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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal forms of cancer,
characterized by strong resistance to conventional therapies and a poor prognosis, with frequent
relapse and metastasis even after surgical resection and/or standard chemotherapy. Cancer vaccines
are emerging as innovative immunotherapeutic approaches, particularly when proposed as
adjuvants to be combined with existing treatments. Although vaccines are traditionally administered
via parenteral routes, oral delivery offers several advantages for both patients and healthcare
systems.

Therefore, the present thesis focuses on developing an oral (OS) nanotechnology-based vaccine
platform as an adjuvant therapy for PDAC. This developing approach was structured into three
main phases: (a) selection of a tumor-associated antigen (TAA) and design and production of a
protein-based vaccine; (b) preparation of nanoparticles (NPs) to protect the vaccine within the
gastrointestinal tract and enhance its intestinal absorption to trigger an effective immune response;
and (c¢) evaluation of the immunogenicity of the vaccine and its effects on tumor growth.

The proteoglycan Glypican-1 (GPC1) was selected as the TAA for the development of the protein-
based cancer vaccine, since it is highly expressed in PDAC tissues but absent or present at
negligible levels in benign and healthy tissues. Its expression was confirmed in the human PDAC
cell line BxPC3 by different techniques. In addition, we selected flagellin (FL) from Salmonella
typhimurium as an adjuvant component to enhance vaccine immunogenicity. Therefore, we
designed the chimeric protein GPCI-FL and expressed and purified it from Chinese Hamster Ovary
cells. We evaluated its stability in PBS at 37 °C, and in simulated gastric fluid (SGF) and simulated
intestinal fluids (SIF) buffers that, as expected, was very low.

To overcome the limitations of OS delivery, in particular the harsh gastrointestinal environment and
the need to target the intestinal immune system, we prepared PLGA/PVA NPs using a microfluidic
nanoprecipitation method, and we characterized them by dynamic light scattering (DLS),
confirming their stability over time and at physiological temperature in both SGF and SIF.
Furthermore, we demonstrated the NP biocompatibility with the in vitro models of the intestinal
epithelium (Caco-2 cells) and antigen-presenting cells (RAW 264.7). In addition, we performed
internalization studies using BSA-FITC as a model protein, showing that PLGA/PVA NPs
significantly improved its cellular uptake by Caco-2 compared to the free form.

Given their stability, biocompatibility, and enhanced internalization capacity, we tested the

immunogenicity and the effect on tumor growth of the GPC1-FL-loaded NPs in vivo using a mouse



model of PDAC expressing the human GPC1. We obtained this model by transfecting the mouse
cell line PANCO02 with the human GPC1 gene. We demonstrated that the chimeric GPCI-FL
protein was immunogenic, eliciting a strong and specific IgG response after subcutaneous
administration. This response was further enhanced when the protein was delivered via PLGA/PVA
NPs, indicating that NP encapsulation improves antigen presentation and vaccine efficacy.
Following OS administration, the free protein did not elicit any detectable IgG response, whereas
GPCl1-FL-loaded NPs induced a significant, though lower, antibody response compared to
subcutaneous vaccination. Finally, mice receiving SC GPC1-FL-loaded PLGA/PVA NPs showed a
significantly longer survival time compared to other experimental groups, whereas the immune
response generated by OS administration was insufficient to improve survival outcomes.

In conclusion, this study developed a novel nanoplatform for SC and OS vaccination against
PDAC. Through a multidisciplinary approach encompassing antigen selection (GPC1), production
of the immunogenic chimeric protein GPC1-FL, preparation of PLGA/PVA NPs, and both in vitro
and in vivo validation, the project demonstrated that PLGA/PVA NPs effectively enhance the anti-
GPCI1 immune response, particularly following SC administration, leading to a significant increase
in survival in a PDAC mouse model. Although the OS route elicited a weaker immune response,
insufficient to delay tumor progression, the results highlight the potential of PLGA/PVA NPs as a
safe and effective platform for mucosal vaccination. Further optimization of dose, administration
scheduling, or formulation must be necessary for the oral administration to achieve an efficacy

comparable to that of the subcutaneous one.
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2 INTRODUCTION

2.1 Pancreatic ductal adenocarcinoma (PDAC)

2.1.1 Epidemiology, molecular features, diagnosis, and treatment

Pancreatic ductal adenocarcinoma (PDAC) accounts for 85% of all pancreatic cancers. It is very
lethal and aggressive, with a generally poor prognosis, a consequence of a late diagnosis and
inefficacy of the available therapies. Indeed, the 5-year survival rate of PDAC is about 5% [1].
PDAC occurs mainly in people with associated risk factors, such as age, as it occurs mainly in
people aged 60 to 80 years, smoking, alcohol consumption, new-onset diabetes, obesity, chronic
pancreatitis and, in some cases, genetic predisposition [2]. At the molecular level, PDAC is
characterized by frequent genetic mutations that, in 80% of cases, involve the activation of KRAS
gene, as well as inactivating alterations in TP53, CDKN2A and SMAD4 [3-5]. These mutations
often result from precancerous lesions such as pancreatic intraepithelial neoplasms (PanINs) or
intraductal papillary mucinous neoplasms (IPMNs) [6].

One of the main problems with this tumor is the late diagnosis. Indeed, in 80% of cases PDAC is
diagnosed when it is already in advanced stages and metastases are just present in other organs [7].
This happened because the initial symptoms are often vague and include abdominal pain,
unexplained weight loss, jaundice (especially if the tumor involves the head of the pancreas) and
newly diagnosed diabetes [8]. Therefore, most cases are only discovered in advanced stages when
the disease has already spread.

The diagnosis is made by imaging examinations such as CT, MRI, often in combination with
measurement of the tumor marker CA19-9 and biopsies to confirm the malignancy of the lesion [9].
Treatment depends on the stage of the disease. In the early stages, surgery is the only way to cure
the disease, but this can only be applied in 15-20% of patients. In advanced stages, treatment is
based on chemotherapy with regimens such as FOLFIRINOX or gemcitabine with 5-Fluorouracil in
combination with nab-paclitaxel and, sometimes, radiotherapy [10]. However, the response to these
therapies is often limited and immunotherapy, although a promising alternative, is still under
investigation [11].

Currently, research focuses on strategies for early detection of PDAC and the development of

targeted therapies to avoid tumor progression and improve patient survival.



2.1.2 Tumor-Associated and Tumor-Specific Antigens in PDAC

Tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) are proteins or molecules
expressed by tumor cells, and absent or weakly expressed in normal tissue. Tumor antigens play a
key role in understanding, identifying, diagnosing, treating, and monitoring diseases.

In detail, TSAs are exclusive to tumor cells and result from mutations that lead to the production of
abnormal proteins. In PDAC, the main TSAs are neoantigens derived from mutations, such as
mutated KRAS, which is present in more than 85% of PDAC cases [12]. The mutation leads to an
oncogenic KRAS protein that is not found in normal tissues, making it a potential target for
vaccines and targeted therapies. Another antigen involved in PDAC is the mutated TP53, which
generate abnormal p53 proteins. It overcomes tumor growth arrest and supports cancer metastasis
[13]. Finally, one of the most important neoantigens in PDAC, together with KRAS and p53
mutations, is SMADA4, altered in 60% of cases [14].

Moreover, gene Fusion Derived Proteins are also involved in PDAC. Although rarer in PDAC than
in other cancers, some proteins from gene fusions could serve as specific antigens. Usually, they are
present in KRAS wild-type PDAC and involve BRAF, FGFR2, RET, NTRK, NRGI, and ALK
[15].

TAAs are molecules highly expressed during embryonic development. Then, in adult tissues they
are absent or expressed at low levels. However, they might be highly expressed in tumor cells.
Major TAAs of PDAC include the carbohydrate antigen 19-9 (CA 19-9), carcinoembryonic antigen
(CEA), MUCI1 and MUCA4, and proteoglycans.

CA 19-9 is the most widely used tumor marker for PDAC [16]. It is a cell surface glycoprotein that
can be detected in blood but has limited specificity, as it can be elevated even in benign conditions
such as pancreatitis or obstructive jaundice. Although useful for monitoring disease progression and
response to treatment, it is not ideal for early detection [17].

CEA is a glycoprotein expressed at high levels in many tumor types, including PDAC. It is less
sensitive than CA 19-9 but can be useful as a complementary marker [18].

MUCI1 and MUC4 are high molecular weight transmembrane mucins. When they are aberrantly
methylated, they play a role in tumor progression and immune evasion, making them promising
targets for targeted therapies [19].

Finally, several studies demonstrated that proteoglycan, such as the glypican family, are involved in

PDAC [20].



2.2 Glypican-1

2.2.1 The glypican family

Glypicans are a family of cell membrane-associated proteoglycans that play a crucial role in
regulating many cellular functions [21,22]. They are characterized by having a protein core linked
to heparan sulfate or chondroitin sulfate chains, which allow them to interact with a wide variety of
biological molecules [23].

This family includes six main members in humans (GPC1-GPC6), each with specific tissue
localizations and distinct functions [23]. In general, glypicans are involved in essential biological
processes, such as cell signaling, modulation of the extracellular microenvironment, and cell
adhesion. They often act as co-receptors, facilitating the interaction of growth factors, cytokines,
and extracellular matrix molecules with membrane receptors [23]. They are particularly important
in signaling pathways such as Wnt [24], Hedgehog [24—26] and fibroblast growth factor (FGF) [27—
29].

In the pathological setting, glypicans play a significant role. Their disruption can promote tumor
progression by facilitating cell proliferation, angiogenesis, and metastasis [23]. In addition, they are
involved in rare genetic diseases, such as Simpson-Golabi-Behmel syndrome, caused by mutations
in GPC3 genes [30], and in neurodegenerative processes, such as cognitive dysfunction and
Parkinson’s disease [31].

Clinically, glypicans are the subject of great interest. They could be used as biomarkers to diagnose
or monitor diseases, especially in oncology, and they represent promising targets for the
development of targeted therapies and immunotherapies due to their crucial role in cell signaling
pathways [23].

In summary, glypicans are multifunctional molecules at the center of many physiological and

pathological processes, with significant potential for novel therapeutic applications.

2.2.2 Glypican-1: structure and functions

Glypican-1 (GPC1) is a heparan sulfate proteoglycan encoded by the human GPC1 gene located at
2q37.3 chromosome [32]. The GPCI1 protein is 558 amino acids long and consists of several
structural regions, including a secretory signal peptide (residues 1-23), an N-terminal core protein
(residues 24-474), a C-terminal heparan sulfate (HS) chain attachment region (residues 475-530),
and a glycosylphosphatidylinositol (GPI) anchor that attaches the protein to the cell membrane
(residues 531-558) [32,33] (Figure 1). Post-translational modifications to GPC1 include the addition
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of three HS chains at Ser-486, Ser-488, and Ser-490, as well as two N-linked glycans at Asn-79 and
Asn-116. These modifications influence the protein expression and the attachment of HS chains

[34].

Heparan sulphate

GPI anchor /
475-530aa 24-474aa @

JuBIquIaW [[9D)

Secretory

C-terminal N-terminal ; 4
signal peptide

Figure 1. Representation of the glypican-1 (GPC1) protein. The protein GPCI is organized into distinct functional regions: N-
terminal region, which includes a secretory signal peptide that directs the protein into the secretory pathway for processing and
trafficking to the cell surface; the C-terminal region; and the glycosylphosphatidylinositol (GPI) anchor at the C-terminus, which

tethers GPC1 to the plasma membrane [2].

Studies by Svensson et al. [35] revealed the crystal structure of the core protein of GPC1, devoid of
HS chains, at a resolution of 2.6 A (Figure 2). The structure is elongated and cylindrical, adopting
an all a-helical fold (al-al4) with three significant loops (L1, L2, and L3). The protein can be
divided into three main regions: a Cys-rich region near the N-terminal lobe, a central lobe stabilized
by two conserved hydrophobic centers, and a C-terminal lobe that contains a protease site. Six
disulfide bonds are crucial for the structural stability of GPC1, connecting the different regions of
the protein. These disulfide bonds are particularly important in maintaining the proper conformation
of the Cys-rich lobe and protease site. Further structural analysis has shown that the C-terminal
region of GPC1 displays significant flexibility and extends approximately 35-40 A from the core
protein. This flexibility plays a role in its interactions with the cell membrane. Specifically, the C-
terminal domain orients the core protein transversely relative to the membrane, allowing GPC1 to
interact with signaling molecules or membrane receptors [35].

Although the full-length GPC1 structure has not been fully elucidated in terms of its interactions
with signaling components, it is clear that GPC1 participates in different cellular signaling pathways

by modulating interactions with ligands and receptors on the cell surface. These interactions have a
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significant impact on cellular functions, which can either activate or inhibit specific signaling

pathways depending on the physiological context [2].

N-terminus N-terminus

C69-C259>-C32-C68

Cys-rich lobe

(C246-C279 (C246-C

“)
&

Central lobe

Protease-site
lobe

Figure 2. Crystal structure of Glypican-1 (GPC1) protein. Overview of the GPC1 crystal structure, shown schematically with a
rainbow color scheme (N terminus in blue and C terminus in red). The main loops (L1-L3) and a-helices (a1—014) are highlighted.
Disulfide bonds are marked in yellow, while the first residues of the N-glycans (GIcNAc) are indicated. The figure also shows the

subdivision of the structure into distinct lobes [35].

2.2.3 The role of GPC1 in PDAC

An immunohistochemical analysis revealed that the GPC1 is expressed in PDAC cells in 80% of
patients [20]. Consequent studies demonstrated that GPC1 plays a critical role in PDAC by
modulating multiple cellular signaling pathways that drive tumor growth, invasion, and metastasis
[32] (Figure 3). As a heparan sulfate proteoglycan anchored to the cell membrane, GPC1 works as a
co-receptor for key signaling molecules and pathways, including fibroblast growth factors (FGFs),
vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF-f), Wnt, and
Hedgehog (Hh) pathways, all involved in cancer progression [36]. Moreover, in PDAC, GPClI
overexpression enhances FGF2 and heparin-binding epidermal growth factor (HB-EGF) signaling,
promoting cell proliferation and survival [2]. Studies have shown that GPCI1 silencing abrogates the
mitogenic effects of FGF2 and HB-EGF, underscoring its importance in tumor cell growth [37].
Moreover, GPCI1 facilitates angiogenesis by enhancing VEGF-A interactions with VEGF receptors,

which contributes to increased tumor vascularization and metastatic potential [36]. In addition to
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promoting tumor cell proliferation, GPC1 influences epithelial-to-mesenchymal transition through
its interaction with TGF-B, which is known to regulate cell migration and invasion[38]. Notably,
Wnt and TGF- pathways act synergistically in tumorigenesis, and GPC1 expression is upregulated
in response to their combined activation, further reinforcing its role in PDAC progression [39].
GPCI1 also modulates the tumor microenvironment by regulating cancer-associated fibroblasts
(CAFs) [40], which in turn secrete pro-tumorigenic factors such as hepatocyte growth factor (HGF)
and FGF, reinforcing a feedback loop that promotes tumor growth and invasion [41]. Additionally,
GPCI has been implicated in Hedgehog signaling, which is crucial for stromal remodeling and
immune evasion in PDAC [36].

Finally, high GPC1 expression levels are associated with poor prognosis in this type of tumor
[42,43].

Given its multifaceted role in PDAC, GPC1 is increasingly recognized as a promising therapeutic

target, with strategies such as antibody-based immunotherapy and NP-based targeted therapy [2,23].
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Figure 3. The regulatory roles of glypican-1 (GPC1) in multiple-signaling pathways. GPCI1 is involved in different signaling
pathways that participate in both cancer progression and physiological functions. GPC1 can interact with both heparin-binding
growth factors (FGF and VEGF-A) and their receptors to stabilize their assembly and enhance MARK or PI3K/Akt signaling.
Moreover, GPC1 binds TGF-f and its receptors to promote SMAD signaling. However, GPC1 plays a negative role in BMP cascades
by competing with BMP receptors to interact with BMPs. GPC1 might acts as coreceptor in the Wnt signaling. Abbreviation: BMP:
bone morphogenic protein; FGF: fibroblast growth factor; FGFR: fibroblast growth factors receptor; GPC1: glypican-1; GPI:
glycosyl-phosphatidylinositol; HS: heparan sulphate; TGF-f: transforming growth factor-B; VEGF-A: vascular endothelial growth
factor-A [32].



2.3 Cancer vaccines

2.3.1 The immunological aspects of cancer vaccines

Unlike traditional vaccines that prevent infection, tumor vaccines are designed primarily to
stimulate a response against existing cancers or to prevent recurrence of them [44].

Tumor vaccines represent one of the most promising frontiers of immunotherapy, an approach that
takes advantage of the natural ability of the immune system to recognize cancer and kill its cells
(Figure 4). In detail, the principle behind these vaccines is to teach the immune system to recognize
and attack cancer cells, which often escape immune surveillance because they are perceived as
“self” [45].

These vaccines typically rely on immunogenic TAAs or TSAs, which are capable of being
recognized as foreign by the immune system, thereby triggering a potent specific immune response
[46].

Dendritic cells (DCs) play a central role in this process by capturing these antigens, processing them
into fragments, and presenting them on their surface. This presentation activates T cells to mount a
targeted response against the tumor [47].

Tumor vaccines have been studied in several types of cancer, including melanoma [48], pancreatic
cancer, breast cancer [49], and lung cancer [50]. Although some vaccines have reached clinical
practice, such as Sipuleucel-T for prostate cancer [51], many are still being tested. Among the most
innovative approaches are personalized vaccines, which use neoantigens unique to a patient's tumor,
identified through advanced genetic sequencing technologies [52].

Tumor vaccines offer many advantages, such as specificity, as they directly target tumor cells that
express the tumor antigens and not normal cells, reducing the risk of systemic side effects.
Furthermore, tumor vaccines are able to trigger both a systemic and humoral immune response [53].
Moreover, they provide a specific immune memory leading to long-term protection against
recurrence [54]. In addition, tumor vaccines can work in combination with other therapies, such as
immune checkpoint inhibitors, strategies that increase the probability of success [44]. For example,
cancer vaccines are showing synergistic potential when used in combination with established
immunotherapies, such as checkpoint inhibitors (PD-1/PD-L1) [55]. However, cancer vaccines also
have some challenges, such as the individual variability in the body response [54] and immune
evasion [56,57].

Research is focusing on increasingly sophisticated vaccines, such as those based on personalized
neoantigens or combined with technologies such as nanomaterials to improve their delivery and

efficacy, and control their release to have a long-term effect [58—60].



In conclusion, cancer vaccines represent a breakthrough in the fight against cancer, offering more

targeted and personalized approaches than traditional treatments.
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Figure 4. In vivo mechanism of cancer vaccines. Once tumor antigens enter the body, they are recognized and
processed by antigen-presenting cells (APCs). APCs fragment the antigens and expose these fragments on their surface
through major histocompatibility complex (MHC) molecules. The MHC-antigen complexes interact with T-cell
receptors (TCRs) on antigen-specific T cells, triggering their activation and enabling them to selectively target and

eliminate tumor cells [44].

2.3.2 Types of cancer vaccines

There are several strategies for developing cancer vaccines, each with specific advantages and
disadvantages [44]. A cancer vaccine can be cell-based, employing modified or unmodified whole
tumor cells to stimulate a global immune response. They can be autologous (from the patient
himself) or allogeneic (from other patients) [61]. Their advantages are the capacity to strongly
activate the immune response and the multi-form antigen loading. The disadvantages depend on the
high cost of production and the need for patient-specific customization [62,63].

Cancer vaccines can also be based on peptides or proteins. Peptide-based or protein-based cancer
vaccines are peptides or proteins engineered to mimic TAA or TSA from the tumor [64]. The
advantages of peptide vaccines are the high specificity and safety, the cell-independent production,
the low risk of autoimmunity, and the direct presentation on MHC in short peptides [44]. However,
their production is very expensive because of the complex manufacturing procedures. Finally, they

require strong adjuvants to work [44].



Moreover, dendritic vaccines exist. They are based on DCs, loaded with tumor antigens in the
laboratory, and reinfused into the patient [65].

In addition, nucleic acids, such as DNA or RNA, can be used to stimulate a specific immune
response [66,67]. DNA-based or RNA-based cancer vaccines are used to deliver to cells a specific
genetic information that instructs them to produce tumor antigens, leading to the activation of the
desired immune response [68]. DNA vaccines are cheap, they ensure a long-term immune response
and can be projected for targeting multiple neoantigens. However, the risk of integration into the
host genome is high, as the probability of activating autoimmune reactions [44]. RNA-based
vaccines are safer than DNA-based vaccines. They can be rapidly developed and allow easy
modifications. They are highly immunogenic and have intrinsic adjuvant effects. On the other hand,
they are quickly degraded and might trigger inflammatory reactions [44].

Lastly, viruses and bacteria can be used to immunize against cancer [69,70]. Vector vaccines use
genetically modified viruses to carry tumor antigens, stimulating a more potent response, while
bacteria-based vaccine use modified or killed bacteria [69—71]. A historical example is the approach
of William Coley, who used bacterial toxins to treat cancers, paving the way for the search for
bacteria-based cancer vaccines [72,73].
Vaccines based on viruses and bacteria are adjuvants themselves, therefore they are highly
immunogenic. Furthermore, they have a long-lasting immune response. However, they are not so

safe as they lead to inflammatory reactions [44].

2.3.3 Vaccine administration routes

The decision of the vaccine administration routes is a key aspect in the vaccine design to ensure an
efficient immunization. Indeed, each route has specific advantages and disadvantages, and the
choice depends on the type of vaccine, the disease to be prevented or treated, and the characteristics
of the patients. The main routes of vaccine administration are the intramuscular (IM), the
subcutaneous (SC), the intradermal (ID), the transdermal, the nasal, and the oral (OS).

The IM is the most common for many vaccines. In this modality, the vaccine is injected directly
into the muscle, usually the deltoid muscle of the arm or the vastus lateralis muscle of the thigh in
children [74]. IM administration is ideal for vaccines that require a gradual release in the body and a
robust immune response. This route is used for vaccines against diseases such as influenza [75],
tetanus [76], diphtheria [77], and hepatitis B [78]. The main advantage is the greater absorption.
Moreover, it is effective for most protein-based or inactivated vaccines. However, it may cause pain
and swelling at the injection site and it is not suitable for vaccines that require a rapid and

immediate response [79].
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Regarding the SC route, the vaccine is injected into the most superficial layers of the skin, below
the epidermis, but above the muscle tissue. It is suitable for vaccines that need a slower and more
constant release, and the advantage is that it is less painful than intramuscular administration, even
if is less absorbed. Furthermore, it is more suitable for smaller doses of vaccine [80]. It is used for
vaccines such as rubella [81] and smallpox [82].

With the ID the vaccine is directly injected into the most superficial layer of the skin, the dermis.
The advantages include the stronger, localized immune response and the small amounts of vaccine
that are needed. On the other hand, it requires precise injection techniques, and it may cause greater
pain or irritation in the area of administration [83]. It is used for vaccines such as the tuberculosis
vaccine (BCG) [84].

Moreover, the transdermal administration exists. It is a relatively new modality that takes advantage
of patches or devices that use microneedles to introduce the vaccine through the skin [85]. These
devices are designed to be noninvasive and easy to use. It is potentially painless and easy to
administer, and it does not require specialized equipment such as syringes. However, this
technology is still under development and it may be less effective for vaccines that require rapid
action [86].

In addition, some vaccines, such as the intranasal influenza vaccine, are administered through the
nose. These vaccines contain live attenuated viruses that stimulate an immune response in the nasal
mucous membranes. It is non-invasive as it does not require an injection. Moreover, it stimulates a
response in the respiratory tract, where many viral infections enter the body. However, it is suitable
only for certain types of vaccines [87].

Furthermore, vaccines may be orally administered. In this case, after deglutition, they travel in the
gastrointestinal tract to reach the intestine. Here, they are recognized and processed by intestinal
immune system cells [88].

OS administration has a lot of advantages, in particular the easy administration, as it can be self-
administered, improving patient compliance and the costs for the hospital and medical personnel. It
is pain-free and avoids the anxiety associated with injections. In addition, the danger of an acute
reaction is minimal. Furthermore, as it is cheaper than other types of vaccines due to the different
manufacturing procedures, it is suitable for large groups of people, even those who live in less
developed countries [89].

On the other hand, there are also critical points to be considered, as the gastrointestinal tract has a
harsh environment due to the presence of a pH gradient and enzymes able to destroy the vaccine
[89]. Examples of vaccines administered in this way are those against polio (oral polio vaccine,

OPV) [90] and rotavirus vaccine [91].

11



2.4 OS vaccination

OS cancer vaccines are gaining attention as a promising immunotherapy strategy aimed at
stimulating or enhancing a specific antitumor immune response. The OS administration route offers
several advantages over traditional parenteral methods, for both patients and medical personnel, as
it improves patient compliance and would not require authorized medical personnel [89], an aspect
that can facilitate widespread vaccine distribution, particularly in resource-limited world areas
[92,93].

OS vaccination also plays a critical role in engaging the immune system, especially in preventing
carcinogenesis, by involving the intestinal mucosa. The gastrointestinal tract (GIT), known as the
body's primary immunological site, houses about 70% of total lymphocytes [94,95], making it
pivotal in immune responses [96]. Furthermore, the OS administration of the vaccine can trigger a
dual immune response: a localized activation of the intestinal mucosa through immunoglobulin A
(IgA) production and a systemic response mediated by immunoglobulin G (IgG) [96]. This
emerging field of research holds great potential and is an exciting avenue for future advancements
in cancer immunotherapy.

Despite their potential, OS administration of cancer vaccines remains largely experimental in
current clinical practice, particularly because of its limitations. Indeed, OS administration requires
an effective delivery system to protect the vaccine from the harsh gastrointestinal microenvironment
[89]. In addition, this approach must break immune tolerance in the gut and activate antigen
presentation in antigen-presenting cells (APC), particularly DCs, for the priming and activation of T

lymphocytes, thus recognition and elimination of malignant cells [97].

2.4.1 Intestinal immune system and immunological basis of OS vaccination

The intestinal immune system is organized into two main compartments: the inductive compartment
and the effector compartment [98]. The inductive sites, including Peyer’s patches, Microfold (M)
cells, isolated lymphoid follicles, and mesenteric lymph nodes, are the regions where immune
responses are initiated, and naive T and B cells are activated. Meanwhile, the intestinal epithelium
and lamina propria are essential for executing these immune responses, ensuring the system's
effectiveness in maintaining gut immunity and overall health [98] (Figure 5).

In particular, M cells, located in the intestinal epithelium, are essential for mucosal immune
response, as they transport antigens from the intestinal lumen and present them to the components

of the immune system located in the lamina propria, such as DCs [99,100].
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M cells are unique among intestinal epithelial cells due to their distinct morphology. They are
characterized by short, irregular microvilli, called microfolds, and an invaginated plasma membrane
that creates a niche for immunocompetent cells. Unlike their neighboring epithelial cells, M cells
are covered by a thinner mucus layer and possess small cytoplasmic vesicles, a reduced glycocalyx,
and fewer lysosomes, which contribute to their specialized role in immune surveillance [101].
Several M-cell-specific markers have been identified, including glycoprotein-2 (GP2), the
transcription factor Spi-B (Spib), and the chemokine ligand CCL9 [99].

Antigen uptake by M cells is typically mediated by specific receptors such as Bl-integrin,
glycoprotein-1 (GP2), and others. Transcriptome analyses have revealed that M cells express
various intracellular molecules likely involved in vesicular transport during the transcytosis process.
However, the precise mechanisms by which intracellular transport regulates antigen transcytosis

remain poorly understood and warrant further investigation [99,101,102].
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Figure 5. Structure of the intestinal immune system. Abbreviations: LP: lamina propria; cDCs: conventional dendritic cells;

ILFs: isolated lymphoid follicles; PPs: Peyer’s patches; MQ: macrophages [103].

Once the antigen crosses the epithelial barrier, particularly thanks to M cells, a cascade of cellular
events is triggered within the organized lymphoid tissues and the mucosal lamina propria of the gut.
DCs, along with naive T and B lymphocytes, orchestrate the immune response to produce antigen-
specific antibodies and cytotoxic T lymphocytes (CTLs) [100].

Antigen-loaded DCs in Peyer’s patches and mesenteric lymph nodes (MLNs) secrete cytokines and
stimulatory molecules, including TGF-f, IL-10, IL-6, and retinoic acid (a vitamin A derivative).

These factors are essential for the development of antigen-specific Th2 lymphocytes and Foxp3+ T
13



regulatory cells (Tregs) [104,105]. Tregs can further differentiate into T-follicular helper cells
(Tth), a process described by Tsuji [106].

These T-helper subsets play a pivotal role in activating B lymphocytes to undergo IgA class
switching. This process is driven by signals from the B-cell receptor, CD40-CD40L interactions,
and cytokines such as IL-4, IL-5, IL-6, IL-10, TGF-B, and IL-21. In addition to T cell-dependent
mechanisms, specific DC subtypes in PPs, such as TNF/iNOS-producing DCs (Tip-DCs), facilitate
T cell-independent IgA class switching. They do so by increasing nitric oxide production, which
enhances the expression of TGF-B receptors on naive follicular B cells, promoting IgA class
switching without requiring T cell involvement [107].

It has been observed that Tip-DCs, along with other subsets of DCs in Peyer’s patches and
mesenteric lymph nodes (MLNs), such as plasmacytoid and follicular DCs, can stimulate IgA
antibody production by B cells within the follicles. This process bypasses the need for CD40-
CDA40L interactions and is instead driven by cytokines like BAFF and APRIL. Additionally,
isolated lymphoid follicles (ILFs) and the lamina propria play critical roles in initiating the IgA
immune response. Within ILFs, DCs secrete biologically active TGF-f1, while microbial
stimulation through Toll-like receptor (TLR) signaling prompts DCs and stromal cells to produce
BAFF and APRIL [107]. In the lamina propria, specific DC subsets expressing TLRS respond to
bacterial flagellin (FL) by secreting retinoic acid and IL-6, along with BAFF and APRIL. This
activity is further supported by DCs expressing TNF-a and iNOS, which produce these cytokines
through TLR signaling [107]. Epithelial cells also contribute to BAFF and APRIL secretion,
promoting T-cell-independent IgA class switching, a process highlighted by Fagarasan [108].
However, its functionality in human systems remains under discussion, as noted by Berkowska
[109].

IgA-committed B cells, generated through both T-cell-dependent and -independent pathways,
differentiate into dimeric IgA-producing plasma cells in the lamina propria. This differentiation is
regulated by Th2 cytokines IL-5 and IL-6. The dimeric IgA antibodies are then transported across
epithelial cells into mucosal secretions through polymeric Ig-receptor-mediated transcytosis,
ultimately releasing secretory IgA (sIgA) into the gut lumen [110].

While IgA is the predominant antibody in mucosal secretions, IgG also plays a significant role in
the adaptive immune defenses of the gut. Most IgG in the gut lumen originates from the
bloodstream, with a smaller portion produced locally [111]. Notably, IgG can be actively
transported across the intestinal epithelium via the neonatal Fc receptor (FcRn), which is expressed
in intestinal epithelial cells. This specialized receptor facilitates bidirectional movement of IgG

across the epithelium. Although FcRn expression decreases after weaning in rodents, it remains
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present in the absorptive intestinal epithelial cells of humans, pigs, and cattle throughout adulthood
[112].

Intriguingly, FcRn also transports IgG-antigen complexes from the gut lumen to the underlying
connective tissue, where they are delivered to APCs. This critical function, demonstrated by
Yoshida, highlights FcRn’s dual role in immune defense and antigen presentation within the
intestinal mucosa [113].

Cytotoxic T lymphocytes (CTLs) in the mucosa are pivotal to the immune response initiated by OS
vaccination. These CTLs play an essential role in defending against invasive pathogens, such as
viruses and intracellular bacteria, that breach the mucosal barrier [114]. CTLs are primarily
generated in Peyer’s patches by CD8+ lymphocytes, which are activated by CD8a+ DCs and/or
Th1 cells. Within mucosal tissues, several CD8+ lymphocyte populations exist, with a predominant
presence of cells expressing T-cell receptors afy (TCRaf) in conjunction with CD8af} or CD8a.
These subsets are closely associated with potent effector and cytotoxic activities [115].

CD8af+ TCRap+ CTLs, as demonstrated by Muller et al., exhibit strong cytotoxic activity against
cells infected with viral pathogens and intracellular protozoan parasites [116].

Additionally, CD8+ T cells secrete cytokines such as IFN-y and TNF-a [117], which enhance
inflammatory responses in the lamina propria, thereby supporting phagocytic cells in eliminating
bacteria that penetrate the mucosal barrier. Given the critical role of CTLs in mucosal immunity, it
is essential to evaluate their involvement and effectiveness when designing OS cancer vaccines to
ensure robust immune defense [118,119].

Effector B and T lymphocytes activated at intestinal mucosal induction sites possess a unique
ability to migrate back to mucosal effector sites in the intestine [120,121].

After activation, these lymphocytes detach from stromal cells in structured lymphoid tissues and
travel through the lymphatic system to the mesenteric lymph nodes (MLNs), where they undergo
further differentiation. From there, they enter the bloodstream and disseminate throughout the
intestinal mucosa [122].

The migration of lymphocytes to the intestine is directed by interactions between homing receptors
on the lymphocytes and specific ligands on the vascular endothelium of the intestinal mucosa.
Intestinal DCs play a crucial role in this process by secreting retinoic acid, which promotes the
upregulation of intestinal homing receptors such as a4f7 integrin and the chemokine receptors
CCR9 and CCRI10. These receptors bind to molecules like MadCam-1, CCL25, and CCL2S,
facilitating targeted migration throughout the gastrointestinal tract [120,121,123].

In contrast, lymphocytes activated in peripheral lymphoid organs express molecules such as a4f1

integrin, L-selectin, and CCR4, which limit their movement toward mucosal surfaces [124]. This
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distinct molecular expression pattern explains why OS vaccines, unlike injectable vaccines, are

particularly effective at inducing mucosal immunity.

2.4.2 Challenges of OS vaccination

OS vaccines have the potential to induce different types of immunogenicity capable of supporting
effective cancer therapy, but some key criticisms need to be discussed, as they limit this strategy.
The first problem is represented by the GIT, characterized by a harsh pH gradient, enzymes able to
degrade the vaccine, mucus layers, epithelial barriers, and microbiota [89] (Figure 6).

In addition, the immunogenicity of the vaccine can be low due to an incorrect choice of the antigen,
the activation of tolerance mechanisms, and the immunosuppressive nature of the tumor
microenvironment [125]. Overcoming these obstacles is critical for enhancing the efficacy of OS

cancer vaccines.
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Figure 6. Barriers for antigens in the gastrointestinal tract (GIT). The harsh pH gradient and the presence of digestive enzymes

in the GIT are the primary barriers to oral vaccination [103].

2.4.2.1 Harsh pH gradient

The first problem of the OS administration of vaccines regards the pH gradient that characterizes
the GIT. Each section of the GIT exhibits a distinct pH, ranging from 1 to 8. In detail, the pH is
between 1 and 3 in the stomach, approximately 7 in the small intestine, and between 7 and 8 in the

large intestine [126,127].
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This pH range can vary over time, depending on age, food intake, and pathological conditions. At
birth, the pH of the stomach is higher but decreases rapidly, stabilizing throughout life [128].
Additionally, the stomach pH increases following food consumption, while the pH of the colon
varies between individuals based on diet [129]. Pathological conditions, including colon cancer,
inflammatory bowel disease (IBD), ulcerative colitis (UC) [130], and Crohn’s disease (CD) [131],
also significantly affect the pH of the colon.

The pH gradient impacts the stability of DNA, RNA, and proteins, where DNA remains stable
across a wider pH range around physiological conditions compared to the RNA, and proteins and
peptides are stable within a pH range close to their isoelectric point (pl); however, they can undergo
unfolding, oxidation, hydrolyzation, or deamidation, leading to a loss of functionality [132].

As a result, cancer vaccines are vulnerable in different regions of the GIT depending on their pH
sensitivity. Therefore, it is essential to provide protective measures to prevent vaccine inactivation

and degradation.

2.4.2.2 Enzymatic degradation

The stability of OS cancer vaccines is significantly influenced by the enzymes within the GIT.
Enzymes, both endogenous and those synthesized by host bacteria, play a critical role in catalyzing
digestive reactions [133].

In the stomach, the most present enzymes are pepsins, peptidases that work in highly acidic
conditions. These enzymes catalyze the cleavage of specific sites within proteins and peptides
[134], leading to the hydrolysis of peptide bonds and the fragmentation of them, but also to the
destruction of nucleic acids and bacterial membranes [129].

Pancreatic enzymes, including trypsin, chymotrypsin, carboxypeptidase A, carboxypeptidase B, and
elastase, contribute to the rapid degradation of peptides [129]. For instance, studies have shown that
insulin is degraded by pancreatic enzymes within just one hour of administration.

Once peptides and nucleic acids reach the small intestine, they are further processed by enzymes
such as aminopeptidases, endopeptidases, and enteropeptidases. These enzymatic actions prepare
the products for absorption into the bloodstream via capillaries [135].

In summary, an OS vaccine undergoes significant biochemical alterations in the GIT due to the
action of proteolytic enzymes. These alterations can impact its potency and efficacy; therefore, it is

essential to account for the enzymatic barrier during vaccine development.
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2.4.2.3 Mucus barrier

The mucus forms a protective barrier that lines the entire gastrointestinal tract and plays a crucial
role in maintaining homeostasis in the body. It is composed primarily of water (90-95%), along
with lipids (1-2%), electrolytes, proteins, and other components. Its high-water content gives mucus
its fluid nature, while its viscoelastic properties are attributed to its main structural proteins, the
mucins [136].

Mucins are highly O-glycosylated glycoproteins [137,138]. They are classified into two categories:
transmembrane mucins and gel-forming mucins. Transmembrane mucins are located on the apical
surface of enterocytes and contribute to the formation of the glycocalyx. In contrast, gel-forming
mucins, which exhibit gel-like properties, are secreted by goblet cells [139,140]. Among these,
MUC?2 is the primary component and the most extensively studied [137].

The mucus layer has various functions, all essential for maintaining tissue homeostasis. It acts as
the first barrier between the external environment and the body, protecting against bacteria, toxins,
digestive enzymes, and antigens in general. Larger antigens are excluded from penetrating the
mucus due to their size, while smaller particles—can bypass the barrier by interacting with
hydrophobic and charged residues within the mucus [141].

The mucus also protects intestinal epithelial cells from dehydration and mechanical stress caused by
peristalsis. This protection is due to the lubricating properties of mucins, which arise from their
glycan composition. Furthermore, the relationship between mucus and the immune system has been
investigated [141]. Specifically, MUC2 can interact with DCs in the small intestine, regulating
immune responses by facilitating antigen sampling and promoting immune tolerance [142].

The physical and chemical properties of mucus, along with its functions, can pose challenges to the
diffusion of protein and peptide-based cancer vaccines and hinder the activation of an immune
response. To address these challenges, researchers have explored substances with mucoadhesive

properties or those that can enhance absorption by overcoming the limitations of the mucus barrier.

2.4.2.4 Epithelial barrier

The intestinal epithelium, along with the mucus layer, works as a physical barrier protecting the
body from foreign antigens. This monolayer is composed of various cell types, including
enterocytes, Paneth cells, goblet cells, and M cells [143]. While each cell type has distinct
functions, they collectively maintain the integrity of the intestinal barrier and ensure tissue

homeostasis [144].
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Molecules can cross the intestinal epithelium through three primary pathways: the transcellular,
carrier-mediated, and paracellular pathways. The transcellular pathway involves passive diffusion
across the cell membrane. The carrier-mediated pathway relies on specific carriers and receptors to
facilitate transcellular uptake. The paracellular pathway, on the other hand, is characterized by
passive diffusion between adjacent cells. Molecule absorption via the paracellular route depends on
tight junctions that connect neighboring epithelial cells [145]. These tight junctions are composed
of various transmembrane and cytosolic proteins, such as occludins, claudins, zonula occludens, and
junctional adhesion molecules. Moreover, these proteins interact with the cytoskeleton to maintain a
robust and selective barrier between cells [145].

When the intestinal epithelial barrier works optimally, these pathways enable the absorption of
nutrients, water, and essential ions while simultaneously preventing the uptake of foreign antigens,
proteins, and lipids [146].

Due to the strong barrier properties of the intestinal epithelium, the absorption of OS protein-based
cancer vaccines is highly challenging [103]. However, vaccine structures can be specifically

designed to include components that target enterocytes, particularly M cells [147,148].

2.4.2.5 Gastrointestinal microbiota

The intestine homes over 1000 bacterial species, predominantly from the phyla Firmicutes,
Bacteroidetes, and Actinobacteria. The collective genome of these microorganisms is called the
microbiome [149]. Since the composition of the microbiota varies among individuals, each person
possesses a unique microbiome [150]. These interindividual differences have been shown to
influence bacterial drug metabolism, leading to variations in drug toxicity and efficacy. While it is
well established that gut bacteria can alter the pharmacokinetics and pharmacodynamics of drugs,
further research is needed to fully understand the mechanisms underlying these processes [151].

In general, the microbiota can interfere with drugs, including therapeutic proteins and peptides,
through several mechanisms, such as producing metabolites that affect drug metabolism,
synthesizing enzymes that modify or inactivate drugs, and altering the expression of genes encoding
metabolic enzymes [151].

For example, proteins are the primary substrate for the production of short-chain fatty acids
(SCFAs) and metabolites, which are generated by the gut microbiota during proteolytic
fermentation [152,152,153].

As a result, OS cancer vaccines are vulnerable to inactivation by bacterial enzymes and metabolites
in the intestine. To address this challenge, it is essential to develop delivery systems that protect OS

vaccines from the microbiota and prevent their degradation
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2.4.2.6 Low immunogenicity

Although OS cancer vaccines have the potential to elicit a broader spectrum of immunogenicity
compared to parenteral vaccines, their overall immunogenicity is typically low. This necessitates
the development of specific strategies to enhance their effectiveness [154].

A critical factor to consider is the choice of the antigen. Cancer vaccines should target highly
immunogenic antigens to elicit a robust T-cell response against tumor cells. TSAs are generally
more immunogenic than TAAs. TSAs are recognized by T cells with high affinity due to their
tumor specificity, whereas TAAs are more prone to tolerance mechanisms [154].

In addition to the antigen, the type of vaccine plays a pivotal role in immunogenicity. For nucleic
acid-based cancer vaccines, DNA vaccines face challenges related to efficient transfection, while
mRNA vaccines suffer from instability [69]. For protein and peptide-based cancer vaccines,
immunogenicity is influenced by their length. Short peptides, typically around nine amino acids,
bind directly to MHC molecules without requiring processing but are quickly degraded. In contrast,
long peptides, around 30 amino acids, are internalized and processed by APCs before being
presented by MHC molecules, resulting in stronger immunogenicity compared to short peptides
[155].

Beyond antigen selection, several factors can influence the immune response, including immune
cell exhaustion following prior therapies, aging, and the immunosuppressive tumor
microenvironment [154].

Strategies to enhance the immunogenicity of vaccines, particularly those targeting TAAs, include
modifying amino acid sequences to increase their affinity for HLA molecules and incorporating
adjuvants. To address the immunosuppressive tumor microenvironment, polytherapy can be

employed to counteract immune escape mechanisms.

2.4.3 Strategies to overcome the limitations of OS vaccination

For improving cancer vaccine protection and immunogenicity, adjuvants, targeting strategies, and
specialized delivery systems can be used.

Adjuvants are substances that enhance the immune response, thereby improving vaccine efficacy.
Therefore, they are particularly useful in addressing the low immunogenicity of OS cancer
vaccines. In recent years, numerous OS adjuvants have been studied, which can be broadly
classified into different categories: toxin derivatives, Pathogen Recognition Receptor (PRR)
ligands, also known as pathogen-associated molecular patterns (PAMPs), Gut-peptide cell

adjuvants, and cytokines [156] (Table 1).
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Cholera toxin (CT) and heat-labile enterotoxin (LT) are the most studied toxin derivatives as they
can activate APCs and promote an IgA response [157]. Additionally, these adjuvants promote the
differentiation of intestinal stem cells into M cells, increasing the internalization of the vaccine by
intestinal epithelium and improving immune surveillance in the lamina propria [158,159].

However, both CT and LT exhibit high toxicity in humans. To address this issue, modified versions
such as multiple mutant cholera toxin (mmCT) and double mutant heat-labile enterotoxin (dmLT)
have been developed. These modifications aim to retain their adjuvant properties while significantly
reducing their toxicity [160].

PAMPs, on the other hand, are recognized by their corresponding PRRs, which are essential for
host defense against pathogens. PRRs can be categorized into Toll-like receptors (TLRs), NOD-like
receptors (NLRs) [161], RIG-I-like receptors (RLRs) [162,163], and C-type lectin receptors (CLRs)
[163], the latter of which also play a role in microbial sensing. These receptors are expressed by
various cell types, including intestinal epithelial cells and APCs, and are located either in the
cytoplasm or on the plasma membrane. Recent studies have demonstrated that incorporating
PAMPs into OS vaccine formulations targeting PRRs can enhance vaccine immunogenicity,

particularly by increasing the production of IgA and IgG antibodies [164].

Type of Adjuvants Subtypes

Cholera toxin (CT)
Labile enterotoxin (LT)

Toxin derivatives

Toll-like receptor (TLR) ligands
o ) NOD-like receptor (NLR) ligands
Pattern-Recognition Receptor (PRR) ligands ) )
RIG-I-like receptor (RLR) ligands

C-type lectin receptor (CLR) ligands

Gut Peptide Cell Adjuvants M-Cell Peptides/Ligands

Cytokine Adjuvants IL-1B, IL-2, IL-12

Table 1. Type of adjuvants for oral vaccine. To improve the immunogenicity of oral vaccines, different types of adjuvants can be

used, including toxin derivatives, Pattern-Recognition Receptor (PRR) ligands, gut peptide cell adjuvants, and cytokines [103].

In addition to adjuvants, targeting enterocytes, M cells, and APCs offers a solution to bypass the
mucus and epithelial barriers that limit the efficacy of OS vaccines. These cells are characterized by
distinct marker molecules that can be leveraged to enhance the uptake of OS vaccines and trigger an

immune response in the gut-associated lymphoid tissue (GALT). Examples of M-cell markers
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include clusterin, Cathepsin E [147], Glycoprotein 2 (GP2) [148], Sialyl Lewis A antigen [165], and
the complement 5a receptor (C5aR) [166]. For enterocyte targeting, the neonatal Fc receptor (FcRn)
is the most studied marker. This receptor facilitates the internalization of IgG antibodies through
transcytosis by interacting with their Fc segment. The effectiveness of this approach was
demonstrated by Pridgen, E. M., and colleagues, who used FcRn-targeted NPs to target the
intestinal epithelium. They showed that targeted NPs achieved an absorption efficiency of 13.7%,
compared to just 1.2% for non-targeted NPs [167].

Targeting of APCs, particularly intestinal DCs, triggers their maturation and activation. For this
purpose, OS vaccines can be delivered to DCs by adding PAMPs or other receptor ligands, such as
lectins or FcRn, to the vaccine formulation [168,169].

Identifying the most suitable markers for targeting intestinal cells following OS vaccine
administration still requires further research. However, the fact that this approach holds promise for
enhancing the effectiveness of OS vaccines offers new hope for improving their impact.

Various delivery systems can be employed to protect the vaccine, enhance its absorption by the
intestinal epithelium, allow a controlled release of the vaccine [170], and boost the immune
response. These systems can be categorized into live and non-live delivery systems. Live delivery
systems include recombinant bacterial and viral vectors. Their proteins are recognized by PRRs.
Thus, they work both as vaccine vectors and immunopotentiators. Among recombinant bacteria,
lactic acid bacteria and Salmonella strains are the most promising, while adenoviruses are the better
choice as viral vectors [171,172].

Non-living delivery systems encompass virus-like particles (VLPs), microparticles, and NPs. These
platforms have a low immunogenicity but offer high protection to the vaccine during its transit
through the gastrointestinal tract [171]. In detail, coated VLPs, which resemble viruses but lack
genetic material, can safeguard the vaccine from the harsh gastrointestinal environment, preserve its
properties, and promote the breakdown of immune tolerance [173,174].

Additionally, micro- and NPs, especially those made from polymers, such as poly(lactic-co-glycolic
acid) (PLGA), protect the internalized material from degradation in the gastrointestinal tract [175].
Furthermore, polymeric materials enhance the internalization of particles by APCs, thereby
contributing to immune system stimulation. Moreover, their design allows a controlled release of
the vaccine. For these reasons, NPs represent a promising solution to address the challenges

associated with the OS administration of cancer vaccines [176,177].
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2.4.4 Flagellin from Salmonella typhi as an adjuvant for OS immunization

Salmonella typhi flagellin (FL), the main structural protein of the bacterial flagellum, has emerged
as a potent immunostimulatory agent with significant potential as an adjuvant for OS vaccines. FL
is recognized and interacts with the pathogen-recognition receptor Toll-like receptor 5 (TLR-5) and
it binds it through its D1 domain [178].

TLRS is composed of three domains: an extracellular region with leucine-rich repeats (LRRs), a
transmembrane segment, and a Toll/Interleukin-1 receptor (TIR) domain [179].

The ability of this receptor to recognize FL is related to specific conserved amino acid residues
located at both the N- and C-terminal ends of the protein. When TLRS recognizes and binds FL, it
undergoes structural rearrangement, leading to the formation of a symmetrical dimer that brings its
intracellular TIR domains into proximity. This dimerization process is critically influenced by
residues 12 and 13 within the LRR region [178,179].

In detail, TLR-5-FL complex can activate both MyD88-dependent and MyD88-independent
pathways. In the MyD88-dependent pathway, downstream adapter molecules are recruited to
stimulate the MAP kinase and IkB kinase cascades, ultimately leading to the activation of AP-1 and
NF-kB transcription factors, which regulate numerous immune-related genes [179].

On the other hand, the MyD88-independent pathway involves the formation of a TLRS/TLR4
heterodimeric complex. It leads to the activation of the TRIF-mediated pathway, which results in
the production of IFN-B via the IRF3 transcription factor. IFN-f, in turn, activates STAT1, which
enhances the transcription of inducible nitric oxide synthase (iNOS), thus an increase in the NO
production [179].

Finally, this regulation leads to the production of proinflammatory cytokines and a robust immune
response that involves both the systemic and mucosal immune system, including the production of
antigen-specific IgA and IgG [179,180]. As an example, it has been demonstrated that Sa/monella
FL can trigger the production and release of the chemokine CCL20 in intestinal epithelial cells. The
release of CCL20 promotes the chemotaxis of immature DCs. Consequently, DCs transport the
pathogen from the intestinal mucosa to deeper tissues, including mesenteric lymph nodes. Thus, the
ability of FL to induce chemokine secretion is likely to be a key factor in facilitating the recruitment
of DCs to the subepithelial compartments of Peyer’s patches and villi [181].

TLRS is widely expressed across different cell types, such as monocytes, macrophages, neutrophils,
lymphocytes, natural killer (NK) cells, DCs, epithelial cells, and lymph node (LN) stromal cells. It
is particularly abundant in the gut, especially in the intestinal epithelial cells and intestinal DC

[179].
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These findings underscore the potential of S. Typhi FL as an effective immunomodulator in OS
vaccination strategies, paving the way for the development of novel vaccines against mucosal

infections.

2.5 Nanotechnology and Nanomedicine

Nanotechnology is an interdisciplinary scientific field centered on the manipulation of matter at the
atomic and molecular scale, typically within the 1 to 100 nanometer range. Its foundations trace
back to Richard Feynman’s groundbreaking 1959 lecture “There's plenty of room at the bottom,” in
which he envisioned the possibilities of manipulating matter atom by atom, but it gained significant
traction in the late 20th century with the discovery of advanced nanomaterials like fullerenes and
carbon nanotubes, revolutionizing multiple industries [182,183].

Nanotechnology has been developed rapidly and will be increasingly involved in science and
technology applications, such as the computer industry, bioprocessing industry, agricultural
industry, food industry, packaging industry, construction industry and civil engineering, textiles

industry, transport and automobile industry, healthcare and medical field [184].

2.5.1 Nanomedicine in cancer therapy

Nanomedicine has emerged as an innovative approach in cancer treatment to overcome the
challenges associated with therapies, such as chemotherapy and immunotherapy (Figure 7). NPs
might offer enhanced drug targeting to the tumor site, and controlled drug release, significantly
optimizing treatment efficacy while reducing systemic toxicity [185]. For example, nanocarriers are
able to improve the solubility, bioavailability, and targeting of chemotherapeutic agents, mitigating
adverse effects associated with non-specific drug distribution [186]. Therapies based on the immune
system, such as immune checkpoint blockade and cancer vaccines, can be improved by
nanotechnology, as it facilitates the delivery, the antigen presentation, and sustained immune
activation. Nanomedicine is a promising strategy for the future of precision oncology thanks to its

capacity to enhance drug stability, targeting efficiency, and reducing off-target effects [185,186].
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Figure 7. Key events in the history of cancer nanomedicine. Abbreviation: DQAsomes: dequalinium-based liposome-like
vesicles; EPR: enhanced permeability and retention; FDA: US Food and Drug Administration; MITO-Porter: octaarginine (R8)-
modified liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine and sphingomyelin; mRNA: messenger RNA;

PRISM: Profiling relative inhibition simultaneously in mixtures; siRNA: small interfering RNA [185].

2.5.2 Classification of NPs used in nanomedicine

NPs used in nanomedicine can be classified based on their composition, size, shape, and surface
properties. The main classification refers to the composition, as the NPs can be organic, derived
from natural materials or synthetic polymers [187], and inorganic, generally based on metals or
carbon [188]. Organic NPs include liposomes, polymeric NPs, and dendrimers, while inorganic NPs
include gold NPs, quantum dots, and silica-based NPs [189]. Organic NPs are widely used for drug
delivery due to their biocompatibility and biodegradability, while inorganic NPs offer unique
optical, magnetic, and electrical properties that enhance imaging and therapeutic applications
[187,190]. Moreover, size and shape significantly influence the biological interactions and
biodistribution of NPs. The range of the size is about 1-100 nm, while about the shape, NPs can be
spherical, cylindrical, conical, tubular, hollow core, spiral, or irregular. Spherical NPs are the most
common [189]. In addition, NP can be distinguished depending on their surface properties,
including charge and hydrophilicity, characteristics that play a crucial role in determining
circulation time and immune system recognition [189]. Considering the different frameworks that a
NP can have, is essential for optimizing NP design in personalized nanomedicine and precision

therapy.
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2.6 Poly(lactic-co-glycolic acid) (PLGA) NPs

2.6.1 Physicochemical and Biological Properties of PLGA NPs

PLGA (poly(lactic-co-glycolic acid)) is a copolymer extensively used for the preparation of NP
with medical aims, as it has received approval from both the FDA and the European Medicines
Agency thanks to its biocompatibility and biodegradability [191].

PLGA is composed of two monomers, lactic acid (LA) and glycolic acid (GA) [192] (Figure 8).
This copolymer is typically synthesized via a catalyst-mediated ring-opening copolymerization
process, forming ester linkages between its monomeric units. PLGA is degraded by hydrolysis in
the body, ultimately metabolizing into its respective endogenous components. Once hydrolyzed,
both LA and GA enter the metabolic pathways. This composition and type of degradation ensure
minimal toxicity and make PLGA highly biocompatible [192].

The PLA and PGA ratio strongly influences the physicochemical properties of PLGA, such as the
degradation rate. Indeed, a higher PLA/PGA ratio results in increased hydrophobicity, leading to
slower degradation and extended drug release, as PLA (poly(lactic acid)) is more hydrophobic than
PGA (poly(glycolic acid)). Conversely, an increase in PGA content accelerates degradation of
PLGA [191]. Additionally, molecular weight significantly impacts both polymer degradation and
NP size, influencing drug release kinetics. PLGA with low molecular weight degrades more rapidly,
produces smaller NPs, and exhibits a good ability to bypass biological barriers and reach target
tissues, even if the drug-loading capacity tends to be low [191].

The shape and surface properties of PLGA NPs play a crucial role in their biological behavior. For
example, needle-shaped NPs may exhibit higher cellular uptake compared to spherical ones,
therefore facilitating more efficient intracellular drug delivery. However, the problems of the NPs
with this needle-shape are the cytotoxic effects. Indeed, they tend to damage lysosomal membranes
and trigger apoptosis [193].

Furthermore, the cellular uptake can be improved by modifying the surface charge of the NPs,
which is negative for PLGA. Still, this aspect can be modified through the functionalization with
polyethylene glycol (PEG) [194] or chitosan [195,196], which neutralize or render the surface
cationic, improving the interaction between NPs and cell membranes. In addition, PEGylation
extends the blood circulation time of NPs by preventing opsonization and phagocytosis, enhancing
their pharmacokinetic profile. However, this effect may also reduce cellular uptake, potentially
affecting therapeutic efficacy [197].

Moreover, the versatility of PLGA allows for its combination with other polymers, beyond PEG
and chitosan. For example, polyvinyl alcohol (PVA) is used to stabilize the structure of NPs [198],
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and D-a-tocopheryl PEG 1000 succinate (TPGS) to fine-tune its degradation rate, hydrophobicity,
and drug release properties [199].

Additionally, various copolymer architectures, including block and grafted structures, can be
synthesized using PLGA in combination with other polymers like poly(caprolactone) (PCL) and
polyethylenimine (PEI) [200].

By adjusting polymer composition, molecular weight, and surface modifications, PLGA-based NPs

can be tailored to achieve optimized therapeutic outcomes in diverse biomedical applications.
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Figure 8. The copolymer PLGA (poly(lactic-co-glycolic acid)). Description of PLGA preparation and metabolism, with X and Y

indicating the quantities of lactic acid and glycolic acid units, respectively [201].

2.6.2 Preparation of PLGA NPs

2.6.2.1 Emulsion-solvent evaporation method

The most employed method used for the preparation of PLGA NPs is the emulsion-evaporation
method (Figure 9). This approach can be categorized based on the type of emulsion formed (single,
such as oil-in-water [O/W], or double/multiple, such as water-in-oil-in-water [W/O/W]) [202]. In
this process, PLGA polymers and hydrophobic drugs are dissolved in water-immiscible organic
solvents like chloroform or dichloromethane [203]. This solution is then introduced into an aqueous

phase containing a surfactant, such as poly(vinyl alcohol) (PVA), to create an O/W emulsion. Then,
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a nanodroplet dispersion is generated in the emulsion using high-speed homogenization or
ultrasonication. Following this, a suspension of NPs is obtained after the evaporation of the organic
solvent by continuous magnetic stirring at room temperature or in a slow process of reduced
pressure. The resulting NPs are washed and collected by a different number of centrifugation steps
[203].

The emulsion method is versatile, allowing the encapsulation of both hydrophobic and hydrophilic
drugs. However, this technique presents some challenges, such as the need for heat or vacuum for
solvent removal and the incomplete elimination of stabilizers.

The dimensions of NPs obtained with this method are 200-300 nm [204].
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Figure 9. The Emulsion-solvent evaporation method. Schematic representation of the emulsion solvent evaporation method for the

preparation of PLGA nanoparticles (NPs) [203].

2.6.2.2 Salting out

Another method for the production of PLGA NPs is called salting out (Figure 10). The salting-out
method relies on the separation of a water-miscible solvent from an aqueous solution, driven by a
salting-out effect that can lead to the formation of nanospheres. In detail, the drug and polymer are
first dissolved in a water-soluble polar solvent. This solution is then introduced into an aqueous
phase containing a salt, such as magnesium chloride (MgCl:) or calcium chloride (CaCl.), along
with a stabilizing agent. The mixture is vigorously stirred to achieve a uniform emulsion [205].

To reduce the ionic strength of the electrolyte, distilled water is gradually introduced into the
prepared oil-in-water (O/W) emulsion under magnetic stirring. During this process, hydrophilic

organic solvents diffuse from the oil phase into the aqueous phase, promoting the formation of NPs.
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In the final step, the salting-out agent is removed through centrifugation, and the resulting samples
are purified [205].

The nanospheres produced using this method range in size from 170 to 900 nm. By adjusting the
polymer concentration in the internal phase and the volume of the external phase, the average

diameter can be tuned between 200 and 500 nm [204].
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Figure 10. The salting out method. Schematic representation of the salting out method for the production of PLGA nanoparticles

(NPs) [205].

2.6.2.3 Nanoprecipitation

The nanoprecipitation technique, also known as the solvent displacement method, involves the use
of two miscible solvents (Figure 11). The internal phase typically consists of a polymer dissolved in
a water-miscible organic solvent such as acetone or acetonitrile. These solvents, being immiscible
with water, can be easily removed through evaporation [203]. The core principle of this method lies
in the interfacial deposition of the polymer, which occurs when the organic solvent diffuses from a
lipophilic phase into an aqueous environment [206]. In practice, the polymer is dissolved in a
solvent of intermediate polarity that mixes well with water, and this solution is then gradually
introduced into an aqueous phase under stirring or by controlled addition rate. As a consequence,

the rapid diffusion of the solvent into the water leads to the immediate formation of NPs, driven by
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the polymer’s tendency to avoid contact with water. As the solvent leaves the nanodroplets, the
polymer precipitates, resulting in either nanospheres or nanocapsules [203].

The NPs produced via this method usually have a uniform size and a narrow distribution, often
surpassing those formed by emulsion-solvent evaporation techniques. Nanoprecipitation is widely

employed for creating polymer-based NPs around 120- 170 nm in size [204].
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Figure 11. The nanoprecipitation method. Schematic representation of nanoprecipitation method for the preparation of PLGA

nanoparticles (NPs) [203].

2.6.2.4 Microfluidic

The microfluidic technique is a sophisticated method that allows for the creation of NPs with
precise size control and consistent reproducibility. It operates by processing small liquid volumes,
typically in the micro- or nanoliter scale, within a microchannel. Microfluidic systems can be
categorized based on the type of reagent flow into two types: (a) continuous-phase flow and (b)

droplet-phase flow [207,208] (Figure 12).
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Figure 12. Microfluidic. Schematic representation of the two types of microfluidic systems: single-phase flow (also called
continuous-phase flow) and multiphase flow (also called droplet-phase flow). The image shows (A) the dropwise technique; (B)
different design of microfluidics chips that can be employed for the nanoparticles (NPs) production depending on the flow used.
They can be categorized into (B1) single-phase flow featuring either (B1.1) two-way channels or (B1.2) three-way channels, and

(B2) multiphase flow systems, that can be (B2.1) liquid-liquid, (B2.2) gas-liquid, and (B2.3) liquid liquid-gas [208].

In the context of NP production using microfluidic devices, the continuous flow systems, also
called single-phase flow systems, are among the most widely employed approaches. Their
popularity stems from their straightforward design, consistent reaction environment, and high
adaptability in controlling key process parameters such as flow rate, reagent concentration, reaction
time, and temperature [209,210].

Typically, single-phase preparation is carried out under laminar flow conditions, characterized by a
Reynolds number below 10. In this regime, turbulence is absent, and mixing primarily occurs
through molecular interdiffusion. As a result, continuous flow microfluidics offers a reliable
platform for nanoprecipitation, enhancing the precision, reproducibility, and uniformity of NP
characteristics. The controlled and homogeneous environment provided by single-phase systems is
especially suitable for producing small NPs with narrow size distributions, an essential requirement
in pharmaceutical applications [210].

However, molecular interdiffusion is inherently slow, which can limit the overall reaction rate

[211]. Additionally, single-phase flow reactors exhibit a parabolic velocity profile, leading to a
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nonuniform residence time distribution [212]. This becomes particularly problematic in NP
preparation, where the early-stage crystallization kinetics are sensitive to residence time.
Consequently, particles traveling near the channel walls may grow larger than those in the center.
These limitations, however, can be addressed by introducing turbulence through geometric
modifications such as channel bending, folding, or stretching, thereby improving mixing efficiency
[210].

In contrast to single-phase microfluidics, droplet-phase flow systems, also called multiphase or
segmented flow systems, involve the use of two or more immiscible fluids. These heterogeneous
flow regimes promote passive mixing by improving mass transfer, reducing residence time
variability, and limiting reagent or product accumulation along the channel walls [213].

As the name suggests, droplet-based microfluidics centers on the generation and manipulation of
individual droplets within microchannels. The formation of these droplets is governed by factors
such as channel geometry, dimensions, and the flow rates of the participating fluids, which allows
for precise control over material preparation processes [214].

Multiphase systems are typically divided into two categories: gas-liquid (bubble-based) and liquid-
liquid segmented flows. Gas-liquid flows are especially attractive due to the ease of separating gas
from liquid, making them suitable for NP production [210]. In these systems, reactions occur within
segmented liquid slugs, with gas segments inducing internal circulation and enhancing mixing
efficiency. Bubbles can be generated through active means, such as high-voltage pulses, acoustic
microstreaming, or liquid metal actuators, or passively, by simply introducing gas into the liquid
stream [208]. These techniques often take advantage of the microchannel surface roughness to
accelerate mixing and homogenization. Depending on the relative velocities of gas and liquid,
annular flow patterns may also arise, characterized by a gas core flowing through the center of the
channel, surrounded by a liquid film [210].

In liquid-liquid segmented flow systems, droplet formation results from interfacial tension between
the immiscible liquid phases. Commonly observed configurations include water-in-oil and oil-in-
water dispersions, which often require surfactants to prevent droplet coalescence [215].

Due to their fast processing and analytical capabilities, droplet-based systems are ideal for
producing particles with tailored sizes, shapes, and morphologies-features that are otherwise
difficult to control. Furthermore, droplet microreactors offer enhanced mass and heat transfer,
precise fluid manipulation, efficient automation, and high production throughput. Consequently,
multiphase flow platforms have become vital tools in a wide range of scientific fields. They are
widely used for creating emulsions, microdroplets, microparticles, and NPs with customized

structures, and can even function as miniature reaction chambers for cell culture applications [210].
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Nonetheless, certain limitations must be addressed when working with multiphase systems. One
common issue is the instability of droplets, which can sometimes be mitigated with surfactants,
though this is not always appropriate, depending on the application. Additionally, complete
isolation between droplets is rarely achieved, as some degree of material exchange typically occurs.
Whether these drawbacks impact the outcome largely depends on the specific goals of the

microfluidic application [210].

2.6.3 Application in cancer medicine of PLGA NPs

PLGA NPs have emerged as a promising tool in cancer therapy and broader biomedical applications
due to their tunable physicochemical properties, targeted drug delivery capabilities,
biocompatibility, and biodegradability [216]. The principal physicochemical characteristics, such as
molecular weight, LA/GA ratio, morphology, surface charge, and hydrophobicity, influence the
performance of PLGA NPs [216]. Moreover, these NPs can be engineered for various targeting
strategies, including passive targeting through the enhanced permeability and retention (EPR) effect
and active targeting via surface modifications to interact with cancer cells and their receptors [217].
Thanks to their versatility, PLGA NPs can be applied in multiple therapeutic approaches, including
chemotherapy, gene delivery, immunotherapy, photothermal therapy, and hyperthermia [216,218].
Additionally, PLGA NPs can incorporate stimuli-responsive drug release mechanisms and magnetic
targeting, further enhancing their potential in precision medicine. Their versatility makes them a
powerful platform for cancer treatment and broader medical applications, ensuring controlled drug

release and reduced systemic toxicity [216].

2.6.4 PLGA NPs for cancer immunotherapy

PLGA has emerged as a key component in cancer immunotherapy due to its ability to engage and
modulate the immune system [219]. One of its primary actions involves stimulating APCs, such as
DCs and macrophages, to internalize antigens [220,221]. This process enhances both humoral and
cellular immunity by facilitating antigen presentation through MHC class I and II. The antigen
processing cascade typically includes endosomal escape, proteasomal degradation, and subsequent
antigen loading either in the endoplasmic reticulum or within endosomal compartments [222].

Beyond its role in antigen delivery, PLGA has been shown to influence immune signaling more

broadly. It can modulate inflammatory responses, reduce neuroinflammation after central nervous
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system injury, and shift microglia from a pro-inflammatory to an anti-inflammatory state, especially
in response to stimuli like lipopolysaccharide. Furthermore, PLGA can suppress immune cell
activation within the CNS and promote their redistribution to peripheral immune organs such as the
spleen [219,223].

These various immunomodulatory effects stem from PLGA ability to enhance antigen presentation,
fine-tune inflammatory pathways, amplify the immune effects of therapeutic antigens, and interact
with various immune cell populations. Short-term immune activation includes rapid stimulation of
DCs and T lymphocytes, particularly when PLGA NPs are used to deliver potent immunoadjuvants
such as CpG oligonucleotides, which can also activate natural killer cells [224]. In the long term,
PLGA systems contribute to the establishment of memory T cells, offering durable immune
surveillance against tumor recurrence. Crucially, appropriately engineered PLGA formulations can
prevent immune tolerance toward therapeutic antigens, thereby sustaining immune activity over
time [224]. These insights highlight the importance of understanding how PLGA is involved in the
immune system interactions for the rational design of advanced, long-acting immunotherapeutic
strategies based on targeted delivery, synergistic combinations, and controlled release mechanisms

[219].

2.6.5 PLGA/PVA NPs for OS delivery

OS administration route remains the most patient-friendly and convenient method for drug delivery,
but it is often limited by poor drug stability in the harsh gastrointestinal microenvironment, and low
bioavailability, particularly for biologics such as peptides, proteins, and nucleic acids [89].

PLGA NPs have shown significant potential as OS delivery systems for therapeutic agents such as
drugs and vaccines. Their biocompatibility, and the ability to protect labile compounds from harsh
conditions, and to control their release, make them particularly attractive for overcoming the
limitations of OS administration [89].

Upon OS intake, PLGA NPs can protect encapsulated molecules from pH and enzymatic
degradation in the stomach and intestine, improving bioavailability and therapeutic efficacy [89].
Moreover, their nanoscale size and the mucoadhesive properties facilitate the uptake by M cells in
Peyer’s patches of the intestinal epithelium, which are specialized for antigen sampling and immune
activation [225]. This characteristic is particularly advantageous for OS vaccination strategies, as it
enables efficient delivery of antigens to GALT stimulating both mucosal and systemic immune

responses. Additionally, surface modification of PLGA NPs with targeting ligands (e.g., lectins,
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folic acid, or antibodies) or PEG or PVA can enhance their stability in intestinal fluids and improve
their transport across the epithelial barrier via transcytosis or paracellular pathways [226].
Moreover, PLGA NPs enable controlled and sustained release of their cargo, allowing for
prolonged therapeutic effects and reduced dosing frequency. Their GRAS (Generally Recognized
As Safe) status by the FDA, along with the possibility of large-scale production, further supports
their clinical translation.

Preclinical research has shown that PLGA-based delivery systems can effectively administer a wide
range of therapeutic compounds orally, such as insulin [227] or heparin [228], and nucleic acid
vaccines. An example is the OS formulations of Glucagon-like peptide-1 (GLP-1) receptor agonists
for the treatment of type 2 diabetes [229].

However, there are still different challenges that need to be overcome, such as the batch-to-batch

reproducibility, scalability, and the complexity of bypassing the mucus barrier.
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3 AIM

PDAC is one of the most aggressive and lethal forms of cancer, characterized by strong resistance
to conventional treatments and poor prognosis, with high rates of relapse and metastasis even after
surgery and/or conventional chemotherapy regimens. Cancer vaccines with therapeutic purposes are
innovative immunotherapeutic strategies, that are emerging as potential tools to stimulate an
immune response capable of controlling disease progression and reducing recurrence in cancer
treatment, including PDAC. However, the development of an effective vaccine for PDAC faces
several challenges, such as the choice of a target tumor antigen with immunogenic features and the
need for efficient and targeted antigen delivery.

A target in PDAC could be the TAA GPC1, which is highly expressed in PDAC but absent or only
weakly expressed in benign tumors and normal tissues. Nonetheless, TAAs are generally less
immunogenic than TSAs, making the inclusion of adjuvants essential to boost vaccine efficacy. In
this regard, FL from Salmonella typhi has been investigated as a potent adjuvant, since it activates
the immune system through Toll-like receptor 5 (TLRS).

While vaccines are usually administered parenterally, the OS administration route offers several
advantages for both patients and healthcare systems: it can be self-administered, and it is non-
invasive, cost-effective, and associated with minimal risk of acute adverse reactions. Moreover, it
stimulates both mucosal and systemic (humoral and cellular) immune responses. However, OS
vaccination is also characterized by various critical points that can limit its effectiveness, such as
the harsh gastrointestinal environment (pH gradient, digestive enzymes, microbiota), the intestinal
epithelium barrier, and the need to overcome mucosal immune tolerance.

In recent years, nanotechnology has opened new opportunities to improve the efficacy and safety of
cancer therapies. Among the various nanosystems, polymeric NPs, including those based on the use
of PLGA/PVA polymers, stand out due to their advantageous properties: tunable physicochemical
characteristics, the ability to encapsulate a wide range of drugs or biomolecules and protect them
against degradation, leading to prolonged circulation time, and the possibility to functionalize their
surface with targeting ligands that allow selective delivery to tumor cells, thereby minimizing off-
target effects and shielding healthy tissues from toxicity. These features make PLGA/PVA NPs
especially suitable for OS vaccine delivery.

Therefore, the aim of this project is to develop an OS NP-based cancer vaccine in which a chimeric
protein constituted by the GPC1 protein associated with FL from Sal/monella typhi is included in
PLGA/PVA NPs to be administered as a potential adjuvant therapy for PDAC prevention after

surgical resection and conventional chemotherapeutic treatments.
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In detail, the specific aims are:

Design and production of the immunogenic chimeric protein GPC1-FL.

Design and preparation of PLGA/PV A NPs for the OS delivery of the GPC1-FL protein.

In vitro characterization of the physical and biological properties of the chimeric protein
GPCI-FL

In vitro characterization of the physical and biological properties of the PLGA/PVA NPs.

In vivo evaluation of the immunogenicity of the GPC1-FL-loaded PLGA/PVA NP vaccine
platform, and its effect in reducing PDAC tumor growth and increasing survival of treated

mice in a PDAC mouse model.
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4 MATERIALS AND METHODS

4.1 Cell culture: cell lines and culture media

BxPC-3 (human PDAC), Jurkat (human acute T cell leukemia), Caco-2 (human colorectal
carcinoma), and RAW 264.7 (Mus musculus macrophage) cell lines were provided by American
Type Culture Collection (ATCC). Panc02 (mouse PDAC) cell line was provided by Cytion. All cell
lines were grown at 37°C, 5% CO> and in the proper medium. BxPC-3 and RAW 264.7 were
cultured in DMEM (1X) + GlutaMAX™.I (Gibco, Thermo Fisher Scientific) supplemented with
10% of fetal bovine serum low endotoxin (FBS) (Gibco, Thermo Fisher Scientific), 1% of MEM
non-essential aminoacids 100X (Euroclone S.p.A.), and 1% of penicillin-streptomycin solution
100X (Euroclone S.p.A.). Caco-2 were cultured in MEM (1X) + GlutaMAX™-I (Gibco, Thermo
Fisher Scientific) supplemented with 20% of fetal bovine serum low endotoxin (FBS) (Gibco,
Thermo Fisher Scientific), 1% of MEM non-essential aminoacids 100X (Euroclone S.p.A.), and 1%
of penicillin-streptomycin solution 100X (Euroclone S.p.A.). Jurkat and Panc02 were cultured in
RPMI Medium 1640 (1X) + GlutaMAX™-I (Gibco, Thermo Fisher Scientific) supplemented with
10% of fetal bovine serum low endotoxin (FBS) (Gibco, Thermo Fisher Scientific), 1% of MEM
non-essential aminoacids 100X (Euroclone S.p.A.), 1% of penicillin-streptomycin solution 100X
(Euroclone S.p.A.). In the case of Panc02, 1% of sodium pyruvate 100 mM (Euroclone S.p.A) was
added.

4.2 Bacteria and bacterial growth media

NEB® 5-alpha Competent E. coli (High Efficiency) (New England Biolabs) was used for vector
amplification. They were grown in a medium containing Tryptone (Millipore), yeast extract
(Millipore), Sodium chloride (Sigma-Aldrich), with the addition of 2% agar (Millipore) in case of
solid medium. The components were dissolved in distilled water and then sterilized in an autoclave
set to 120 °C for 20 minutes, using a PBI Sistematic III unit (Gemini, Apeldoorn, The Netherlands).
To support the growth of the bacteria, the medium was supplemented with ampicillin at a
concentration of 100 pg/mL. Liquid cultures were incubated at 37 °C under constant shaking at 250
rpm in a 222DS Benchtop Shaking Incubator (Labnet International, Edison, NJ, USA). Solid

cultures were incubated at 37°C using a Heraeus incubator (Gemini, Apeldoorn, The Netherlands).
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4.3 Antibodies and proteins

The primary antibodies used were the commercial Glypican 1 polyclonal antibody (PA5-28055)
(Thermo Fisher Scientific) for evaluating GPC1 expression. This antibody was produced in rabbit
and it is reactive with human, mouse, and rat samples; the anti-GAPDH polyclonal antibody, E-AB-
20059 (Elabscience Biotechnology Inc.) for verifying GAPDH expression. It was produced in rabbit
and reacts with both human and mouse samples.

The secondary antibodies used were: F(ab')2 Goat anti-Rabbit IgG-F(ab')2 Fragment cross-adsorbed
Antibody Dy Light® 488 Conjugated A120-212D2 (Bethyl laboratories Inc.); F(ab')2 Goat anti-
MOUSE IgG-F(ab")2 Fragment cross-adsorbed Antibody Dy Light® 488 Conjugated A90-241D2
(Bethyl laboratories Inc.); Rabbit Anti-Mouse IgG H&L (HRP) (Abcam, ab6728); Goat Anti-Rabbit
IgG H&L (HRP) (Abcam, ab6721).

The proteins used were: Glypicanl protein (Bio-Techne) was used for ELISA coating. Albumin,
Fluorescein isothiocyanate Conjugate from bovine (BSA-FITC) A 9771 (Sigma-Aldrich, Inc.).

4.4 Evaluation of GPC1 expression on PDAC cells

4.4.1 Western blot

Cell pellets (from 1x10° cells) were lysated and proteins were extracted using RIPA buffer (Sigma-
Aldrich, Merck KGaA) supplemented the proteinase inhibitors NaF 5 mM, Na;VOs+2 mM, EDTA 1
mM and Complete™ EDTA-free Protease Inhibitor Cocktail (Roche). Proteins were quantified
using the Protein Assay kit (Bradford assay) (Bio-Rad Laboratories) and NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). 30 pg of total extract, plus 5 pL of 4X Laemmli
Sample Buffer (Bio-Rad Laboratories) up to volume of 20 uL with RIPA buffer were denatured at
95°C for 5 minutes, then loaded and separated in 8-16% Mini-PROTEAN TGX precast denaturing
polyacrylamide gel (Bio-Rad Laboratories) which is immersed in 1X Tris/glycine/SDS running
buffer (Bio-Rad Laboratories). After 1 hour of electrophoretic run, performed at 100 V, proteins
were transferred to the nitrocellulose membrane Amersham™ Protran™ 0.2 pm NC (GE
Healthcare Life science) following by a blocking phase for 1 hour with Tris-Buffered Saline
solution (TBS-T) with 1% of Tween 20 (Sigma, LifeScience) and 5% of nonfat dried milk
(Euroclone S.p.A.).Then, after 3 washes with TBS-T, the incubation with the primary antibody,
diluted in TBS-T, was performed overnight, under slowly shaking, at 4°C. The day after, 3 washes

with TBS-T were performed, following the incubation for 1 hour with the secondary antibody,
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diluted in TBS-T, under gently shaking at room temperature. Finally, 3 washes with TBS-T were
done. The secondary antibody was linked to the horseradish peroxidase (HPR) to allow the signal
production and detection after the addition of ECL Star solution (Euroclone S.p.A.). Signal was

detected by ChemiDoc™ Touch Imaging System instrument (Bio-Rad Laboratories Inc.).

4.4.2 Flow cytometry

Before performing the flow cytometry, cells were detached using a solution of Trypsin-EDTA
(Sigma, Life Sciences) diluted 1:5 with Versylene® Fresenius NaCl 0.9 % (Fresenius Kabi). Then,
they were washed with Phosphate Buffered Saline (PBS) buffer w/o Calcium w/o Magnesium
(Euroclone) and counted. 300.000 cells were collected for the flow cytometry analysis. They were
subjected to a blocking step with DPBS plus 2% Bovine Serum Albumin (BSA) (Sigma-Aldrich),
to incubation with the primary antibody for 1 hour at room temperature (RT), under shacking, 2
washes with PBS and to incubation with the secondary antibody (Alexa Fluor 488) for 1 hour, at
RT, under shacking, followed by 2 washes with PBS. Finally, cells were resuspended in 350 pl of
PBS plus 2% BSA. Analysis was performed with BD FACSCanto™II Cell Analyzer (Becton,
Dickinson and Company) acquiring 10000 events. Obtained data were analyzed with BD
FACSDiva software (BD Biosciences).

4.4.3 Immunofluorescence

30000 cells were seeded in high precision microscope cover glasses (Superior Marienfeld
Laboratories Glassware, Paul Marienfeld GmbH & Co. KG) previously treated with poly-D-Lysine
(Millipore, Merck KGaA) in order to improve cell adhesion. Cells were grown for 24 hours at 37°C,
5% COaz. Then, cells were washed three times with PBS and were fixed with 4% Paraformaldehyde
(PFA) solution in PBS (Sigma-Aldrich) for 11 minutes at room temperature. After the fixation step,
cells were washed twice with PBS and treated with 0.1 M of glycine (Sigma, Life Science) in
Dulbecco's Phosphate Buffer Saline (DPBS) with calcium and magnesium (Euroclone S.p.A.) to
reduce autofluorescence. After two washes with PBS, cells were blocked with DPBS Bovine Serum
Albumine (BSA) 5% (Sigma, Life Science) for 1 hour at RT. Then, cells were incubated with the
primary antibody for 1 hour, at RT, washed twice with DPBS and incubated with the secondary
antibody for 1 hour, at RT. Both primary and secondary antibodies were diluted in DPBS plus BSA
1%. After the antibody incubation, cells underwent to a rapid wash of 5 minutes. Then they were

exposed to DAPI (Sigma-Aldrich) for 10 minutes for nuclear staining. Finally, cells were washed

40



with distilled water and mounted through the FluorSave™ mounting medium (Calbiochem, Merck
KGaA) to Superfrost® Microscope Slides (Thermo Scientific, Thermo Fisher Scientific). Nikon

Eclipse Ti-U microscope (Nikon Europe B.V.) was used to acquired images.

Tumors of murine models of human GPC1-expressing PDAC were embedded into Killik O.C.T.
(OCT) (Bio-Optica Milano S.p.A.) medium and maintained at -80 °C. A cryostat (Thermo Electron
Corporation) was utilized to cut tumor masses into slices of 7 um, which were subsequently
mounted into SuperFrost® Plus (Thermo Scientific, Thermo Fisher Scientific) glass slides and
stored at -80 °C. For immunofluorescent analysis, samples were fixed for 10 minutes with cold
PBS-PFA 4%, washed with DPBS and blocked using a solution of 2% BSA, 0.25% casein from
bovine milk (Sigma-Aldrich, Merck KGaA), and 0.1% gelatine from cold water fish skin (Sigma-
Aldrich, Merck KGaA) in DPBS for 1 h at RT. Slices were then incubated with primary antibodies
diluted into blocking solution for 1 h at RT, then washed with blocking solution and incubated with
secondary antibodies in blocking solution for 1 h at RT. Samples were further washed in DPBS and
incubated with DAPI 5 min at RT. Samples were washed twice with DPBS and then with distilled
water. Samples were mounted using FluorSave™ on high precision microscope cover glasses
(Superior Marienfeld Laboratories Glassware, Paul Marienfeld GmbH & Co. KG). Images were

acquired using the Nikon Eclipse Ti-U microscope.

4.5 Production and characterization of the chimeric protein GPC1-
FL

4.5.1 Production of the GPC1-FL protein

The sequence of the human GPC1 and of the FL from Salmonella typhi were chosen from NIH
(National Library of Medicine, National Center for Biotechnology Information). The two proteins
were linked together by a Serine and Glycine linker. In addition, a signal peptide for the secretion of
the recombinant protein and a histidine-tag of 6 histidines to allow its purification were added.

After the study of the sequence, that was optimized for the expression by Chinese hamster ovary
(CHO) cells, the protein was produce in collaboration with GenScript company. CHO was
transfected by electroporation to lead to the internalization of the vector containing the GPC1-FL
sequence and favor its expression by CHO and its secretion.

The recombinant protein was stored at -80°C in PBS, pH 7.2.
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4.5.2 Quantification and characterization of the GPC1-FL protein

After the transfection, the chimeric protein was purified by the HisTrap™ FF crude Kit (Sigma-
Aldrich). After purification, the purity of the GPC1-FL was evaluated by SDS-PAGE in both
reducing and non-reducing conditions and by Size Exclusion Chromatography (SEC HPLC)
performed with the 1260 Infinity II (Agilent) instrument. In detail, the column used was the
Superdex® 200 Increase 10/300 GL (Sigma-Aldrich) and the mobile phase was characterized by
0,IM L-Arg in 2x PBS, pH 10.55.

Moreover, the presence of endotoxin was evaluated, and the concentration and the total amount of

GPCI1-FL were quantified.

4.5.3 GPCI1-FL stability in temperature, Simulated Gastric Fluid (SGF) and
Simulated Intestinal Fluid (SIF) buffers

The stability of the recombinant protein GPC1-FL in the gastrointestinal tract was evaluated by
SDS-PAGE after 1 hour of incubation in simulated gastric juice (SGF) and simulated intestinal
fluid (SIF) buffers. The composition of SGF is: NaCl 300 mM, pepsin (ThermoFisher Scientific)
0.9 mM, HCI 840 mM, pH 1.2, while the composition of SIF is: KH2PO4 49.96 mM, NaOH 0.0154
M, pancreatin 1 g/L (ThermoFisher Scientific), pH 6.

4.6 Preparation of polymeric NPs

4.6.1 Microfluidic nanoprecipitation method

For the preparation of empty PLGA and PLGA/PVA NPs, BSA-FITC-loaded and GPC1-FL-loaded
PLGA/PVA NPs, the microfluidic method with nanoprecipitation was used (Automated NP,
Particle Works), in collaboration with Alfatest company.

Firstly, the organic solution and the aqueous solution were prepared. The organic solution consists
in 0,5% PLGA lactide:glycolide (50:50), mol wt 30000-60000 (Sigma, Aldrich) in acetone, while
the aqueous solution consists in MilliQ water or 0,25% PVA 87-90% hydrolyzed, mol wt 30000 —
70000 (Sigma, Aldrich) in MilliQ water. For the production of BSA-FITC-loaded the aqueous
solution was made of 0,25% PVA and 1 mg/mL of Albumin, Fluorescein isothiocyanate Conjugate
from bovine (BSA-FITC) (Sigma-Aldrich) .

For the preparation of GPCI1-FL-loaded PLGA/PVA NPs, the organic solution was prepared as
described above, while the aqueous solution was made of 0,25% PVA and 0,406 mg/mL of GPC1-
FL. All the solutions were filtered through a 0,22 pum filter.
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Finally, the organic and the aqueous solutions were mixed. The chip used for this step was a 275
pum Junction Chip.

At the first junction of the microfluidic chip, PLGA in acetone and aqueous solution are brought
together laminarly to generate a hydrodynamic flow of reagents. The reactants diffuse into each
other gradually reducing the solubility of PLGA and driving the process of nanoprecipitation. This
mixing mode provides highly controlled conditions and promotes the formation of more
monodisperse and reproducible NPs.

In detail, for empty PLGA and PLGA/PVA and for BSA-FITC PLGA/PVA NPs, the total flow rate
(TFR) was 3 mL/min, the flow rate ratio (FRR) was 1:1. For the production of GPCI1-FL-loaded
PLGA/PVA NPs we made different sample of NP according to different TFR and FRR, as reported
in the Table 2.

GPC1-FL-loaded NPs TFR FRR
(Protein:PLGA)

Sample 1 3 mL/min 1:1

Sample 2 3 mL/min 2:1

Sample 3 3 mL/min 3:1

Sample 4 6 mL/min 1:1

Table 2. The different conditions used to produce the GPC1-FL-loaded PLGA/PVA NPs.

4.7 NP characterization

4.7.1 Dynamic light scattering (DLS)

Hydrodynamic diameter (D(h)), polydispersity index (PdI) and surface charge (zeta potential)
analysis were performed by DLS technique using Zetasizer Nano ZSP (Malvern Panalytical). All
measurements were done at a back scattering angle of 173° and at a temperature of 25 °C or 37 °C
(when indicated). NP samples were diluted in milliQ water 1:200 (v/v) for all PLGA and
PLGA/PVA NPs.

4.7.2 NP Tracking Analysis (NTA)

NTA was performed using NanoSight Pro (Malvern Panalytical) to quantify the NP concentration.

For the analysis, NP was diluted 1:2000 (v/v) in MilliQ water immediately before the
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measurements. The instrument was equipped with 488 nm blue laser. For the measurement, 10

videos were taken, each 60 seconds long.

4.7.3 Encapsulation efficiency (EE%)

The EE% of BSA-FITC-loaded and GPC1-FL-loaded PLGA/PVA NPs was calculated following
the indirect methods. After preparation of PLGA/PVA NPs, the amount of unloaded protein was
measured in supernatant of preparation medium by Protein Assay kit (Bradford assay) (Bio-Rad
Laboratories) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), after the
preparation of a calibration curve. To eliminate potential background signals arising from residual
solvents or excipients (e.g., PVA), a blank control was prepared by processing NPs without protein
under identical conditions. The supernatant from this blank was measured and subtracted from the
corresponding sample readings during protein quantification.

Then, the EE% was calculated following the formula [230]:

EE% total amount of protein — amount of protein in the SN 100
= x
° total amount of protein

4.7.4 NP stability over time, at body temperature, in SGF and SIF buffers

The stability of NPs under storage conditions of 4°C was followed for 1 year and was evaluated
measuring the D(h), Pdl, and zeta potential (ZP) every month by DLS. DLS was also used to check
the thermal stability at room temperature (25°C) and body temperature (37°C) after different time
points.

Stability of the D(h), Pdl and ZP in the gastrointestinal tract was test by DLS after incubation of
NPs in SGF buffer (pH 1.2; NaCl 300 mM, pepsin 0.9 mM, HC] 840 mM) and (SIF buffer (pH 6;
KH2PO4 49.96 mM, NaOH 0.0154 M, pancreatin 1 g/L). In detail, NPs were diluted 1:200 in the
buffers for 1, 2, 4, 6 and 24 hours at body temperature (37°C). Then, they were centrifuged at 10500
rpm for 20 minutes, at 10°C, the supernatant was discharged, and NPs was resuspended in MilliQ

water and analyzed immediately.
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4.7.5 Cell viability assay

Caco-2 cells, representing intestinal epithelium, and RAW 264.7, representing APCs, were seeded
in a 96-well plate at a density of 5x10° cells/well and they were grown for 24 hours at 37°C, 5%
COas. The day after, cells were exposed to different concentration of protein GPCI-FL (from 10
pg/mL to 90 pg/mL) and NPs (from 1x10° to 1x10'! NPs/mL) in the culture medium. After 24 or 48
hours, the cell viability was determined using the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega). The resulted luminescent signal was analyzed with Infinite M200PRO instrument

(TECAN).

4.7.6 NP internalization by the in vitro model of intestinal epithelium

Caco-2 cells were seeded in a 6-well plate at a density of 2x10° cells/well and they were grown for
48 hours at 37°C, 5% CO;. Then, free BSA-FITC (Sigma-Aldrich) and BSA-FITC-loaded
PLGA/PVA NPs were added in the respective well at a concentration of 50 pg/mL. After each
incubation time (1, 2, 4, 6, 24 hours), cells were washed three times with DPBS, detached with
trypsin-EDTA solution (Gibco, Thermo Fisher Scientific), centrifuged, and counted. 300000 cells
were washed other two times with DPBS 2% BSA to remove NPs bound to the cell membrane.
Finally, they were resuspended in 350 ul of DPBS 2% BSA for the analysis. 10000 events were
acquired with BD FACSCanto™II Cell Analyzer (Becton, Dickinson and Company). FITC

fluorescence data were analyzed with BD FACSDiva software (BD Biosciences).

4.8 Establishment of a syngeneic murine model of PDAC

The immunocompetent mice C57BL/6 were provided by Envigo RMS S.r.l. Both male and female

mice, 6 weeks old, were used in the same percentage.

4.8.1 Characterization of the mouse cell line PANCO02 for the murine model of
PDAC

PANCO2 cell line was tested as mouse PDAC model for the expression of the mouse GPC1, that
has a high homology with the human GPCI. Its expression was checked by western blot and flow

cytometry analysis.
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4.8.2 Transfection of PANCO02 cells

4.8.2.1 Vector design

For the transfection of PANCO02 to express the human GPC1 on their surface two vectors were
designed and their efficiency was compared. The maps of the vectors are reported in the Figure 13.
Both the vectors contain the sequence encoding for the human GPC1 (hGPCI1[NM _002081.3]); the
Kozak translation initiation sequence (Kozak) to facilitate translation initiation of ATG start codon
downstream of the Kozak sequence; the human cytomegalovirus immediate early
enhancer/promoter (CMV promoter), the puromycin resistance gene (Puro) that allows the selection
of positively transfected cells; the Simian virus 40 late polyadenylation signal (SV40 late pA) and
the bovine growth hormone polyadenylation signal (BGH pA) that allows transcription termination
and polyadenylation of mRNA transcribed bt Pol II RNA polymerase; the pUC origin of replication
(pUC ori) that facilitates plasmid replication in E.coli and regulates high-copy plasmid number
(500-700); Ampicillin resistance gene (Ampicillin) that allows E.coli to be resistant to ampicillin,
thus allows the selection of bacteria positive to the vector. The two vectors are different for the
promoter. In the vector VB230223-1213mcj it is the human eukaryotic translation elongation factor
1 al promoter (EF1A), in the VB231006-1170ktm is the CMV early enhancer fused to modified
chicken B-actin promoter (CBh).

5624 bp PRP[Exp]-Puro-CBh>hGPC. B ——— hGPC1NM_002081.3]

6313 bp
hGPC1[NIM_002081.3]

Ampicillin ~
\ R L
d \ v
zak
pUC or
VB230323-1213mg) pUC ori —
PRP[Exp}-Purc-EF 1A>hGF.. VB231006-1170ktm

CMV promoter

Figure 13. Vectors used to transfect PANCO2 cells for the expression of the human GPCI.

4.8.2.2 Vector amplification in E.coli DhSalpha

The vectors were amplified in NEB® 5-alpha Competent E. coli (High Efficiency) (New England

Biolabs). Bacteria were transformed by heat shock method. A volume of bacteria at least 5 times the
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volume of DNA to be added was thawed on ice. Then, the vector is added to the bacteria and
allowed to incubate on ice for 30 minutes. Then heat shock is performed, heating the sample for 45
seconds at 42°C. Subsequently, 4 volumes of SOC were added (200 ul of SOC per 50 ul of bacteria)
and the reaction was incubated at 37°C for 45 minutes under constant stirring. The bacteria were
then plated in a P10 petri dish with LB-agar containing the antibiotic ampicillin for selection of
transformed bacteria only. The plate was then incubated at 37°C to allow the bacterial colonies to
grow. Then a bacterial colony was taken and grown in 5 mL of LB medium. Once growth had

occurred, 100 ul of it was taken and grown in a 50 mL volume of LB.

4.8.2.3 Vector purification and quantification

The vector amplified in NEB® 5-alpha Competent E. coli (High Efficiency) was purified by the
QIAGEN Plasmid Midi Kit (25) (QIAGEN) and quantified by NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific).

4.8.2.4 Puromycin selective antibiotic kill curve assay

The selection of the most appropriate concentration of Puromycin Dihydrochloride (Gibco, Thermo
Fisher Scientific) for the selection of transfected PANCO02 was performed through the construction
of a concentration-response curve: 5000 PANCO02 were seeded in a 96-well plate were exposed to
different concentration of puromycin: 1, 3, 6,9, 12, 15 ug/ml.

The percentage of live cells were measured with the CellTiter-Glo® Luminescent Cell Viability
Assay (Promega) after 24 hours of exposition to the antibiotic.

The lowest concentration at which non-transfected PANCO02 cells do not survive was chosen to

positively select transfected cells.

4.8.2.5 PANCO2 transfection by electroporation

After detaching by Trypsin-EDTA (Sigma, Life Sciences), 1,5 million of PANCO02 cells were
counted for the transfection. Firstly, PANCO02 were resuspended in 100 pl of the transfection buffer
Ingenio® Electroporation Solution (Mirus) and 3ug of the vector were added. The mix was move in
a cuvette and cells were transfected by The Amaxa™ Cell Line Nucleofector™ Kit L (Lonza).
Electroporated PANCO02 were seeded in a well of a 6-well plate in a medium containing 20% of
FBS and incubated at 37°C, 5% COa.

The day after, 3 ug/mL of puromycin were added to allow the selection of positively transfected

PANCO2 (T-GPC1 PANCO02).
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4.8.2.6 In vitro and ex vivo verification of GPC1 expression

The GPC1 expression on PANCO2 cells were observed by Western blot and Flow cytometry.

The GPC1 expression was also checked ex-vivo: C57BL/6 mice were injected with 1,5 million of T-
GPC1 PANCO02 and after a month the mice were sacrificed, and the tumor masses were collected.
They were embedded into Killik O.C.T. (OCT) (Bio-Optica Milano S.p.A.) medium and maintained
at -80 °C. Then, in collaboration with Professor Paolo Macor (Department of life sciences,
University of Trieste) the tumor masses were cut by cryostat and an immunofluorescence on tissue

was performed.

4.8.2.7 Doubling time

To verify whether the GPC1 expression may alter the growth capacity of PANCO02, the in vitro
doubling time of WT and T-GPC1 was observed and compared.
For the in vitro doubling time, at each cell splitting cells were counted and the following formula

were applied:

Duration X In(2)
In (final concentration -+ initial concentration)

Doubling time =

Were duration referring to the time spent in culture, the final concentration to the number of cells

counted after detaching them, and the initial concentration to the number of seeded cells.

4.9 Animal studies

4.9.1 Immunization protocol

Both male and female C57BL/6 mice were vaccinated in the same percentage for the immunization
studies. Mice were divided into eight groups, with 6 mice per group. The groups are the following:
SC injection with negative control (PBS), SC injection with empty PLGA/PVA NPs, SC injection
with free GPCI1-FL protein, SC injection with GPCIl-FL-loaded PLGA/PVA NPs, OS
administration with negative control (PBS), OS administration with empty PLGA/PVA NPs, OS
administration with free GPC1-FL protein, OS administration with GPC1-FL-loaded PLGA/PVA
NPs. Mice were allowed free access to food and water with 12 h light/dark cycle. They were

vaccinated with 50 ug of free GPC1-FL protein or 50 pg of GPCI1-FL incapsulated in PLGA/PVA
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NPs (1,27x10'"" NPs) for both SC and OS administration, followed by booster dose after 2" weeks

primary immunization .

4.9.2 Safety observation

All mice were weighed before vaccination and their weight was followed over time until sacrifice.

Moreover, physical, and mental stress were monitored.

4.9.3 Blood collection

Blood was collected from mouse cheek at day 0 (before starting the vaccination), at day 14, day 21,
day 28, and day 35. Serum was obtained after maintaining blood at room temperature for 30

minutes and after two centrifugation of 1000 xg, 10 minutes. Sera were stored at -80°C.

4.9.4 Detection of specific anti-GPC1 IgG antibodies by ELISA

For the detection of specific anti-GPC1 antibodies, the ELISA test was performed. The recombinant
human Glypican 1 (Bio-Techne) was diluted in a bicarbonate buffer in a concentration of 2,5
pg/mL and then was coated in a 96-well plate over night at 4°C. The day after, the blocking was
performed using DPBS 2% milk for 1 hour. After three washes with DPBS 0,1% tween and three
washes with PBS, the mouse sera, diluted 1:100, were added in the wells for 1 hour at room
temperature. Then, three washes with DPBS with 0,1% tween and three with DPBS were
performed. Subsequently, the secondary antibody anti-mouse HRP (Rb pAb to Ms IgG, Abcam)
used at 1:1000 dilution was incubated for 1 hour at room temperature. Then, the six washes were
repeated as describe above. Finally, 100 pl per well of Stabilized Chromogen (Invitrogen, Thermo
Fisher Scientific) was added, followed by 100 pl of the Stop Solution (Thermo Fisher Scientific).

The absorbance was read at 450 nm.

4.9.5 Tumor inoculation and mouse survival

39 days after the start of the vaccination, 3 x 10° T-GPC1 PANCO2 cells were inoculated
subcutaneously in the right flank of the mice. The tumor mass growth was observed and measured
over time. When the tumor mass reached 12 mm in width and length or became ulcerated, the mice
were euthanized. Immediately after euthanasia, the tumor mass, intestines, spleen, and kidneys were

collected for future experiments.
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4.10 Statistical analysis

The data were statistically analyzed using GraphPad Prism. Specifically, the statistical difference
between the means of two data sets was evaluated using the unpaired Student’s t-test, while
differences among multiple groups were assessed with ordinary one-way ANOVA. The Kaplan-
Meier estimator was used to study the survival function of different treatment groups, and p-values
for  differences in survival were calculated  using the log-rank test.
Differences with a p-value or adjusted p-value of less than 0.05 were considered statistically

significant.
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S RESULTS

5.1 Evaluation of GPC1 as a Vaccine Target for PDAC

Several studies have shown that the proteoglycan GPC1 is highly and specifically expressed in
PDAC, and for this reason could be a targetable TAA [2]. Therefore, its protein expression was
investigated in the PDAC-like tumor cell line model BxPC-3 by Western blot analysis using a
commercial polyclonal anti-GPC1 antibody. The BxPC-3 cell line was used as a human PDAC
model, the Jurkat cell line as a negative control, and Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a housekeeping protein (Figure 14). As previously reported [231], GPCI protein was
detected in BxPC-3 cells but not in Jurkat cells. In detail, GPC1 has a molecular weight of 62 kDa
and in the Western blot, two bands corresponding to this molecular weight were observed. They
represent different glycosylation states of the protein, as variations in glycosylation can affect the

molecular weight and, consequently, the migration of GPC1 protein in SDS-PAGE.

BxPC-3 Jurkat
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Figure 14. Western blot analysis of GPC1 protein in GPC1-positive human PDAC cell lines (BxPC-3) and in GPC1-negative
cancer cell line (Jurkat). Commercial polyclonal anti-GPC1 was employed at a concentration of 0.33 pg/ml. GAPDH protein was

analyzed as housekeeping gene at a concentration of 0.11 pg/ml.
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To better characterize the presence of GPC1 in human PDAC, its expression was quantified by flow
cytometry (Figure 15). The flow cytometry confirmed the overexpression of this TAA on BxPC-3,
as the percentage of GPC1-positive cells was 86.95%. On the other hand, the percentage of GPC1-

positive Jurkat was 3,05%.
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Figure 15. Flow cytometry analysis of GPC1 protein expression in GPC1-positive cancer cell line (BxPC-3) and in GPC1-
negative cancer cell line (Jurkat). Data are reported as mean % of positive cells + Standard Deviation (SD) of three independent

replicates. The statistical analysis was performed using unpaired t-test: ***p-value = 0,0008.

To validate these results, an immunofluorescence analysis was performed to observe the GPC1
expression in BxPC-3 and Jurkat cells (Figure 16). As the western blot and flow cytometry analysis,
the immunofluorescence highlights in green the GPC1 expression in BxPC-3 cells but not in Jurkat
cells, confirming this TAA as a suitable target for the vaccination approach for the treatment of
GPCl-expressing PDAC. AB2 indicates the secondary antibody used alone as a control, to verify

that no non-specific signal originates from the secondary antibody.
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Jurkat BxPC-3

Figure 16. Representative immunofluorescence analysis of GPC1 protein expression in GPC1-positive cancer cell lines

AB2

GPC1

(BxPC-3) and in GPC1- negative cancer cell lines (Jurkat). AB2 represents the secondary antibody alone as a control, blue signal
represents nuclei and green signal represents GPC1. Commercial polyclonal anti-GPC1 was employed at a concentration of 3.3

pg/ml. Scale bar =25 um.

The expression of the TAA GPC1 in the context of PDAC was confirmed using three different
techniques: western blot, flow cytometry, and immunofluorescence. The results support the role of
GPCI as a promising target for the development of a vaccine aimed at targeting GPC1-expressing

PDAC cells to enable the immune system to recognize and eliminate them.

5.2 Production and characterization of the chimeric protein GPC1-
FL

The high expression of GPC1 in PDAC has prompted the development of a vaccine based on this
tumor antigen. To enhance the immunogenicity of the vaccine, an additional protein was associated
for adjuvant purposes. Specifically, we engineered a protein, called GPC1-FL, consisting of human
GPCI associated with FL from Salmonella typhi, through a Glycine-Serine (GS) linker. Moreover,
the fused GPCI1-FL protein also contains a signal peptide, which is cleaved after expression by the
cells, a stop codon, and a His-tag to facilitate purification (Figure 17). The engineered protein was
purified from Chinese Hamster Ovary (CHO) cells after the transfection of a vector containing the
amino acid sequence of GPCI-FL optimized for production in eukaryotic cells. GPC1 was
expressed in CHO cells despite potential differences in glycosylation compared to human cells.

CHO cells were chosen due to their high protein yield, well-established culture protocols, and
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stability in producing recombinant glycoproteins, which allowed the production of sufficient
quantities of GPC1 for immunization experiments.

The final protein consists of 1038 amino acids, with a molecular weight of 110,977.62 kDa (Table
3). Its isoelectric point (pl) is 5.61, and its stability index is 33.58, indicating a stable protein.

G| GPC [ == FLAGELLIN f=

Figure 17. Schematic representation of the engineered chimeric protein GLYPICAN-1-FLAGELLIN (GPC1-FL). The
engineered chimeric GPC1-FL protein consists of the tumor-associated antigen (TAA) GPC1, Salmonella typhi FL as an adjuvant, a
GS linker connecting GPC1 and FL, a signal peptide enabling its expression on the cell membrane surface, and a His-Tag to allow

protein purification.

Number of amino acids | Molecular weight (Da)

Signal peptide 18 1875,20
GPC1 505 55889,63

Glycine-Serine (GS) linker 15 963,90
FL 494 51480,07

His-tag 6 840,88

*Mass adjustment / -72
Total 1038 110,977 kDa

Table 3. Summary of the domains of the engineered chimeric protein GPC1-FL, with corresponding amino acid count and molecular
weight (Da). * “Mass adjustment” accounts for the loss of one water molecule (~18 Da) per peptide bond between the parts of the
engineered protein; here 4 bonds — 4 x 18 = 72 Da.

After production, the GPC1-FL protein was purified using an HisTrap FF crude column, and its
total amount and concentration were determined. The average protein yield per production was
12,29 mg + 0,74, with a concentration of 1.22 mg/ml (measured by A280). The purity of the protein
was then assessed by SDS-PAGE (Figure 18), in both reducing and non-reducing conditions, and
size-exclusion high-performance liquid chromatography (SEC-HPLC) (Figure 19), showing purity

levels of >80%. In detail, in the SDS-PAGE analysis of the recombinant GPC1 protein, additional
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bands are visible at higher and lower molecular weights compared to the expected, corresponding to
protein aggregates and degraded fragments. These forms were not removed during nanoparticle
preparation. While aggregates and fragments may be less immunogenic than the protein GPC1-FL,
they can still contribute to the overall immunogenicity of the vaccine. Additionally, endotoxin

levels were assessed, showing <0.1 EU/mg.
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Figure 18. SDS-PAGE of the chimeric GPC1-FL. The SDS-PAGE confirms the production of the engineered GPC1-FL under both
reducing (R) and non-reducing (NR) conditions. The observed band corresponds to the expected molecular weight of GPC1-FL

(110,977 kDa). Abbreviations: M, protein marker; R, reducing condition; NR, non-reducing condition.
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Figure 19. Size-Exclusion Chromatography (SEC-HPLC) profile of purified chimeric GPC1-FL protein.
Representative chromatogram obtained by SEC-HPLC analysis of the engineered GPC1-FL protein following the final purification

step. The elution profile shows a single predominant peak corresponding to the expected. Protein detection was performed at 280 nm.
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5.3 GPCI1-FL stability in stomach and intestine

As the GPCI-FL protein, after OS administration, is exposed to the stomach and intestinal
environment before being absorbed by the intestinal epithelium, particularly by M cells [99,232], its
stability in SGF and SIF buffers was evaluated [232]. After 1 hour of incubation of the protein in
PBS, SGF, and SIF at 37°C (to simulate body temperature), its integrity was assessed by SDS-
PAGE analysis. As shown in the SDS-PAGE (Figure 20), the protein remained stable after 1 hour
of incubation at 37°C compared to the control. However, it was degraded when exposed to SGF and

SIF, because of the pH and the enzyme component.

10 kDa —

Figure 20. SDS-PAGE of GPC1-FL protein after incubation in SGF and SIF. The SDS-PAGE shows that the GPC1-FL protein

is stable at body temperature (37°C) compared to the control; however, it is not stable in SGF and SIF buffers.

Moreover, the safety of the GPC1-FL protein on the intestinal epithelium and APCs was evaluated,
respectively using Caco-2 and RAW 264.7 cells as specific cell models. These cells were exposed
to different concentrations of the protein, ranging from 10 to 90 pg/mL, for 24 and 48 hours. Cell
viability was then assessed using the CellTiter-Glo® Luminescent Cell Viability Assay, and the
relative percentage of viable cells was calculated (Figure 21). The results highlighted the

biocompatibility of the engineered protein within the tested concentration range, as cell viability
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remained comparable to that of unexposed cells after both 24 and 48 hours. These findings indicate

that the protein is suitable for use in our study involving OS administration.
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Figure 21. Cell viability assay of the engineered GPC1-FL protein. CellTiter-Glo assay on Caco-2 and RAW 264.7 cells to test in
vitro GPC1-FL biocompatibility with the intestinal epithelium and antigen-presenting cells (APCs). Data are presented as mean =+
standard deviation (SD) of three independent replicates. Statistical analysis was performed using ordinary one-way ANOVA: p-value

>0,05.
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5.4 Preparation and characterization of polymeric NPs

5.4.1 Preparation and physical characterization of NPs

By using the microfluidic nanoprecipitation method, different types of NPs were produced: empty
PLGA and PLGA/PVA, BSA-FITC-loaded PLGA/PVA, and GPC1-FL-loaded PLGA/PVA NPs
(Table 4). After preparation, NPs were characterized by DLS to determine D(h), PdI, and zeta
potential. At the same time, NP concentration was quantified by NTA, and EE% was also calculated
(Table 4). NPs were stored at +4 °C until further use.

The stability of PLGA and PLGA/PVA NP formulation was assessed both under storage conditions
and under physiologically relevant conditions (37 °C, SGF, and SIF). Empty PLGA-only NPs were
produced to perform comparison experiments with the PLGA/PVA NP formulation, in order to
evaluate the role of PVA as stabilizer. Long-term and physiological condition stability experiments
were conducted on empty PLGA and PLGA/PV A nanoparticles, as these tests were designed to first
validate the stability of the polymeric matrix. After confirming PLGA/PVA as a stable formulation,
protein-loaded nanoparticles were produced for functional studies. BSA-FITC-loaded PLGA/PVA
NPs were produced to investigate whether encapsulation improves protein uptake by an in vitro
model of intestinal epithelium. Finally, GPC1-FL-loaded PLGA/PVA NPs were produced as a

comprehensive vaccination platform.

BSA-FITC-loaded GPC1-FL-loaded
PLGA NPs PLGA/PVA NPs
PLGA/PVA NPs PLGA/PVA NPs
D(h) (nm) 192.400 + 1.040 191.470 £ 2.20 225200+ 1.8 231.1+0.8
Pdl 0.038 £ 0.030 0.060 £ 0.003 0.15+0.03 0.10 +£0.02
Zeta Potential (mV) -32.830 = 0.400 -25.670 £ 0.750 -21.5+£0.46 -28.83 + 0.86
Concentration
7.50 x 10" 8.91 x 10" 1.3x 10" 1.1 x10"
(NPs/mL)
EE% / / 50% 47.38%
Internalization by
PLGA/PVA Final NP platform
the in vitro model
Purpose PLGA stability stability and for mouse
of intestinal
biocompatibility ] vaccination
epithelium

Table 4. Characterization of nanoparticles (NPs). The table reports the hydrodynamic diameter (D(h)), the polydispersity index

(PdI), the zeta potential, the concentration, the encapsulation efficiency (EE%) and the intended purpose of the produced NPs. Data

are presented as mean + standard deviation.
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5.4.2 NP stability over time

To test the long-term stability of the NP, D(h), PdI, and zeta potential were measured monthly over
the course of one year (Figure 22). The results showed that PLGA/PVA NPs remained stable for at
least one year after preparation, as no statistically significant changes were observed in any of the
three parameters. In contrast, PLGA NPs maintained a stable D(h) and PdI only for the first four
months post-production, then both the D(h) and the PdI increased significantly. On the other hand,
after one month, the PLGA NPs started losing their strongly negative surface charge, which became
more neutral. This shift led to NP aggregation, resulting in progressively larger size and higher PdI

values as measured by DLS.
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Figure 22. Stability over time of PLGA and PLGA/PVA NPs. DLS analysis to determine the hydrodynamic diameter (D(h)),
polydispersity index (PdI) and surface charge over time of PLGA and PLGA/PVA NPs produced by microfluidics. Data are
presented as mean =+ standard deviation (SD) of three replicates. The statistical analysis was performed using ordinary one-way
ANOVA (Dunnett's multiple comparisons test) comparing the parameters measured each month with the control, i.e., the parameters
measured immediately after the preparation of the NPs.: ns: > 0.05; *: 0.05 <p <0.01; **: 0.01 <p <0.001; ***: 0.001 <p <0.0001;
*Hk*: p<0,0001.
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5.4.3 NP stability at body temperature

The stability of PLGA and PLGA/PVA NPs was observed at body temperature (37°C) by
monitoring their D(h), Pdl, and zeta potential after incubation for 0, 1, 2, 4, 6, and 24 hours (Figure
23). Both NP formulations remained stable over the incubation period, as no statistically significant
differences were detected in the measured parameters. Nevertheless, subtle differences between the
two systems could be observed. Indeed, PLGA NPs exhibited a loss of their stability, as indicated
by the increase in D(h) after 24 hours at 37°C, a higher PdI reflecting a more polydisperse
distribution, and a decrease in surface charge, with the zeta potential shifting from -30 mV toward

-25 mV. This data suggests a tendency for NPs without the surfactant PVA to aggregate at
physiological temperatures, possibly due to reduced electrostatic repulsion between particles.
Conversely, the presence of PVA in PLGA/PVA NPs appeared to confer greater stability,
maintaining a consistent size distribution and surface charge over time. These findings highlight the
stabilizing role of PVA as a surface modifier, supporting its utility in improving the stability of

polymeric NPs under physiological conditions.
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Figure 23. Stability at 37°C of PLGA and PLGA/PVA NPs. DLS analysis to determine the (A) hydrodynamic diameter (D(h)),
(B) polydispersity index (Pdl) and (C) zeta potential after NP incubation at body temperature (37°C) for different time points. Data
are presented as mean + standard deviation (SD) of three independent replicates. Statistical analysis was performed using t test: p-

value > 0,05

5.4.4 NP stability in gastric juice and intestinal fluid

To better mimic physiological conditions and evaluate NP stability in the body, PLGA and
PLGA/PV A NPs were incubated at 37 °C in SGF and SIF buffers for 24 hours [232]. The D(h), PdI,
and zeta potential were measured after 0, 1, 2, 4, 6, and 24 hours of incubation.

As shown in the graphs (Figure 24), PLGA/PVA NPs remained stable in SGF in terms of D(h), PdI,
and zeta potential throughout the incubation period. In contrast, PLGA NPs exhibited significant

instability after just 1 hour, with marked changes in these parameters.
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In SIF (Figure 25), PLGA/PVA NPs also showed good stability, with only a slight increase in D(h)
observed at 24 hours, a Pdl suggesting a moderately polydisperse population, and a stable zeta
potential. Conversely, PLGA NPs lost stability rapidly: D(h) increased markedly after 1 hour, PdI

indicated a highly polydisperse population, while the zeta potential remained relatively stable.
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Figure 24. Stability of PLGA and PLGA/PVA NPs in simulated gastric juice (SGF). DLS analysis to determine the (A)
hydrodynamic diameter (D(h)), (B) polydispersity index (PdI) and (C) zeta potential after NP incubation at 37°C in SGF for different
time points. Data are presented as mean + standard deviation (SD) of three independent replicates. Statistical analysis was performed

using one-way ANOVA.
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Figure 25. Stability of PLGA and PLGA/PVA NPs in simulated intestinal fluid (SIF). DLS analysis to determine the (A)
hydrodynamic diameter (D(h)), (B) polydispersity index (Pdl) and (C) zeta potential after NP incubation at 37°C in SIF for different
time points. Data are presented as mean + standard deviation (SD) of three independent replicates. Statistical analysis was performed

using one-way ANOVA.

Considering the poor stability exhibited by PLGA NPs, we focused on the use of PLGA/PVA NPs.
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5.4.5 In vitro biocompatibility of PLGA/PVA and BSA-FITC-loaded
PLGA/PVA NPs

To evaluate the role of the NP formulation in the uptake of a given protein in an in vitro model of
intestinal epithelium, Bovine Serum Albumin conjugated with fluorescein isothiocyanate (BSA-
FITC)-loaded PLGA/PVA NPs were produced. In particular, the use of a fluorescent marker, such
as FITC can be useful to follow the internalization of NPs. It was therefore selected as a model
protein. Consequently, BSA-FITC-loaded PLGA/PVA NPs were prepared via microfluidic
nanoprecipitation (Table 4). However, before assessing whether PLGA/PVA NPs enhance protein
uptake compared to the free protein, it was essential to evaluate the biocompatibility of the
individual components PLGA, PVA and the BSA-FITC with the in vitro model of intestinal
epithelium, represented by the Caco-2 cell line, and APCs, represented by RAW 264.7. To this end,
cells were incubated for 24 and 48 hours at different concentrations of both empty and BSA-FITC-
loaded PLGA/PVA NPs, in the range 1 x 107 - 1 x 10", as illustrated in the (Figure 26, 27).
Statistical analysis revealed no significant differences in cell viability compared to untreated
controls, indicating that neither the polymers nor the BSA-FITC exert cytotoxic effects. Although
no significant cytotoxicity was observed, a slight trend of higher apparent toxicity at lower
nanoparticle concentrations was noted. This could be due to normal variability in cell metabolism or
to minor metabolic contributions from PLGA degradation products (lactic and glycolic acid)
entering cellular energy pathways. These findings confirmed the safety of the NP systems for the in
vitro models of intestinal epithelium and APCs, thus supporting their suitability also for subsequent

in vitro uptake experiments and in vivo studies.
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Figure 26. Cell viability assay of the PLGA/PVA NPs. CellTiter-Glo assay on Caco-2 cells to test in vitro BSA-FITC and
PLGA/PVA NPs biocompatibility with the intestinal epithelium. Data are presented as mean + standard deviation (SD) of three

independent replicates. Statistical analysis was performed using Ordinary one-way ANOVA: ns: > 0.05.
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IN VITRO BIOCOMPATIBILITY ASSAY OF NANOPARTICLES
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Figure 27. Cell viability assay of the PLGA/PVA NPs. CellTiter-Glo assay on RAW 264.7 cells to test in vitro BSA-FITC and
PLGA/PVA NPs biocompatibility with the antigen-presenting cells (APCs). Data are presented as mean =+ standard deviation (SD) of

three independent replicates. Statistical analysis was performed using Ordinary one-way ANOVA: ns: > 0.05.

5.4.6 NP internalization by the in vitro model of intestinal epithelium

In addition to finding a system that protects the GPC1-FL protein in the gastrointestinal tract, one of
the primary goals of the NP system is to enhance the intestinal uptake of the chimeric protein, with
the aim of eliciting a stronger and more specific immune response. To investigate whether
PLGA/PVA NPs could improve protein internalization compared to the free form, BSA-FITC-
loaded PLGA/PVA NPs were employed as a model system because the fluorescent FITC tag
enabled the tracking of protein uptake. Caco-2, used as an in vitro model of intestinal M cells, were
incubated with 50 pg/mL of either free BSA-FITC or BSA-FITC-loaded PLGA/PVA NPs for 1, 2,
4, 6, and 24 hours. At each time point, the percentage of FITC-positive cells was quantified by flow
cytometry. The experiment was performed in triplicate to ensure reproducibility. As illustrated in
the (Figure 28), PLGA/PVA NPs significantly enhanced protein internalization over time compared

to the free protein.
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Figure 28. Flow cytometry analysis of the internalization of BSA-FITC and BSA-FITC-loaded PLGA/PVA NP by the in vitro
model of intestinal epithelium cells (Caco-2). Data are presented as mean + standard deviation (SD) of three independent replicates.
Statistical analysis was performed using two-way ANOVA: ns: > 0.05; **: 0.01 < p < 0.001; ***: 0.001 < p < 0.0001; ****: p
<0,0001.

5.4.7 GPC1-FL-loaded PLGA/PVA NP: preparation and characterization

Once it was observed that the PLGA/PVA NPs and the GPCI-FL protein are safe for intestinal
epithelial cells and APCs, and that the NPs improve the internalization of the protein by intestinal
epithelium compared to its free form, the final NP platform was developed. It consists of
PLGA/PVA NPs encapsulating the GPC1-FL protein (GPCI1-FL-loaded PLGA/PVA NPs). These
NPs were produced using a microfluidic nanoprecipitation method, employing different settings to
achieve the desired parameters D(h) of approximately 200 nm, low PdI and highly negative surface
charge, as well as to improve the EE%.
Following their production, the D(h), PdI, and surface charge were measured using DLS.
Additionally, the EE% was calculated. The Table 5 reports the results obtained for each

microfluidic condition tested.
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Experimental Zeta

D(h)
Sample Conditions (nm) Pdl Potential EE%
nm
GPC1-FL: PLGA (mV)
FRR 1:1
1 261.2+1.0 H 0.13+0.04 | -27.76 £ 0.55 2.83%
TFR 3 mL/min
FRR 2:1
2 252.2+0.7 | 0.18+£0.04 | -28.40+1.30 | 50.14%
TFR 3 mL/min
FRR 3:1
3 231.1+0.8 | 0.10+0.02 | -28.83+0.86 | 47.38%
TFR 3 mL/min
FRR 1:1
4 210.2+0.9 | 0.01+£0.05 | -27.30+0.81 | 32.58%
TFR 6 mL/min

Table 5. Preparation of GPC1-FL-loaded PLGA/PVA nanoparticles (NPs). The table summarizes the characterization of four

samples produced under different flow rate ratios and total flow rates using the microfluidic nanoprecipitation method.
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Figure 29. Encapsulation efficiency (EE%) of GPC1-FL-loaded PLGA/PVA NPs. Data are presented as mean + standard
deviation (SD) of three independent replicates. Statistical analysis was performed using ordinary one-way ANOVA: ns: > 0.05; *:

0.05 <p<0.01; ***: 0.001 <p <0.0001.
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Sample number 3, obtained with an FRR of 3:1 and a TFR of 3 mL/min, was selected as the most
suitable formulation for mouse vaccination, as it, together with sample number 2, exhibited the
highest EE%. However, compared to sample 2, it had a D(h) close to 200 nm, which favors NP
internalization by intestinal epithelial cells, and a lower Pdl, indicating a more monodisperse and
thus more homogeneous population. Furthermore, the highly negative surface charge is associated
with particle stability.
Therefore, sample number 2, despite showing a negative surface charge and the highest EE%, was

not considered suitable due to its excessively large D(h) and higher PdI.

5.5 Establishment of a syngeneic murine model of PDAC

To investigate the possible employment of the GPCI1-FL-loaded PLGA/PVA NPs as a cancer
vaccine, we established a syngeneic mouse model using the murine “PDAC-like” cell line
PANCO2 that we previously modified to induce human GPC1 expression on the cell surface. In
detail, as the first step, we verified the absence of a signal for GPC1 when an antibody cross-
reactive for the human and the murine forms of GPC1 was employed. Western blot analysis
confirmed the absence of bands corresponding to the GPC1 protein in the PANCO2 cells, whereas
human PDAC-like BxPC-3 cells showed a band at the expected molecular weight for GPC1 (Figure
30).

Jurkat BxPC-3 PANCO02

75kDa -

S0kDa -

GPC1

37K03 | c————
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Figure 30. Western blot analysis of Glypican-1 (GPC1) protein in GPC1-positive cancer cell lines (BxPC-3), GPC1-negative
cancer cell lines (Jurkat) and mouse cell PANCO02. Commercial polyclonal anti-GPC1 was employed at a concentration of 0.33

pg/ml. GAPDH protein was analyzed as housekeeping gene at a concentration of 0.11 pug/ml.
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Consequently, to obtain PANCO02 cells expressing the human GPC1 on their surface, it was
necessary to transfect them with a vector containing the gene sequence of the desired antigen, along
with a signal for cell surface expression. Two different plasmid vectors were designed and named
VB2hGPCla and VB2hGPCl1b. Both vectors contained the human GPCI1 coding sequence, an
ampicillin resistance gene for bacterial selection, and a puromycin resistance gene for selecting
successfully transfected cells. The main difference between the two vectors is in the promoter used
to drive gene expression. VB2hGPCla carries the EFla promoter (human eukaryotic translation
elongation factor 1 alpha 1), while VB2hGPCI1b carries the CBh promoter (a hybrid promoter
consisting of the CMV early enhancer fused to a modified chicken B-actin promoter).

After design, the vectors were amplified in E. coli DH5a via bacterial transformation. Plasmids
were then purified using a MidiPrep kit and quantified using a Nanodrop spectrophotometer.

Before transfecting the PANCO2 cells, a puromycin kill curve assay was performed to determine the
minimum concentration of antibiotic required to kill non-transfected cells. PANCO02 cells were
seeded and treated with increasing concentrations of puromycin (1, 3, 6,9, 12, and 15 pg/mL). The
percentage of viable cells was assessed 24 hours after exposure, and 3 pg/mL was selected as the
optimal concentration, as it was the lowest dose at which non-transfected PANCO2 cells did not

survive (Figure 31).
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Figure 31. Cytotoxicity curve of puromycin on PANCO2 cells. Cell viability was assessed after 24 hours using CellTiter-Glo. Data

are presented as mean =+ standard deviation (SD) of three independent replicates.

69



After electroporation-based transfection, flow cytometry was performed to assess the percentage of
successfully transfected PANCO02 (T-GPC1 PANCO02) cells. The percentage of PANCO2 cells
transfected with the VB2hGPCla vector was 12.2%, whereas transfection with the VB2hGPC1b
vector resulted in 48.3% positivity (Figure 32). Given its higher transfection efficiency, the vector

VB2hGPC1b was selected for subsequent experiments.
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Figure 32. Glypican-1 (GPC1) expression on transfected PANC02 (T-GPC1 PANCO02). The percentage of positive PANCO02 to
GPC1 obtained after transfection with the vectors VB2hGPCla and VB2hGPC1b was analyzed by flow cytometry. Jurkat and WT
PANCO02 were used as negative controls, and BxPC-3 as a positive control. Statistical analysis was performed using one-way

ANOVA: ***: 0.001 <p <0.0001.

PANCO?2 cells transfected with the VB2hGPC1b vector were maintained in culture under selection
with 3 pg/ml puromycin. GPC1 expression was monitored by flow cytometry over time (Figure 33).
After 28 days of selection, the percentage of GPC1-positive cells reached a plateau, and a western
blot was performed to evaluate GPCI1 expression in order to validate the flow cytometry results
(Figure 34). The specific bands corresponding to GPC1 were observed in the positive control

(BxPC-3 cells) and T-GPC1 PANCO2 cells at the expected molecular weight of 55-60 kDa.
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Additional bands above 75 kDa were detected in all samples, likely reflecting non-specific antibody
binding or minor protein modifications. Importantly, these additional bands did not interfere with

the interpretation of the specific GPC1 signal.

GPC1 expression on T-GPC1 PANCO02
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Figure 33. Increase in Glypican-1 (GPC1) expression under puromycin selection. PANCO02 transfected with the vector
VB2hGPC1b were maintained under constant selection with puromycin, and GPC1 expression was analyzed by flow cytometry over

time.
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Figure 34. Western blot analysis of Glypican-1 (GPC1) protein in GPCl-positive cancer cell lines (BxPC-3, T-GPC1
PANCO02), GPC1- negative cancer cell lines (Jurkat, WT PANCO02). Commercial polyclonal anti-GPC1 was employed at a

concentration of 0.33 pg/ml. GAPDH protein was analyzed as housekeeping gene at a concentration of 0.11 pg/ml.
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To assess whether the vector had stably integrated into the genome, flow cytometry analysis was
also performed after removing puromycin selection for one month. The results indicated that stable
integration likely occurred, as the percentage of GPC1-positive PANCO02 cells remained comparable
to that of cells continuously maintained under puromycin selection. Given the possibility of stable
integration, we next investigated whether this could affect cellular morphology or growth capacity.
Microscopic analysis revealed no significant morphological differences between WT PANCO02 and
T-GPC1 PANCO2 cells (Figure 35). Furthermore, cell proliferation was monitored at each passage,
and then the doubling time was calculated (Figure 36). No significant differences were observed
between the WT PANCO02 and T-GPC1 PANCO02 cells in terms of growth capacity. These findings
suggested that stable integration of the vector does not alter cell morphology or proliferation
capacity, indicating that the T-GPC1 PANCO02 could be employed to develop a syngeneic mouse
model of GPCl1-expressing PDAC.

Figure 35. Morphology of (A) WT PANCO02 and (B) T-GPC1 PANCO02. The cell images were captured using a light microscope
at 15X magnification.
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Cell doubling time:
WT PANC-02 vs T-GPC1 PANCO02
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Figure 36. Cell doubling time. The table and the graph represent the doubling time of WT and T-GPC1 PANCO02. Statistical

analysis was performed using t test: p value >0,05.

After the in vitro validation of the T-GPC1 PANCO02 model, the T-GPC1 PANCO02 syngeneic
mouse model was set up. Specifically, one million of these cells were inoculated into the right flank
of C57BL/6 mice, and their growth was assessed in vivo. One month after tumor mass development,
the mice were sacrificed, and the tumors were excised for immunofluorescence analysis to
determine whether GPC1 expression was maintained in T-GPC1 PANCO02 tumor mass cells. These
ex vivo experiments confirmed that GPC1 remained expressed in vivo for at least one month, while

it was not detected in mice inoculated with WT PANCO2 cells (Figure 37).

GPCl Ab 11

WT PANCO02

T-GPCI1 PANCO02

Figure 37. Immunofluorescence staining of ex vivo tumor tissues derived from Wild type (WT) and transfected (T-GPC1)
PANCO02 cells, showing GPC1 expression. GPC1 protein is visualized in green, while cell nuclei are counterstained in blue (DAPI).

WT PANCO2 cells were used as a negative control, confirming the specificity of GPC1 detection.
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5.6 In vivo studies of the NP-based Cancer Vaccine

5.6.1 Detection of specific anti-GPC1 IgG antibodies in mouse serum

5.6.1.1 In vivo vaccination via SC administration

To investigate the immunogenicity of the chimeric protein and the capability of the PLGA/PVA
NPs of further enhancing its immunogenicity, a vaccination protocol with SC administration of the
protein was set up in vivo in C57BL/6 mice. Four groups of mice, of 6 mice each, were vaccinated
subcutaneously with 50 ug per dose of GPC1-FL, either in free form or encapsulated in PLGA/PVA
NPs (GPCI1-FL-loaded PLGA/PVA NPs), as well as with empty PLGA/PVA NPs or PBS as
controls. In detail, treatment with free GPC1-FL was performed to understand if the chimeric
protein can be immunogenic; treatment with GPC1-FL-loaded PLGA/PVA NPs was performed to
investigate the possible improvement due to the NPs delivery. A first control was represented by
treatment with empty PLGA/PVA NPs to evaluate a possible nonspecific effect due to polymers or
NP formulation, and PBS treatment was the negative control. According to the protocol, at day 0,
the mice were alternatively vaccinated subcutaneously with GPC1-FL-loaded PLGA/PVA NPs, free
GPCI1-FL, empty PLGA/PVA NPs or PBS. Then they received a booster dose at day 14. Moreover,
blood was collected at day O (before starting the immunization), 14, 21, 28, and 35 for serum
preparation and antibody quantification by ELISA test (Figure 38). The first blood collections after
day 0 were performed on day 14, prior to the booster dose, since IgG antibodies typically become

detectable starting from the second week post-immunization.

o
o ¥
L & o
o & 4 -9
& & ie°° < < s S &
RS & & & & S
N IS N N N d
& @& & e Qo o 9 &
> .8 R <© G < <
o & S L k) > > 9
& & & & & S
& Y R 82 &Y R
| | | | ] |
I | I I I 1
day 0 day 14 day 21 day 28 day 35 day 39

Figure 38. Schedule of the subcutaneous (SC) vaccination. Timeline of the experimental protocol illustrating the schedule of SC

vaccinations, blood collection time points, and tumor cell inoculation in mice.
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After the obtainment of serum preparation from blood samples for each time-point, the ELISA test
was performed in which the four treatment groups GPC1-FL-loaded PLGA/PVA NPs, free GPC1-
FL, empty PLGA/PVA NPs, and PBS were compared to evaluate the absorbance at 450 nm
corresponding to the anti-GPC1 IgG concentrations. Both the GPC1-FL-loaded PLGA/PVA NPs
group and the free GPCI1-FL group showed a significant increase in absorbance at 450 nm starting
from day 14 to day 28, compared to day 0 in which all groups showed negligible antibody titers. Of
note, from day 28 to day 35 there was a decrease in the absorbance values for both GPC1-FL-
loaded PLGA/PVA NPs and free GPC1-FL groups. On the other hand, consistently with the
absence of the vaccine, both empty PLGA/PVA NPs, and PBS did not show significant increases in
absorbance values during the time of the vaccination protocol. Consistently, both GPC1-FL-loaded
PLGA/PVA NPs and free GPCI-FL groups significantly showed higher absorbance values
compared to empty PLGA/PVA NPs and PBS groups starting from day 14. Notably, the increase in
absorbance signal was significantly higher at day 14 for the free GPC1-FL group compared to the
GPCl1-FL-loaded PLGA/PVA NPs, whereas the absorbance signal for the GPCI1-FL-loaded
PLGA/PVA NPs became significantly higher at day 21, then continuing to be higher until day 35
(Figure 39).
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Figure 39. Anti-Glypican-1 (GPC1) IgG titer following Subcutaneous (SC) Immunization. ELISA results showing the detection
over time of anti-GPC1 IgG antibodies in mouse serum following SC administration of (A) PBS, (B) empty PLGA/PVA NPs, (C)
free GPC1-FL protein, and (D) GPC1-FL-loaded PLGA/PVA NPs (D). Graph (E) summarizes and compares the antibody responses
elicited by the four different treatments. Statistical analysis was performed using one-way and two-way ANOVA: ns: > 0.05; **: 0.01

<p<0.001; ***%: 0.001 <p < 0.0001; ****: p <0,0001.
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5.6.1.2 In vivo vaccination via OS administration

Since the GPCI1-FL protein proved to be immunogenic, as defined by the increase in absorbance
450 nm signal by ELISA, and PLGA/PVA NPs were able to further enhance this signal, the next
step was to evaluate whether PLGA/PVA NPs could successfully deliver the chimeric protein
GPCI1-FL to the intestine and induce a specific anti-GPC1 IgG response.

In vivo experiments to investigate the possible employment of GPC1-FL-loaded PLGA/PVA NPs
for OS vaccination were performed using 4 groups of mice, composed of 6 mice each, in which the
same preparation of NPs used previously was administered via OS gavage. Therefore, mice
received 50 pg per dose of GPCI1-FL, in its free form or encapsulated in PLGA/PVA NPs, and
empty PLGA/PVA NPs or PBS as negative controls. The vaccination and the blood collection were
carried out using the same conditions and scheduling as in the SC protocol (Figure 40), in order to

allow direct comparison between the SC and the OS administration.
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Figure 40. Schedule of the oral (OS) vaccination. Timeline of the experimental protocol illustrating the schedule of OS

vaccinations, blood collection time points, and tumor cell inoculation in mice.

ELISA showed that the administration of the free GPCI1-FL protein did not induce a significant
increase in absorbance at 450 nm, with values comparable to those of the empty PLGA/PVA NPs
and PBS negative controls (Figure 41). In contrast, a significant increase in the absorbance was
detected for the group of mice treated with GPC1-FL-loaded PLGA/PVA NPs as early as day 14,
remaining stable at day 21 before rising further at days 28 and 35 (Figure 41). However, when mice
undergoing SC and OS administration were compared, serum samples of mice in which GPCI1-FL-
loaded PLGA/PVA NPs were orally administered showed significantly lower absorbance signals

compared to mice that received the SC treatment (Figure 42).
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Figure 41. Anti-Glypican-1 (GPC1) IgG titer following oral (OS) immunization. ELISA results showing the detection over time

of the anti-GPC1 IgG antibodies in mouse serum following OS administration of (A) PBS, (B) empty PLGA/PVA nanoparticles
(NPs), (C) free GPCI-FL protein, and (D) GPC1-FL-loaded PLGA/PVA NPs. Graph (E) summarizes and compares the antibody

responses elicited by the four different treatments. Statistical analysis was performed using one-way and two-way ANOVA: ns: >

0.05; *: 0.05 <p <0.01; ¥*¥: 0.01 <p <0.001; ***: 0.001 <p<0.0001; ****: p <0,0001.
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Figure 42. Anti-Glypican-1 (GPC1) IgG titer following subcutaneous (SC) and oral (OS) immunization. The graphs compare
the anti-GPC1 IgG titers elicited by (A) PBS, (B) empty PLGA/PVA NPs, (C) free GPC1-FL, and (D) GPC1-FL-loaded PLGA/PVA
NPs after SC and OS administration. Statistical analysis was performed using two-way ANOVA: ns: > 0.05; ****: p <0,0001.

5.6.2 Mouse survival

5.6.2.1 SC administration

After the evaluation of the anti-GPC1 IgG response induced by mouse vaccination, the next step
was to determine whether the immunization could also affect tumor prevention in a PDAC model
that expresses the human GPCI. To this end, subcutaneously immunized mice were injected in the
right flank with T-GPC1 PANCO2 cells 25 days after the booster dose (day 39 of the schedule).
Tumor growth was monitored over time, and animals were sacrificed upon reaching the humane
endpoint (when the tumor dimension exceeded 12 mm in one axis, or it had an ulcer). Finally, the
median survival time was studied by Kaplan-Meier estimator (Figure 43). At the experimental
endpoint, median survival times were 43 days for PBS-treated mice, 29 days for mice receiving
empty PLGA/PVA NPs, 27 days for those immunized with the free form of GPC1-FL, and 53 days
for mice vaccinated with GPC1-FL-loaded PLGA/PVA NPs. The median survival of GPCI1-FL-
loaded PLGA/PVA NPs treated mice was significantly higher than that of PBS-treated mice (p =
0.0134). On the other hand, there was no significant difference between empty PLGA/PVA NPs
and the PBS-treated group (p = 0.1217). Of note, the median survival of GPCI-FL-loaded
PLGA/PVA NPs treated mice was significantly higher than that of empty PLGA/PVA NPs treated
mice (p = 0.0037), whereas there was no significant difference between free GPC1-FL and empty

PLGA/PVA NPs treated mouse groups (p = 0.1750). Finally, it is noteworthy that the median
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survival of GPCI1-FL-loaded PLGA/PVA NPs treated mice was significantly higher than that of
free GPC1-FL-treated mice (p = 0.0037). However, mice immunized with free GPC1-FL protein
displayed reduced survival compared with all other groups, suggesting possible toxicity due to rapid

systemic exposure, excessive immune activation, or local inflammatory reactions at the injection

site.
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Figure 43. Mouse survival after subcutaneous (SC) GPC1-FL vaccination in a GPCl-expressing PDAC model. Mice were
subcutaneously vaccinated with either free GPC1-FL or GPC1-FL-loaded PLGA/PVA NPs. Negative controls included PBS and
empty PLGA/PVA NPs. Following inoculation with T-GPC1 PANCO2 cells, tumor growth and survival were monitored. Survival

curves were analyzed by the Kaplan-Meier estimator, and p-values were calculated using the log-rank test.

To confirm that the murine model was effective and that the improved survival observed in mice
immunized subcutaneously was due to the immune system recognizing GPC1 expressed on tumor
cells, immunofluorescence analyses were performed on tumor tissues. After mouse sacrifice, tumor
masses derived from T-GPC1 PANCO02 cells were collected, embedded, and sectioned for
immunofluorescence staining to verify GPC1 expression ex vivo (Figure 44).

This analysis was carried out on tumors from all treatment groups immunized subcutaneously, thus
mice that received PBS, empty PLGA/PVA NPs, free GPC1-FL, and GPCI1-FL-loaded PLGA/PVA

NPs. The results showed that the tumor samples from all treatment groups retained GPClI
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expression. This finding confirms that the murine model was successfully established. Moreover,
this result was in keeping with the reduced tumor growth observed in mice vaccinated
subcutaneously with GPC1-FL-loaded NPs, thus suggesting a specific GPCl-targeted immune
response, as defined by the production of anti-GPC1 antibodies.
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Figure 44. Representative ex vivo immunofluorescence analysis showing GPC1 expression in tumor masses derived from T-
GPC1 PANCO02 cells from mice immunized subcutaneously. Blue represents nuclei, and green indicates GPC1 expression. The

anti-GPC1 antibody was used at a concentration of 6.8 pg/mL. Scale bar: 100 um.
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5.6.2.2 OS administration

Using the same scheduling and experimental conditions applied to mice receiving T-GPC1PANCO02
after SC immunization, the orally immunized mice were also injected with T-GPC1 PANCO02 cells
25 days after the booster dose (day 39 of the scheduling) and then subjected to survival analysis.
The median survival times were 37 days for mice receiving PBS, 37 days for those treated with
empty PLGA/PVA NPs, 40,5 days for mice administered with the free GPC1-FL, and 43 days for
those vaccinated with GPC1-FL-loaded PLGA/PVA NPs (Figure 45). In contrast to what was
observed for the SC administration, there was no significant difference in terms of survival among

the different mouse treatment groups.
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Figure 45. Mouse survival after oral (OS) GPC1-FL vaccination in a GPCl-expressing PDAC model. Mice were orally
vaccinated with either free GPC1-FL or GPC1-FL-loaded PLGA/PVA NPs. Negative controls included PBS and empty PLGA/PVA
NPs. Following inoculation with T-GPC1 PANCO02 cells, tumor growth and survival were monitored. Survival curves were analyzed

by the Kaplan-Meier estimator, and p-values were calculated using the log-rank test.

Again, the immunofluorescence analysis was performed on tumor tissues from mice immunized

orally, confirming that GPC1 expression was also maintained in these tumor samples (Figure 46).
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Figure 46. Representative ex vivo immunofluorescence analysis showing GPC1 expression in tumor masses derived from T-
GPC1 PANCO2 cells from mice immunized orally. Blue represents nuclei, and green indicates GPC1 expression. The anti-GPC1

antibody was used at a concentration of 6.8 pg/mL. Scale bar: 100 pm.

In addition, the survival curves of mouse groups treated with the same formulation or control were
compared (Figure 47). The median survival of mouse groups that received the GPC1-FL-loaded

PLGA/PVA NPs subcutaneously was significantly higher than the median survival of mouse groups
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undergoing OS administration with GPC1-FL-loaded NPs (p = 0.0051). Moreover, the free GPC1-
FL is safer after the OS administration compared to the SC (p = 0.0006). On the other hand, for
both empty PLGA/PVA NPs and PBS treatments, there was no significant survival difference
between mouse groups undergoing SC and OS administrations (p = 0.2415 and p = 0.3360,

respectively).
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Figure 47. Survival curves of mice after oral (OS) or subcutaneous (SC) administration of the vaccine. Following inoculation
with T-GPC1 PANCO02, survival of mice vaccinated with free GPC1-FL or GPCI1-FL-loaded PLGA/PVA NPs was compared
following SC or OS administration. PBS and empty PLGA/PVA NPs were used as negative controls. Survival curves were analyzed

by the Kaplan-Meier estimator, and p-values were calculated using the log-rank test.

5.6.3 In vivo Safety profile of free GPC1-FL and GPC1-FL-loaded PLGA/PVA
NPs

All mice were weighed before vaccination, and their weight was monitored over time. Body weight
remained stable throughout their lifespan. Moreover, no signs of stress, such as alopecia or

abnormal behavior, were observed.
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6 DISCUSSION

In the present thesis, we proposed the use of PLGA/PVA NPs as a carrier to protect and deliver a
chimeric protein targeting GPC1 for PDAC treatment through either SC or OS administration
[2,232]. Specifically, we engineered the chimeric protein GPCI-FL to be used as a protein-based
cancer vaccine, and we produced PLGA/PVA NPs as an adjuvant component of the vaccine also
useful for the delivery of the GPCI-FL protein and the preservation of its integrity in the
gastrointestinal tract. In a syngeneic mouse model of human GPCI1-expressing PDAC, we showed
evidence of the immunogenicity of the GPC1-FL chimeric protein being capable of eliciting a
specific anti-GPC1 IgG antibody response when subcutaneously administered. Moreover, we
demonstrated that encapsulating GPC1-FL within PLGA/PVA NPs enhances the immunogenicity
of the vaccine formulation, as evidenced by the higher anti-GPC1 IgG antibody titers observed after
both SC and OS administration compared to the free GPC1-FL. This improved immune response
was also associated with reduced tumor growth and increased mouse survival following SC
administration. Therefore, we demonstrated both in vitro and in vivo that the PLGA/PVA NPs are
able to protect the GPC1-FL during gastrointestinal transit and promote its delivery to the intestinal
immune system after OS immunization. However, the observed immune response in the case of OS
administration of the GPC1-FL-loaded PLGA/PVA NPs vaccine formulation was not sufficient to
significantly delay tumor progression or improve survival in mice using the same administration

scheduling that we employed for the SC route.

PDAC is the most common form of pancreatic cancer and one of the deadliest malignancies [2]. Its
poor prognosis is mainly due to late diagnosis and to the limited effectiveness of available
treatments. Indeed, current therapies are not sufficient to counteract this kind of cancer, and
immunotherapy can be a strategy to support them [7-9,43]. In the context of immunotherapy,
cancer vaccines represent a promising strategy to stimulate the immune system to recognize tumor
cells and mount an effective response against them. An attractive target antigen for a PDAC vaccine
is GPC1, a proteoglycan highly expressed on PDAC cells but absent or only weakly expressed in
benign lesions and normal tissues [2,32,43].

However, TAAs such as GPCI are generally less immunogenic than TSAs. For this reason, it is
crucial to include adjuvants in the vaccine formulation to enhance the immune response. In the
setting of both SC and OS vaccine administration, FL from Salmonella typhi may serve as a potent
adjuvant, as it is recognized by TLRS, thereby activating innate immunity and promoting the

induction of strong adaptive responses [178,180,181].
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One of the aims of the project is to create an OS vaccine. However, as demonstrated by our results,
after OS administration, GPC1-FL will be degraded in the stomach and intestine before it can be
taken up by the intestinal epithelium. Under these conditions, the likelihood of its efficacy as an OS
vaccine is very low. Therefore, it is necessary to encapsulate the GPC1-FL protein in a system
capable of protecting it from the harsh conditions of the gastrointestinal tract [232]. Consequently,
the goal is to obtain a NP platform able to protect the chimeric GPC1-FL in the gastrointestinal
tract, promote its internalization by intestinal epithelium, and improve a specific immune response
against GPC1. For the NP preparation, we have chosen PLGA because it is a biocompatible and
biodegradable copolymer, and it is already approved by the FDA and EMA for biomedical
applications [191]. The PLGA NPs need to have an average D(h) of approximately 200 nm, which
promotes uptake by intestinal epithelium, a low Pdl, and a strongly negative zeta potential to
prevent NP aggregation. To this end, NPs were produced using the microfluidic nanoprecipitation
method, which ensures highly controlled conditions [209]. Compared to conventional bulk
methods, microfluidic offers higher reproducibility, precise control over particle size distribution,
and scalability, making it particularly suitable for biomedical applications [207,208,213]. To obtain
the desired NPs, it is essential to consider the microfluidic experimental conditions, in particular the
FRR and the TFR. The FRR refers to the ratio between the flow rates (or volumetric flows) of two
or more fluids introduced into a microchannel, while the TFR represents the total flow rate of all
fluids entering the microfluidic device. Both FRR and TFR are critical parameters for controlling
NP size. Specifically, increasing the FRR generally leads to smaller particles. Similarly, a higher
TFR typically results in greater shear forces, which can reduce particle size and increase formation
frequency. Moreover, the FRR can influence the amount of encapsulated material and the stability
of the NPs [207].

In the first step of the project, we prepared empty PLGA and PLGA/PVA NPs to study the stability
of the polymers. The results demonstrate the role of PVA as a stabilizing agent in maintaining NP
integrity [198]. Indeed, PLGA NPs are not stable over time, and under simulated physiological
conditions of the stomach and intestine. On the other hand, the stability data suggest that
PLGA/PVA NPs, since they exhibit an acceptable degree of stability, represent a strategy for the
OS delivery of the chimeric GPC1-FL protein. Indeed, the PLGA/PVA NPs demonstrated that they
maintain their stability and therefore they can protect the GPC1-FL protein from the harsh pH and
enzymatic conditions of the stomach and the intestine [198,232]. Consequently, thanks to this
nanoplatform, GPC1-FL would reach the intestinal tract in its intact form, where it could be

internalized by the intestinal epithelium and recognized by the intestinal immune system cells.
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Furthermore, we prepared BSA-FITC-loaded PLGA/PVA NPs to investigate whether these NPs
affect protein internalization in an in vitro model of intestinal epithelium [233]. Before that, we also
evaluated the biocompatibility of the polymers with the in vitro model of intestinal epithelium and
APCs [234].

The results demonstrated that PLGA/PV A NPs are biocompatible and improve the internalization of
a protein compared to its free form, representing an advantage for enhancing its delivery across the
intestinal barrier. This is particularly relevant given the physiological role of M cells, which are
specialized epithelial cells located in the Peyer’s patches of the GALT [99,102]. M cells are
primarily involved in activating the intestinal immune system as they capture luminal particles,
antigens, microbes, and macromolecules, and transcytose them intact to immune cells residing in
their characteristic basolateral pocket. There, DCs are activated, leading to antigen presentation, T
lymphocytes priming, and B lymphocytes stimulation for antibody production [99,102]. Therefore,
increasing the amount of protein transported through M-cell-like models suggests a potential
improvement in mucosal immune activation [99,102], highlighting the relevance of PLGA/PVA
NP-based delivery systems in promoting efficient protein uptake.

To test the immunogenicity and efficacy of the vaccine GPCI1-FL-loaded PLGA/PVA NPs,
immunocompetent mice were required. For this purpose, C57BL/6 mice were used [235]. The aim
was not only to observe whether the anti-tumor vaccine induces the production of specific anti-
GPCI IgG antibodies in the mouse serum [236,237], but also to determine whether these antibodies,
and more in general the immune response induced by the vaccine, can prevent the development of
PDAC in these mice. Therefore, we established a syngeneic mouse model of PDAC engineered to
express the human GPCI.

First, mice were subcutaneously vaccinated with either free GPCI1-FL protein or GPCI1-FL
encapsulated in PLGA/PVA NPs, and empty PLGA/PVA NPs or PBS as negative controls. This
experimental design allowed us to assess the intrinsic immunogenicity of the GPCI-FL protein and
to evaluate whether NP encapsulation provides an advantage in terms of enhancing the immune
response compared to the free protein. We immunized mice at day 0 and day 14, and we checked
the antibody response at days 14, 21, 28, and 35 of the schedule [236,237]. We observed a clear
time-dependent effect: the antibody response increased following vaccination with both the free and
the encapsulated protein over time but began to decline by day 35. Furthermore, the PLGA/PVA
NP formulation consistently enhanced the antibody response compared to the free protein.

These data demonstrated that the GPC1-FL protein is immunogenic, as it elicits a strong anti-GPC1
IgG response, and that PLGA/PVA NPs can enhance the immunogenicity [236,237]. However, it is
necessary to highlight that in both the free protein and the NP formulations, the antibody response

87



started to decline by day 35. This suggests that the current dose and booster regimen may not be
sufficient to sustain the response over time [238]. Therefore, further studies will be conducted to
optimize the vaccination schedule.

After validating the immunogenicity of the GPCI-FL protein and the role of PLGA/PVA NPs, we
investigated whether GPC1-FL-loaded PLGA/PV A NPs were also able to immunize mice following
OS administration. This aim was particularly relevant because previous in vitro studies performed
using SDS-PAGE showed that GPC1-FL undergoes degradation after incubation for one hour at
37°C in SGF and SIF buffers [232], due to the pH and enzymatic activity present in these
environments. Therefore, the goal of the NPs is to protect the GPCI1-FL vaccine in the
gastrointestinal tract and elicit a specific immune response, enabling OS administration, which
offers advantages for both patients and healthcare providers in terms of compliance, convenience,
and cost.

OS administration revealed that free GPC1-FL protein did not elicit any detectable anti-GPC1 IgG
response. This confirms that, due to its extensive degradation once it reaches the stomach and
intestine, the resulting fragments are unable to retain the conformational or linear epitopes
necessary for activation of the immune system [232]. In contrast, an anti-GPC1 IgG signal was
detected when the protein was administered encapsulated in PLGA/PVA NPs. These findings
demonstrate that PLGA/PV A NPs significantly enhance the immunogenicity of the chimeric protein
GPCI1-FL after OS administration. The PLGA/PVA NPs protect the protein from enzymatic and
acidic degradation, improving its stability and facilitating its uptake at the intestinal level, leading to
the activation of APCs in the GALT, ultimately promoting a specific anti-GPC1 IgG antibody
response. Notably, unlike the SC immunization, antibody levels did not decrease at day 35
following OS administration of the GPC1-FL-loaded PLGA/PVA NPs. This could be explained by
a more gradual and prolonged release of the protein, ensuring a sustained antigen presentation to the
intestinal immune system that led to the maintenance of the antibody response over time or the
activation of memory B cells [239,240].

However, it must be observed that, although the anti-GPC1 IgG levels obtained with the OS NP-
based vaccine were markedly higher than those induced by the free protein, they remained lower
compared to the antibody titers achieved after SC vaccination with either free or encapsulated form
of the protein GPCI-FL. Thus, although PLGA/PVA NPs effectively protect GPCI-FL in the
gastrointestinal tract and enhance its immunogenicity, the antibody response they elicit remains
significantly lower compared to parenteral delivery.

Finally, we investigated whether the anti-GPC1 IgG titers observed after SC and OS vaccination

affected tumor growth and mouse survival [241]. To this end, mice were injected with T-GPC1
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PANCO2 cells to establish a PDAC tumor expressing the human GPC1. We observed that the
survival in the group that received the GPCI1-FL-loaded PLGA/PVA NPs subcutaneously is
statistically higher compared to the other groups. Indeed, this group exhibited the highest survival
rate among all tested conditions. This increased survival reflects the higher anti-GPC1 IgG titer
measured by ELISA test. These findings indicate that SC delivery of GPC1-FL-loaded PLGA/PVA
NPs not only enhances the induction of specific anti-GPC1 IgG, but also prolongs mouse survival
[242]. Of note, mice immunized via SC injection with free GPC1-FL protein displayed significantly
reduced survival compared with all other groups, suggesting possible toxicity due to rapid systemic
exposure, excessive immune activation, or local inflammatory reactions at the injection site [243].
On the other hand, the anti-GPC1 IgG titer elicited following OS administration of GPC1-FL-
loaded PLGA/PV A NPs was insufficient to delay tumor growth and extend survival significantly.

A cross-comparison was performed between the same treatments delivered subcutaneously or orally
in terms of survival. Mice receiving PBS or empty PLGA/PVA NPs showed comparable median
survival, regardless of the route of administration. Conversely, mice injected subcutaneously with
the free protein exhibited a significantly shorter survival compared to those receiving it orally,
possibly due to systemic effects associated with the SC administration [76,243]. Finally, mice
treated with protein-loaded NPs subcutaneously displayed an increased survival compared to their
orally immunized counterparts, whose survival remained like that of the PBS group. This finding
also indicates that, although orally delivered NPs failed to delay tumor growth, they did not exhibit
any detectable toxicity at the administered doses [244,245].

We have chosen to develop a protein-based cancer vaccine because this approach is relatively safe,
easy to produce, and capable of inducing strong humoral responses, even if it often requires
adjuvants to enhance immunogenicity and may be less effective in generating cytotoxic T-cell
responses compared to other platforms, such as nucleic acid vaccines, particularly mRNA vaccines
[246]. Indeed, the latter have recently gained attention due to their ability to induce both humoral
and cellular immune responses, and mRNA vaccines in particular benefit from rapid manufacturing
and flexibility in antigen design [247]. On the other hand, we have not considered viral vector-
based vaccines because of safety concerns, and we excluded cell-based vaccines, such as dendritic
cell vaccines, due to their high cost and labor-intensive production, making large-scale application
unrealistic [248].

The validity of using peptides and proteins as a platform for cancer vaccines is further supported by
clinical studies. Several peptide-based vaccines have been investigated for PDAC, showing

promising immunogenicity and potential clinical benefit. GV1001, a 16-amino-acid peptide derived
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from the catalytic subunit of human telomerase reverse transcriptase (hTERT), has been shown to
elicit robust CD4+ and CD8+ T cell responses and to be effectively recognized by antigen-
presenting cells. In early Phase I/II trials, 50-80% of PDAC patients developed GV1001-specific T
cell responses, which correlated with improved median survival. Notably, in advanced PDAC
patients with elevated eotaxin levels, combining GV1001 with chemotherapy led to better overall
survival and delayed disease progression compared to chemotherapy alone [249].

Other peptide-based strategies include vaccines using HLA-A2402-restricted peptides, which have
demonstrated promising activity in patients with advanced PDAC [249,250], and the ELI-002 2P
vaccine, which combines Amphiphile-modified mutant KRAS peptides (G12D and G12R) with a
CpG adjuvant designed to enhance lymph node delivery and immunogenicity. In the Phase I
AMPLIFY-201 trial, 84% of pancreatic cancer patients developed T cell responses, with six
patients showing declines in tumor biomarkers and a median relapse-free survival of 16.3 months
[251].

These findings indicate that peptide-based vaccines can induce clinically relevant immune
responses, though further studies are necessary to confirm their therapeutic efficacy.

Compared to other peptide- and protein-based cancer vaccines, such as GV1001, HLA-A2402-
restricted peptides, and ELI-002, our GPC1-FL vaccine differs in two main aspects. First, it is
delivered using PLGA/PVA NPs, which protect the antigen from degradation and allow controlled
release of the vaccine [252]. Second, this platform enables oral administration, a route not feasible
for conventional vaccines, which are typically administered subcutaneously or intradermally
[246,249-251]. However, while our data demonstrate that NP encapsulation induces a specific anti-
GPCI1 IgG response after oral administration, the magnitude of this response remains lower
compared to subcutaneous delivery. Nonetheless, PLGA/PVA NPs also enhance the
immunogenicity of the protein following subcutaneous administration, in which case the anti-GPC1
antibody response is robust enough to slow tumor growth in the murine model. These observations
indicate that the GPCI1-FL anti-tumor vaccine has potential, but the oral delivery remains a
limitation of our current approach and will require further optimization to achieve immune

responses comparable to those elicited by subcutaneous vaccination.
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7 CONCLUSIONS

In the present thesis, we aimed to obtain an OS nanotechnology-based vaccine platform as an
adjuvant therapy for PDAC prevention.

Therefore, we engineered the chimeric protein GPCI1-FL, combining the TAA GPC1l with
Salmonella typhi FL, to enhance its immunogenicity. Concurrently, PLGA/PVA NPs were
produced to protect the protein from the harsh gastrointestinal conditions and to facilitate its
delivery and interaction with the intestinal immune system.

Our results demonstrated that GPC1-FL is intrinsically immunogenic and that PLGA/PVA NPs
improve this immunogenicity: SC administration induced a specific anti-GPC1 IgG antibody
response, which was further enhanced when the protein was encapsulated in the NPs. On the other
hand, OS administration of the free protein failed to elicit a detectable immune response,
confirming the need for a protective delivery system to prevent enzymatic and acidic degradation in
the gastrointestinal tract. Encapsulation within PLGA/PVA NPs for the OS immunization preserved
the protein, promoted its uptake by intestinal epithelial cells, and activated B cells within the
GALT, resulting in an anti-GPC1 IgG response.

Despite these improvements, the immune response elicited by OS administration remained lower
than that achieved with SC vaccination. According to the antibody response, only SC delivery of
GPCI1-FL-loaded PLGA/PVA NPs produced a significant effect on tumor progression, slowing
tumor growth and prolonging survival. OS administration, while safe and non-toxic, did not
improve survival, indicating that further optimization of dose, administration frequency, or
formulation is necessary to achieve efficacy comparable to parenteral delivery.

In summary, the results of the present thesis showed evidence of: (i) the ability of the chimeric
GPCI1-FL protein to induce a specific immune response against GPC1; (ii) the critical role of
PLGA/PVA NPs in enhancing protein stability and immunogenicity in both OS and SC
administration; (ii1) the superior efficacy of SC delivery in controlling tumor growth and extending
survival; and (iv) the need for further studies to optimize OS vaccination. In detail, future studies
are needed to further investigate the immune response elicited by GPC1-FL-loaded PLGA/PVA
NPs, particularly T cell-mediated responses, and to optimize OS vaccination protocols, potentially
by increasing the dose or number of administrations over time, while avoiding the induction of
immune tolerance that could compromise vaccine efficacy.

These findings provide a foundation for the future development of NP-based cancer vaccines, with
potential applications not only in PDAC prevention but also in other types of cancer, as well as in
creating more effective and patient-friendly OS immunization strategies.
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