment is far from the resolution.

6. Challenges and Limitations

While radiopharmaceutical therapy holds significant importance in oncological treat-
ments, there are crucial considerations that must not be overlooked.

One of the major issues associated with radiopharmaceutical therapy for the treat-
ment of cancer in general is the resistance mechanisms of tumor cells [128,129]. Tumor
cells develop resistance mechanisms against radiotherapy through various pathways.
These include DNA damage repair, cell cycle arrest evasion, apoptosis escape, presence
of cancer stem cells, alterations in cancer cell metabolism and microenvironment, as well
as the involvement of exosomal and non-coding RNA, metabolic reprogramming, and
ferroptosis [130]. Additionally, cancer cells exploit cytoprotective mechanisms like the
p53-regulated pathways involving DNA repair enzymes, proteomic stress response, and
antioxidant production to resist the cytotoxic effects of radiation and drugs [131]. Under-
standing these molecular alterations, such as DNA repair capacity, cell cycle checkpoints,
and tumor metabolism, is crucial in overcoming radioresistance and improving the effi-
cacy of radiotherapy [132]. Moreover, the use of X-ray responsive radiopharmaceutical
molecules containing chemical radiosensitizers can enhance radiotherapeutic effects by
inducing ROS levels and inhibiting DNA repair in cancer cells, thus sensitizing them to
radiation [130].

Challenges for what concerns specifically PC include: the limited accuracy of conven-
tional imaging modalities for tumor assessment, the need for improved tumor retention
and uptake of radiotracers, and the difficulty in detecting and characterizing tumors using
radiological imaging, especially post-neoadjuvant therapy [133]. Despite advancements in
targeted radionuclide therapies, such as radiolabeled peptides and antibodies, pancreatic
adenocarcinomas remain a significant challenge; therefore, continuous advancements in
radiopharmaceutical development are crucial for improving the diagnosis and treatment
outcomes of pancreatic cancer.

7. Conclusions

Pancreatic cancer is one of the deadliest of all of the solid malignancies. Despite
the efforts that have been made to find proper therapeutic management of this kind of
pathology, the final cure is still far.

To date, the European Medicines Agency (EMA) has not approved any radio drugs for
treating pancreatic cancer. Even though some radiopharmaceuticals are allowed for differ-
ent kinds of cancer like neuroendocrine tumors, the fact that there are no approved options
for pancreatic cancer highlights the struggles in finding good treatments for this disease.

However, the development of targeted radiopharmaceuticals, such as radiolabeled an-
tibodies and peptides, along with innovative nanotechnological approaches, holds promise
for addressing these challenges.

Continued advancements in the development of radiopharmaceuticals, alongside a
comprehensive understanding of tumor biology and resistance mechanisms, are indis-
pensable for enhancing both the diagnosis and treatment outcomes of pancreatic cancer
(PC). Through harnessing the potential of radiopharmaceuticals, significant progress can
be made towards achieving more precise diagnoses, targeted therapeutic interventions,
and ultimately, improved survival rates for patients not only with pancreatic cancer but
also with various other malignancies.

Author Contributions: Conceptualization, S.C.; methodology, S.C.; software, S.C.; investigation, S.C.;
writing—original draft preparation, S.C.; writing—review and editing, A.U. and G.O.; supervision,
A.U. and G.O. All authors have read and agreed to the published version of the manuscript.



Pharmaceuticals 2024, 17, 1314

15 of 21

Funding: This research was funded by the National Recovery and Resilience Plan (Piano 494
Nazionale di Ripresa e Resilienza—PNRR-1.3.3, DM 117-2023) ID: 8959, as a part of the European
495; by recovery programme NextGenerationEU (NGEU) and by the European project “SECURE”
(Project No.: 101061230 HORIZON-EURATOM-2021-NRT-01-10 EURATOM Research and Inno-
vation Actions) of which ENEA is a partner; by regional project LINC-ER, funded by “Regione

Emilia-Romagna”, DGR N. 545/2019 Theranosti Centre srl.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the funding providers and and in particular Professor
Martellini, founder of Theranosti Centre srl for all the valid and important suggestions we have

received over the years regarding cancer therapies.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AuNPs Gold Nanoparticles

CA 199 Carbohydrate antigen 19-9CA 19-9

CETN1 Centrinl

CETN2 Centrin2

DOTA 2,2 2" 2" (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid
DTPA Diethylene-triamine-pentaacetate

EANM European Association of Nuclear Medicine

ECM Extracellular Matrix

EMT Epithelial Mesenchymal Transition

EPR Permeability and Retention Effect

GPC1 Glypican-1

IAEA International Atomic Energy Agency

IBT Interstitial Brachitherapy

ICG Indocyanine Green

Ig Immunoglobulin

KRAS Kirsten Rat Sarcoma Virus

LAPC Locally Advance Pancreatic Cancer

LET Linear Energy Transfer

mAbs Monoclonal Antibodies

MDCT Multidetector Computed Tomography
MGF-AuNPs  Mangiferin-functionalized Gold Nanoparticles
NETs Neuroendocrine Tumors

NGS Next Generation Genome Sequencing

NIR Near-Infrared

PanINs Pancreatic Intraepithelial Neoplasias

PCTA 3,6,9,15-Tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid
PDAC Pancreatic Ductal Adenocarcinoma

PEG Polyethylene glycol

PET Positron Emission Tomography

PRRT Peptide Receptor Radionuclide Therapy

PIT Phototermal Therapy

RPT Radiopharmaceutical Therapy

SDT Sonodynamic Therapy

SNMMI Society of Nuclear Medicine and Molecular Imaging
SPECT Single-Photon Emission Computed Tomography
SSAs Somatostatin Analogs

TME Tumor Microenvironment

uPAR Urokinase Plasminogen Activator Receptor
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