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Pancreatic cancer (PC) has a complex and unique tumor microenvironment (TME). Due to the physical barrier formed by the desmoplastic stroma, the delivery of drugs to the tumor tissue is limited. The TME also contributes to resistance to various immunotherapies such as cancer vaccines, chimeric antigen receptor T cell therapy and immune checkpoint inhibitors. Overcoming and/or modulating the TME is therefore one of the greatest challenges in developing new therapeutic strategies for PC. Nanoparticles have been successfully used as drug carriers and delivery systems in cancer therapy. Recent experimental and engineering developments in nanotechnology have resulted in increased drug delivery and improved immunotherapy for PC. In this review we discuss and analyze the current nanoparticle-based immunotherapy approaches that are at the verge of clinical application. Particularly, we focus on nanoparticle-based delivery systems that improve the effectiveness of PC immunotherapy. We also highlight current clinical research that will help to develop new therapeutic strategies for PC and especially targeted immunotherapies based on immune checkpoint inhibitors.
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INTRODUCTION
Pancreatic cancer (PC) is a highly aggressive cancer, with an average survival of about only 15 months and only 6%–8% of patients diagnosed with PC are still alive after 5 years. This is mainly because PC is highly invasive in nature and the diagnosis is often made at a very advanced stage of the disease (Cai et al., 2021; Wu and Cai, 2021). In addition—despite decades of extensive (clinical) research—the key biological aspects of rapid PC progression, metastasis and therapy resistance remain obscure (Effenberger et al., 2012; Wang et al., 2021). Furthermore, the rare and complex tumor microenvironment (TME) of PC is typically characterized by a desmoplastic stroma that accounts for more than 70% of the tumor volume and is predominantly composed of stromal cells and extracellular matrix (ECM). Stromal cells in PC mainly comprise endothelial cells, cancer-associated fibroblasts (CAF) and immune cells. The ECM includes laminin, glycosaminoglycan, integrin, matrix metalloproteinase (MMP) and collagen (Murakami et al., 2019). Due to its dense nature the stroma modulates numerous features of the TME such as angiogenesis, ECM deposition, and inflammatory responses which consequently contribute to poor treatment outcomes and patient survival (Chan-Seng-Yue et al., 2020).
Poor efficiency of chemotherapy in the treatment of PC is mainly attributed to the density of the TME, which does not allow drugs to sufficiently penetrate into the tumor tissue (Schizas et al., 2020). In this regard, therapy resistance is primarily a result of the pressure generated by the desmoplastic stroma on the blood and lymph vessels surrounding PC, resulting in low blood flow, hypoxia, and limited exchange of molecules. In addition, pancreatic stellate cells (PsC), hyaluronan, osteonectin and other factors such as angiostatin and endostatin present in the stroma slow down drug delivery. Soluble components of the TME, including various cytokines and growth factors, further enhance the crosstalk between the dense stroma and tumor cells. This eventually leads to atypical and widespread fibrosis and accumulation of ECM proteins associated with tumor growth and density development of the PC microenvironment (Bazzichetto et al., 2020; Moon et al., 2020). These include insulin-like growth factor, transforming growth factor β (TGF-β) and tumor necrosis factor α (TNF-α) which contribute to low drug delivery by promoting proliferation of PsC and stimulating ECM synthesis (Chan-Seng-Yue et al., 2020; Du et al., 2020).
The presence of various immune cells, both of the adaptive and innate immune system, as well as various immunoregulatory molecules which mainly exert immunosuppressive activity, further contribute to the complexity of the TME in PC. This facilitates immune evasion and thus promotes tumor progression (Ren et al., 2018; Wu and Cai, 2021). The immunosuppressive cells in the TME of PC are mainly tumor associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and tumor-infiltrating lymphocytes (TILs), which are composed of CD4+ T cells, CD8+ T cells, and FOXP3+ regulatory T cells (Tregs). TILs play an important role in the response to treatment, in which the presence of CD4+ and CD8+ T cells predicts increased survival whereas the elevated presence of FOXP3+ Tregs predict poorer outcomes (Ino et al., 2019; Murakami et al., 2019). Furthermore, other immune cells present in the PC microenvironment, such as neutrophils and natural killer (NK) cells also potentially display pro- or anti-tumor functions, respectively, and thus may contribute to survival outcomes (Huber et al., 2020).
Overall, the peculiarities of the TME in PC result in diminished oxygenation, desmoplastic stroma and eventually the spread of an immunosuppressive cancer, which facilitates treatment resistance to immunotherapy, targeted tumor therapy and chemotherapy (Murakami et al., 2019; Karamitopoulou, 2020). Recently, the use of immune checkpoint inhibitors (ICIs) and the development of cancer vaccination to reactivate the immune system in malignant diseases has led to a revival of cancer immunotherapy and shown promising results (Schizas et al., 2020). However, attempts to develop efficient PC-specific immunotherapy have fallen short of expectations. As with chemotherapy, the TME has been identified as a major bottleneck in immunotherapy too. Therefore, it is necessary to develop immunotherapeutic strategies that are able to penetrate the PC TME (Das et al., 2019; Fan et al., 2020). With regard to targeted delivery, nanoparticles have generally shown promising results in cancer therapy. In addition, nanoparticles have a long residence time and potentially minimal side effects and toxicities (Yang et al., 2021), thus possibly avoiding (immune) therapy-resistance of PC.
Nanoparticles (NPs) are nanometer-sized materials that have characteristics similar to biomolecules and can be modified to carry molecules to different biological sites and promote their interactions (Kim et al., 2010). An inherent property of NPs is their large surface to volume ratio, allowing their surface to be covered with several thousands to millions of drug molecules (Khan et al., 2019). NPs used for drug-delivery can be divided into three main groups: lipid-based, inorganic and polymeric. Lipid-based NPs (LNPs) are widely used in biomedicine due to their simple formulation, biocompatibility and bioaccessibility. As a result, therapeutic LNPs have been frequently approved by the FDA with liposomes being the most widely used. Inorganic NPs are often metal-based and include, amongst others, gold NPs and iron oxide NPs. Inorganic NPs are characterized by variable physical, electrical, magnetic and optical properties. For example, magnetic iron oxide NPs made of maghemite (Fe2O3) or magnetite (Fe3O4) have supermagnetic characteristics and have been successfully used as contrast molecules in magnetic resonance imagining (MRI) and as drug carriers. Recently, calcium ion nanomodulators based on CaCO3 or (Ca3(PO4)2) NPs have been developed for mitochondria-targeted multimodal cancer therapy (Zheng and Ding, 2022). It was shown that the combination of the PEG-coated curcumin-loaded calcium carbonate nanomodulator, PEGCaCUR, with ultrasound treatment induced robust immunogenic cell death (ICD) in a tumor-xenografted mouse model. Enhanced ICD was attributed to an increase in mitochondrial Ca2+ overload, along with subsequent upregulation of reactive oxygen species (Zheng et al., 2021). Polymeric NPs can be derived from natural or synthetic components, either monomers or preformed polymers. Their main characteristic is their ability to allow large formulations, that ensure adequate drug delivery. Due to their ability to deliver drugs to targeted sites at optimal doses, increased half-life in the blood, reduced toxicity and resistance to degradation by endogenous enzymes, NPs have attracted great interest in medicinal and pharmaceutical applications.
Overall, the use of NPs could address many of the weaknesses of modern anti-cancer therapy (Park et al., 2018; Khan et al., 2019; Mitchell et al., 2021). Comprehensive overviews on nanoparticle-based immunomodulatory strategies and their application in the therapy of various diseases including (metastatic) cancer, have already been provided elsewhere (Feng et al., 2019; Yu et al., 2020; Zhang et al., 2021). In the first part of the present review we summarize the challenges of immunotherapy specific to PC, briefly evaluating the shortcomings that could potentially be compensated using modern nanomedicine. In the second part we discuss clinical application of nanoparticle-mediated targeting in PC immunotherapy including an overview of current developments in NP-based drug delivery of immunomodulators and clinical trials in the field of NP-based immunotherapy.
ARTICLE TYPES
Narrative review.
CHALLENGES OF PANCREATIC CANCER IMMUNOTHERAPY
As described above, PC is characterized by its unique TME which is rich in stromal components also including myofibroblast, immune cells and growth factors that act as barrier and contribute to drug evasion (Feig et al., 2012). While chemotherapy has only shown moderate success and is associated with high toxicity (Marsh Rde et al., 2015; Christenson et al., 2020), many studies have been conducted on novel immunotherapeutic strategies, including ICIs, monoclonal antibody (mAb) therapy, adoptive cell transfer (ACT) including chimeric antigen receptor (CAR) T cells, vaccines, and other forms of immunotherapy. Potentially, PC immunotherapy could improve anti-tumor responses, decrease the immunosuppressive effects in the TME and, as a result, increase survival (Fan et al., 2020; Principe et al., 2021). However, despite exceptional results being observed in the immunotherapy of various other solid cancers such as melanoma, PC immunotherapy has fallen short of expectations thus far.
Immune checkpoint inhibitors
Tumor cells can exploit various negative immune checkpoint regulators (NCRs) expressed on different infiltrating cells present in the pancreatic TME in order to evade the immune response (Figure 1). For example, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), an NCR which, in addition to CD8+ cytotoxic T cells, is also expressed on Tregs. It displays high affinity to CD80 and CD86 and widely contributes to immunosuppression. In addition, programmed cell death 1 (PD-1) and PD-ligand 1 (PD-L1) play an important role in tumor immune evasion by blocking the activation of cytotoxic T cells (Johansson et al., 2016; Fan et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic representation of various immune checkpoint receptors and their respective ligands. Immune checkpoint molecules expressed on T cells bind to their respective ligands on APCs and/or tumor cells and trigger a negative or positive signal to T cells.
In recent decades, therapies based on the blockade of NCRs with blocking antibodies (Ab), often referred to as checkpoint inhibition, have been used to treat solid tumors such as melanoma and lung cancer. Blockade of NCRs or their ligands reactivates immune cells and increases the anti-tumor efficacy of the immune system (Emens and Middleton, 2015; Fan et al., 2020). Since the discovery of NCRs, many of these ICIs such as ipilimumab and tremelimumab (CTLA4 inhibitors), durvalumab and atezolizumab (PD-L1 inhibitors) as well as pembrolizumab and nivolumab (PD-1 inhibitors) have been successfully applied in the treatment of solid tumors (Chi et al., 2020; Principe et al., 2021). Monotherapeutic application of these checkpoint inhibitors in PC, however, did not show any promising results in clinical studies thus far (Li et al., 2021). Other clinical trials in phase I/II with atezolizumab in combination with other drugs are currently recruiting patients (NCT03829501 and NCT04820179) (Schizas et al., 2020). Furthermore, there is increasing research on other NCR molecules including the V-domain Ig-containing suppressor of T-cell activation (VISTA), lymphocyte activation gene 3 (LAG-3) and T-cell immunoglobulin and mucin-domain containing-3 (TIM 3) (Li et al., 2021). LAG-3 is expressed primarily on NK cells, B cells, CD4+, and CD8+ T cells, where it blocks T cell receptor signaling by binding with high affinity to MHC class II molecules, thereby decreasing anti-tumor T cell activity. LAG-3 has been found to be expressed on tumor-infiltrating T cells in PC, and its expression is associated with poor disease outcomes Consequently, clinical studies are investigating the inhibitory effect of LAG-3 in solid cancers (Maruhashi et al., 2020; Li et al., 2021; Seifert et al., 2021).
In PC, TIM-3 levels are much higher than in normal tissues, and its overexpression is correlated with more rapid disease progression, highlighting its immunosuppressive role. In addition, its ligand galectin-9 is known to induce the production of human leukocyte antigen B associated transcript 3 (BAT-3), which inhibits T cell function and promotes apoptosis. A phase I-II clinical trial against advanced solid tumors with a combination of anti PD-1 and anti-TIM-3 (NCT03744468) is currently recruiting patients (Peng et al., 2017; Popp et al., 2021).
Several studies have already demonstrated the importance of VISTA in PC (Blando et al., 2019; Hou et al., 2021). As a member of the B7 family and PD-L1 homologue, VISTA is expressed in PC, endothelial cells and T cells. This expression inhibits the effector functions of T cells by preventing the release of granzyme B from cytotoxic T cells as well as inhibiting the release of IL-2 from CD4+ T cells (Yasinska et al., 2020; Noubissi Nzeteu et al., 2022). Macrophages also express high levels of VISTA and are associated with the PC microenvironment where they are involved in the immunosuppressive effect of the TME (Blando et al., 2019). Furthermore, a significant decrease of metastatic PC nodules was observed after inhibition of VISTA in mouse models with liver metastasis (Hou et al., 2021). VISTA blockade is currently being tested in phase I clinical trials for the treatment of advanced and metastatic tumor disease (NCT05082610 and NCT04475523). Taken together, it is clear that blocking VISTA could be a potential immunotherapeutic strategy in PC.
Although immune checkpoint inhibition beyond conventional CTLA-4 or PD-1 blockade undeniably has substantial potential in PC treatment, it will remain difficult to reverse immunosuppression based on ICI monotherapy strategies alone. This is also attributed to the immune-related adverse effects (irAEs), which significantly contribute to late systemic toxicity. Unfortunately, irAEs appear to be largely dose-independent, thus lower doses do not necessarily reduce their adverse effects (de Miguel and Calvo, 2020). Additionally, ICI therapy is implicated with hyperprogression of the disease. In order to overcome these limitations, targeted strategies need to be developed. Here, targeted NP-delivery of ICIs has great potential at reducing irAEs (Li et al., 2021; Yang et al., 2021).
CAR T cells
T cells are the major immune cells that display anti-tumor activity. It is therefore crucial to reactivate tumor-infiltrating T cells to facilitate clearance of tumor cells. Promising research has been conducted in recent years on adoptive cell therapies (ACTs), which include the infusion of genetically modified T cells for the treatment of solid tumors: CAR T cell or TCR-modified T cell therapy. CAR T cell therapy has successfully improved the prognosis of patients with follicular lymphoma, mantle cell lymphoma and relapsed/refractory large B-cell lymphoma (Haydu and Abramson, 2021). However, in solid cancers the low proliferation and persistence of CAR T cells due to immune checkpoints such as the PD-1/PD-L1 pathway and physical barriers present in the TME, which slow CAR T cell penetration, is detrimental for the outcome of CAR-T cell therapy (Marofi et al., 2021). Strategies have been suggested to improve the efficacy and facilitate the delivery of CAR-T cells in solid cancers, one of which is the use of stimulator of IFN genes (STING) agonists. In a mouse model of breast cancer STING agonists yielded a higher anti-tumor activity and persistence of CAR-T cells. However, tumor regression was only observed when a PD-1 inhibitor was added (Sterner and Sterner, 2021; Xu et al., 2021).
Optimization of the target antigen is critical for the success of CAR T cell therapy. Mesothelin (meso) is a glycoprotein that is highly expressed in multiple cancers, including lung and PC, and is associated with degenerative disease outcomes. It is involved in cancer invasion and progression as well as cell adhesion. Six patients were treated in a phase I trial to assess the safety and efficacy of meso-CAR T cells. Two patients showed disease stability, with a progression free survival of 3.8 and 5.4 months, three patients had a stabilized metabolic active volume (MAV), while one patient experienced a reduction of 69.2% in MAV. (Beatty et al., 2018; Ali et al., 2019). Two clinical studies targeting mesothelin with CAR T cells (NCT04809766 and NCT03638193) are currently recruiting.
Nanotechnology is already widely used to stimulate the expansion of CAR T cells both in vivo and in vitro (Wang et al., 2020a) and nanoparticle-based delivery of immunomodulators has the potential to overcome immunosuppression in the TME and increase the effectiveness of CAR T cell therapy (Balakrishnan and Sweeney, 2021). However, despite the potential shown in pre-clinical models, it is not clear whether these approaches can surmount the considerable challenges posed in PC in terms of the physical exclusion of infiltrating T cells and their deactivation by the immunosuppressive PC TME.
Cancer vaccination
Cancer vaccines are currently being considered as a strategy to circumvent the aridity of PC treatment by promoting stimulation of the immune system against immunogenic cancer antigens such as tumor associated antigens (TAAs) and tumor specific antigens (TSAs) (Chi et al., 2020; Luo et al., 2020). Cancer vaccines have already shown promising results in clinical trials against solid cancers such as melanoma as well as breast, cervical and prostate cancer (Donninger et al., 2021).
In PC, however, only limited success has been observed so far, despite various different vaccination strategies currently in clinical trials. The major reason for vaccination failure in PC is the high variability of TAAs, which generally limits the induction of an efficient anti-tumor response, in combination with a largely immunosuppressive TME. Additionally, vaccines can often induce tumor-specific immune tolerance through Tregs (Fan et al., 2020; King et al., 2022).
In recent years, nucleic acid-based vaccination platforms have gained growing attention because they are inexpensive, carry inherent immunogenicity, and can be easily adapted (Qin et al., 2021). Nucleic acid-based vaccines, particularly mRNA, typically have to be delivered using an NP carrier such as lipid NPs. A DNA vaccine targeting the glycolytic enzyme and plasminogen receptor α-enolase (ENO1) was studied in two mouse models of PC, Kras(G12D)/Cre (KC) mice and Kras (G12D)/Trp53 (R172H)/Cre (KPC) mice. ENO1 DNA vaccination elicits humoral and cellular immune responses against tumors and delayed tumor progression, leading to significantly increased survival (Cappello et al., 2013; Cappello et al., 2018). Cancer vaccines based on mRNA have been successfully investigated in preclinical and clinical studies on various types of cancer, but only very few (pre) clinical studies focus particularly on PC (Huang et al., 2021; He et al., 2022). Nevertheless, a phase I clinical trial is currently being conducted to evaluate the safety and tolerability of mRNA5671/V941 when used as a monotherapy or in combination with pembrolizumab for patients with advanced or metastatic PC (NCT03948763) (Miao et al., 2021).
It remains to be seen whether current limitations of clinical effectiveness using vaccines for PC can be overcome in combination with ICIs. As with CAR T cell therapy, vaccination strategies are likely to be similarly impaired by the immunosuppressive and physical properties of the PC TME. Thus, targeting components within the TME is crucial in view of increasing the effectiveness of both immunotherapies as well as drug delivery. Recent advances in nanomaterials may serve as important tools to enable such targeting and are outlined in the following sections.
CLINICAL APPLICATION OF NANOPARTICLE-MEDIATED TARGETING IN PANCREATIC CANCER IMMUNOTHERAPY
Nanoparticle-based targeting strategies
NP-dependent cancer immunotherapy is based on different targeting strategies, including NPs that can directly target cancer cells, the TME or components of the peripheral immune system. Generally, targeting can be established via active or passive mechanisms (Figure 2) (Navya et al., 2019; Sun et al., 2020).
[image: Figure 2]FIGURE 2 | Schematic representation of active and passive targeting mechanisms. Active targeting is based on the presence of antibodies on the surface of the NP. In passive targeting, NPs mainly diffuse through leaky blood vessels and accumulate in the tumor tissue due to the EPR effect, while active targeting promotes the accumulation of NPs in the immediate vicinity of tumor cells. Formation of an antibody-antigen complex on the surface of cancer cells greatly facilitates endocytosis of the nanoparticles.
Due to the unique characteristics of solid cancers, including abnormal lymphatic function and defective vasculature, NPs are able to accumulate in cancer sites by an enhanced permeability and retention effect (EPR). This passive targeting mechanism allows the effective delivery of NPs to the tumor site but does not facilitate penetration of the cancer cells. Active targeting is based on the specific interaction. Thus, in active targeting, the surface of the NPs is either coated with a ligand or an antibody that recognizes cellular receptors or components of the TME (Figure 2). Active targeting can be used in combination with passive targeting, reinforcing the activity of the accumulated NPs. As a result, drugs carried in NPs have a prolonged duration at the cancer site and side effects are reduced (Alavi and Hamidi, 2019; Attia et al., 2019; Patel and Patel, 2019).
Most chemotherapy-carrying NPs currently on the market do not specifically target tumor cells. They reach the cancer site merely on the basis of leaky vasculature and accumulate on the basis of the EPR effect. Therefore, antibody-conjugated nanoparticles (ACNPs), as a method of targeted drug delivery in cancer treatment, has been discussed to be a more effective approach to eradicate cancer cells (Johnston and Scott, 2018; Attia et al., 2019). The concept of ACNPs is closely related to antibody-drug conjugates (ADCs). ADCs are mainly mAbs with a drug or toxin payload bound to the Fc region with the help of a linker, which enables targeted drug delivery (Figure 2) (Khongorzul et al., 2020; Etrych et al., 2022). To effectively deliver the drug to the tumor, three conditions must be met: firstly, the tumor cells must overexpress the target antigen in order to engulf the ADC; secondly, the side effects must be low, so the linker between the payload and the antibody must be insensitive; and thirdly, the ratio between drug and antibody must be optimally adjusted (Etrych et al., 2022). An analogous strategy is utilized by ACNPs, with the obvious difference that the transported drug is encapsulated in or bound to NPs. Compared to ADCs, ACNPs display higher drug-to-antibody ratios and can therefore deliver higher concentrations of therapeutic agents to cancer cells (Johnston and Scott, 2018; Juan et al., 2020a). Moreover, drug delivery can be better controlled with ACNPs, and toxicity of the drug is effectively reduced while preserving its chemical properties, since the environment is shielded from the drug transported within the NP. Similar to ADC, ACNPs bind to the target cells via antibody-antigen interactions. The ACNPs is then absorbed by an endosomal transport mechanism and the drug can be released into the cells (Figure 2) (Juan et al., 2020b). The above principles of nanoconjugate design could substantially increase the effectiveness of anti-cancer therapies for PC, be it in either targeting TME components and tumor-infiltrating cells or increasing the effectiveness of ICIs. These aspects are highlighted in the following sections.
Targeting of growth factors and growth factor receptors
A variety of growth factors are secreted into the TME of PC in large amounts and promote the accumulation of the ECM. NPs targeting growth factor receptors such as vascular endothelial growth factor (VEGF) have therefore shown increased efficacy in cancer therapy (Muntimadugu et al., 2017; Yao et al., 2020). The VEGF family consists of four members: VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGF-A is involved in most physiological and pathological processes, including the regulation of angiogenesis, vascular permeability and cell migration (Garcia-Sampedro et al., 2021). The receptors for VEGF-A are VEGFR1 and VEGFR2, where VEGFR2 has a low affinity for VEGF-A but, after binding to VEGF-A, the intracellular tyrosine kinase activity is ten times higher than for VEGFR1. VEGF-A, and VEGFR-2 are involved in mediating angiogenesis in tumor growth (Garcia-Sampedro et al., 2021). The anti-VEGF-A mAb bevacizumab, has already been approved for the treatment of colorectal and renal carcinoma (Hurwitz et al., 2004; Summers et al., 2010; Rosen et al., 2017). It is being combined with other therapies such as gemcitabine and atezolizumab, in phase Ib/II clinical trials for the treatment of PC (NCT03193190). Additionally, studies are being conducted to investigate the use of NPs targeting the VEGF signaling pathway in cancer therapy, including PC (Ambasta et al., 2011; Roacho-Perez et al., 2021).
TGF-β regulates various cellular, physiological and developmental processes as well as tissue homeostasis and repair. Impairment of TGF-β leads to many pathologies, including cancer, fibrosis and immune diseases (Shen et al., 2017; Liu et al., 2021). TGF-β is often overexpressed in PC and correlates with an advanced cancer state, rapid cancer growth, metastasis and, most importantly, poor prognosis (Shen et al., 2017). Clinical trials investigated the effect of the TGF-β inhibitor galunisertib, either alone or in combination with other therapeutic strategies, in the treatment of advanced or metastatic PC (Melisi et al., 2018; Melisi et al., 2021). Galunisertib as a monotherapy was found to display an increased probability of survival for PC patients (Gueorguieva et al., 2019). In combination with gemcitabine or durvalumab, overall survival was improved compared to gemcitabine or durvalumab alone (Melisi et al., 2021). Recently, a bifunctional TGF-β antagonist/IL-15 protein was enrolled in a phase Ib/II clinical trial and will soon start recruitment (NCT05304936). In addition, LY364947, a TGF-β inhibitor, was used in a mesoporous silica-based NP to reduce pericyte coverage of cancer vessels and thus enhance the delivery of gemcitabine, contained in a liposome-based NP, in a mouse model of PC which resulted in decreased tumor growth (Meng et al., 2013).
The epidermal growth factor receptor (EGFR), which is involved in cell differentiation, migration as well as cell growth, plays an important role in cancer growth and therapy resistance. Highly expressed in various solid cancers, including breast, colon, lung and PC, the EGFR promotes rapid mitosis and stamina in cancer cells (Shetty et al., 2021). Erlotinib, which was the first targeted chemotherapy drug to be approved for the treatment of metastatic PC, is an EGFR tyrosine kinase inhibitor (Grapa et al., 2019; Ayati et al., 2020). Recently, amivantamab, an anti-EGFR mAb, was approved by the FDA for the treatment of non-small cell lung cancer (NSCLC). In addition, a phase II clinical trial is ongoing to evaluate the toxicity and efficacy of a bispecific antibody targeting EGFR for the treatment of PC (NCT03269526) (Syed, 2021). An ADC containing an anti-EGFR antibody conjugated to a toxic agent, monomethyl auristatin E, has been developed and already demonstrated to be effective in killing PC cells (Li et al., 2019). Furthermore, an ACNPs therapy based on cetuximab, an anti-EGFR conjugated with an NP encapsulating the topoisomerase inhibitor camptothecin, showed a reduction in cancer growth in PC cell lines (McDaid et al., 2019).
Targeting of tumor-infiltrating cells
In addition to the above, the TME can be modulated by direct targeting of different immune cells, thereby manipulating the release of cytokines and chemokines involved in immunosuppression. NPs directly targeting T cells, dendritic cells (DCs) and TAMs have been considered as a potential strategy for cancer immunotherapy (Qian et al., 2018). Additionally, anti-cancer responses could be enhanced by ICI of NCRs either expressed on T cells, professional antigen presenting cells or cancer cells (Qian et al., 2018; Guevara et al., 2020; Yang et al., 2021). Drug delivery by NPs can also be used to modulate or reactivate dendritic cells and TAMs. In vitro, monocytes can either be differentiated into either M1, also called classical macrophages, with pro-inflammatory and anti-cancer activities, or M2, also called alternative macrophages, with anti-inflammatory and pro-cancer activities. TAMs often resemble an M2 phenotype and release anti-inflammatory cytokines and growth factors which promote cancer development. NPs directed at TAMs have the potential to reprogram the polarization of M2 macrophages in order to recruit M1 macrophages to cancer sites and thus enhance the pro-inflammatory and anti-cancer responses in the TME (Yang et al., 2021). In an orthotopic allograft model of PC, an interfering double-stranded RNA encapsulated in lipid calcium phosphate NPs induced the overexpression of pro-inflammatory cytokines and thus promoted polarization into M1 macrophages in the TME (Das et al., 2019). In addition, blocking the recruitment of monocytes to the tumor by targeting the CC-chemokine ligand 2 (CCL2)–CC-chemokine receptor, showed a reduction in tumor growth and less metastasis in a mouse model of PC (Sanford et al., 2013; Hu et al., 2019). In addition to macrophages, dendritic cells can be targeted by ACNPs via specific markers such as CD40 or CD11c triggering their activation and maturation. The activated and matured DCs stimulate T cells and thus facilitate anti-cancer immunity (Dominguez and Lustgarten, 2010; Cruz et al., 2014). In a mouse model of B16 melanoma, gold NPs with a modified form of cytosine-phosphorothioate-guanine oligodeoxynucleotides that elicit IgG responses were used to trigger DC activation (Lin et al., 2013). Moreover, an NP-based polyethylenimine mixed with the MDA5 ligand poly (I:C) promoted the recruitment of DCs to the PC microenvironment in a mouse model (Duewell et al., 2015).
The ability of NP-based strategies to modulate cells within the TME to promote their anti-cancer functions rather than immunosuppression is of particular importance to PC therapy in view of overcoming the current limitations of CAR T cell therapy and vaccination approaches mentioned earlier in this review.
Targeting of immune checkpoints
As mentioned earlier, ICs play an important role in healthy tissue, such as preventing autoimmune diseases and maintaining immune homeostasis. However, cancer cells exploit this mechanism to evade immune responses. ICI therapy alone has shown limited success but is at the same time associated with significant side effects in cancer, as their immunomodulatory effect is not limited to the tumor site. Thus, a combination with the targeting capabilities of NPs has attracted considerable attention (Tang et al., 2022).
Synergistic administration of an antibody targeting PD-1 and a CpG oligodeoxynucleotides loaded in mesoporous silica NPs successfully prevented cancer recurrence (Gupta et al., 2021). Similarly, a nanoparticle-based synergistic strategy was suggested that combines in situ vaccination using CpG and gene-mediated anti-PD therapy. In a tumor-bearing mouse model an amplified T cell response, together with enhanced NK cell infiltration were observed after this combined treatment (Hu et al., 2021b). Furthermore, local and targeted cancer immunotherapies using microneedles to deliver NPs were successfully tested in a melanoma mouse model. Here, microneedle patches containing dextran NPs loaded with anti-PD-1 antibodies and glucose oxidase were used to deliver checkpoint inhibitors to melanoma in a pH-dependent manner (Wang et al., 2016; Han et al., 2020). Moreover, a mouse breast cancer model using BMS-202 small molecule inhibitor of the PD-1/PD-L1 pathway loaded to NPs showed excellent results, as did anti PD-L1 drugs alone, including suppression of primary and distant tumor growth and attack as well as destruction of metastasized tumor cells (Zhang et al., 2019). In another study, near-infrared radiation combined with doxorubicin- and anti-PD-L1-conjugated gold NPs were shown to be effective against colorectal tumor cell lines by inhibiting cell proliferation and thus promoting apoptosis (Emami et al., 2019). Hyaluronic acid composite NPs, modified with 1-methyl-DL-tryptophan, a molecule that inhibits indoleamine-2, 3-dioxygenase, and loaded with an anti-PD-1 antagonist, were effective in a melanoma mouse model (Ye et al., 2016). In a different approach, NP encapsulating CTLA-4 siRNA showed a decrease in CTLA-4 expression and a suppression of tumor growth after systemic administration in a B16 melanoma mouse tumor model (Li et al., 2016). A phase I clinical trial to confirm the appropriate dosage of an mRNA encoding human OX40L, IL-23, and IL-36γ loaded LNP is currently underway for the treatment of solid tumor recurrence (NCT03739931). Additionally, as reviewed by Deal and colleagues, mRNA-encoded antibodies have also been developed for LNPs (Deal et al., 2021). This strategy allow LNP formulations to be used as a platform for the delivery of mRNA encoding -bi-specific antibodies or cytokines, called RiboMabs or Ribocytokines. Bispecific RiboMabs can target CD3 and TAAs and therefore bind T cells to cancer cells, leading to improved T cell-mediated antitumor activity (NCT04710043) (Guevara et al., 2020). Clinicals trials of LNPs encapsulating antibody-coding mRNA are currently being conducted in phase 1 and 2 to assess the preliminary efficacy and the appropriate dose of the drug (NCT05262530 and NCT04455620).
An siRNA targeting PD-L1 (siPD-L1) encapsulated in poly(lactic-co-glycolic acid) (PLGA) NP was recently used in a humanized mouse model of PC, effectively suppressing PD-L1 expression and resulting in a significant reduction in tumor progression (Jung et al., 2021). Similarly, in a syngeneic murine PC model, magnetic NPs loaded with siPD-L1 in combination with gemcitabine showed a decrease in tumor volume of more than 85% after 2 weeks of treatment, while all control groups treated with gemcitabine alone were moribund after 6 weeks (Yoo et al., 2019). In addition, an enhancement of activated CD8 TILs and low PD-L1 expression was observed. Magnetic resonance imaging (MRI) was used to observe the response to treatment (Yoo et al., 2019). Recently, in a mouse model of PC, assembled NPs composed of cyclodextrin-grafted hyaluronic acid and adamantine-conjugated heterodimers of pyropheophorbide a and JQ1, a PD-L1 inhibitor, showed promising results in overcoming resistance to PC treatment (Sun et al., 2021). Furthermore, the TGF-β receptor inhibitor LY2157299 encapsulated in NPs and siPD-L1 accumulated on the NP surface, enhanced anti-tumor activity in the subcutaneous Panc02 xenograft mice model by silencing PD-L1 gene expression in tumor cells and promoting CD8+ T cell proliferation, resulting in suppression of tumor growth (Wang et al., 2020b). In a 3D cell culture model of metastatic PC, the PD-/PD-L1 inhibitor BMS-202 was loaded into albumin NPs and encapsulated in liposome NPs sensitive to the fibrotic matrix. These NPs showed an enhanced anti-tumor response triggered by reactivated T cells and complemented by a significant release of inflammatory cytokines such as TNF-α and IFN-γ (Yu et al., 2021). In this regard, using NPs as drug carriers could be an effective approach to increase the efficacy of the ICI therapy for PC and overcome the resistance to conventional cancer therapy (Liu et al., 2022).
Despite the optimistic outcome observed by blocking ICs in immunotherapies of metastatic cancer, the effect on metastatic PC has been relatively moderate. This is largely due to its unique TME, rich in matrix remodeling fibroblasts and immunosuppressive cells (Gupta and Kim, 2021; Yu et al., 2021). In addition, various adverse effects such as skin rashes and arthritis have been observed with the use of these drugs. Targeted delivery with NPs has shown potential to reduce toxicities and to prolongs retention time in the tumor tissue. Thus, the TME and tumor cells can be directly and extensively targeted (Yang et al., 2021). Moreover, since the advent of the first chemotherapies, immunotherapies are currently considered as the most important new development in cancer treatment strategies (Yoo et al., 2019). For this reason, NPs, as potent carriers for ICIs in PC immunotherapies, have attracted increasing interest.
CONCLUSION AND OUTLOOK
PC remains one of the deadliest cancers with limited treatment options for the vast majority of patients. It is expected to become a major cause of cancer deaths over the next 20 years, especially as the number of new cases of PC increases year on year (Hu et al., 2021a). Treatment and survival have increased significantly for most cancers in recent years, especially due to developments in immunotherapy. Recent advances suggest that NP-based therapies may further increase the efficacy of PC therapy. Effectiveness of other main cancer therapies, including chemotherapy and radiotherapy, is limited mainly due to the unique TME in PC. Recently, therapy with ICIs has shown promising results in several solid cancers such as lung cancer and melanoma. The results were less promising in PC, which highlights the urgent and unmet need for new therapeutic strategies for patients with unresectable PC. Targeting chemotherapy with NPs has shown optimistic, albeit moderate, results in PC, but NP therapy targeting the TME components or infiltrating cells in PC is under development and showing promising results in preclinical studies (summarized in Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of NP strategies used to overcome and remodulate the TME or reactivate antitumor T cell activities in PC.
NP drug delivery strategies are widely used in tumor therapy. It should be noted that most trials using NP strategies in PC are based on chemotherapy (Table 1), despite the fact that chemotherapy has largely been ineffective and has significant adverse events. The development of novel tumor therapies using NP-based immunotherapy is therefore urgently required for the treatment of PC, as well as for other cancers. Generally, chemotherapy has also shown excellent results when used in combination with ICI therapy in research trials. However, in the case of PC, there are almost no studies concerning ICI therapy delivered by NPs alone (Table 2), although some studies have examined the NP-based ICI delivery in combination with chemotherapy in animal models or PC cell lines with substantial anti-tumor effects. The combination of immunotherapy and other therapeutic strategies in the administration of NPs indicates more promising results (Table 3). Therefore, it would be useful to design strategies for the delivery of NPs which overcome the TME of PC by directly targeting its components and infiltrating cells to reactivate anti-tumor activity, as well as using toxins carried by NPs which directly target tumor growth. Recent developments in NP design have hopefully now put the elusive, but crucial, goal of more effective therapies for PC within reach.
TABLE 1 | Clinical trials of NP-based chemo- or radiotherapy for pancreatic cancer.
[image: Table 1]TABLE 2 | | Clinical trials of NP-based immunotherapy.
[image: Table 2]TABLE 3 | Clinical trials of different NP-based targeted or combined therapies.
[image: Table 3]AUTHOR CONTRIBUTIONS
GN performed the initial literature search, designed, and wrote the first draft of the manuscript and prepared the figures. NM conceived the manuscript and contributed to substantial amendments, together with BG. All authors critically revised and approved the manuscript.
ACKNOWLEDGMENTS
Figures were partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alavi, M., and Hamidi, M. (2019). Passive and active targeting in cancer therapy by liposomes and lipid nanoparticles. Drug Metab. Pers. Ther. 34 (1), 20180032. doi:10.1515/dmpt-2018-0032
 Ali, A. I., Oliver, A. J., Samiei, T., Chan, J. D., Kershaw, M. H., and Slaney, C. Y. (2019). Genetic redirection of T cells for the treatment of pancreatic cancer. Front. Oncol. 9, 56. doi:10.3389/fonc.2019.00056
 Ambasta, R. K., Sharma, A., and Kumar, P. (2011). Nanoparticle mediated targeting of VEGFR and cancer stem cells for cancer therapy. Vasc. Cell 3, 26. doi:10.1186/2045-824X-3-26
 Attia, M. F., Anton, N., Wallyn, J., Omran, Z., and Vandamme, T. F. (2019). An overview of active and passive targeting strategies to improve the nanocarriers efficiency to tumour sites. J. Pharm. Pharmacol. 71 (8), 1185–1198. doi:10.1111/jphp.13098
 Ayati, A., Moghimi, S., Salarinejad, S., Safavi, M., Pouramiri, B., and Foroumadi, A. (2020). A review on progression of epidermal growth factor receptor (EGFR) inhibitors as an efficient approach in cancer targeted therapy. Bioorg. Chem. 99, 103811. doi:10.1016/j.bioorg.2020.103811
 Balakrishnan, P. B., and Sweeney, E. E. (2021). Nanoparticles for enhanced adoptive T cell therapies and future perspectives for CNS tumors. Front. Immunol. 12, 600659. doi:10.3389/fimmu.2021.600659
 Bazzichetto, C., Conciatori, F., Luchini, C., Simionato, F., Santoro, R., Vaccaro, V., et al. (2020). From genetic alterations to tumor microenvironment: the ariadne's string in pancreatic cancer. Cells 9 (2), E309. doi:10.3390/cells9020309
 Beatty, G. L., O’Hara, M. H., Lacey, S. F., Torigian, D. A., Nazimuddin, F., Chen, F., et al. (2018). Activity of mesothelin-specific chimeric antigen receptor T cells against pancreatic carcinoma metastases in a phase 1 trial. Gastroenterology 155 (1), 29–32. doi:10.1053/j.gastro.2018.03.029
 Blando, J., Sharma, A., Higa, M. G., Zhao, H., Vence, L., Yadav, S. S., et al. (2019). Comparison of immune infiltrates in melanoma and pancreatic cancer highlights VISTA as a potential target in pancreatic cancer. Proc. Natl. Acad. Sci. U. S. A. 116 (5), 1692–1697. doi:10.1073/pnas.1811067116
 Cai, H., Wang, R., Guo, X., Song, M., Yan, F., Ji, B., et al. (2021). Combining gemcitabine-loaded macrophage-like nanoparticles and erlotinib for pancreatic cancer therapy. Mol. Pharm. 18 (7), 2495–2506. doi:10.1021/acs.molpharmaceut.0c01225
 Cappello, P., Rolla, S., Chiarle, R., Principe, M., Cavallo, F., Perconti, G., et al. (2013). Vaccination with ENO1 DNA prolongs survival of genetically engineered mice with pancreatic cancer. Gastroenterology 144 (5), 1098–1106. doi:10.1053/j.gastro.2013.01.020
 Cappello, P., Curcio, C., Mandili, G., Roux, C., Bulfamante, S., and Novelli, F. (2018). Next generation immunotherapy for pancreatic cancer: DNA vaccination is seeking new combo partners. Cancers (Basel) 10 (2), E51. doi:10.3390/cancers10020051
 Chan-Seng-Yue, M., Kim, J. C., Wilson, G. W., Ng, K., Figueroa, E. F., O'Kane, G. M., et al. (2020). Transcription phenotypes of pancreatic cancer are driven by genomic events during tumor evolution. Nat. Genet. 52 (2), 231–240. doi:10.1038/s41588-019-0566-9
 Chi, J., Patel, R., Rehman, H., Goyal, S., and Saif, M. W. (2020). Recent advances in immunotherapy for pancreatic cancer. J. Cancer Metastasis Treat. 6, 1–17. doi:10.20517/2394-4722.2020.90
 Christenson, E. S., Jaffee, E., and Azad, N. S. (2020). Current and emerging therapies for patients with advanced pancreatic ductal adenocarcinoma: a bright future. Lancet. Oncol. 21 (3), e135–e145. doi:10.1016/s1470-2045(19)30795-8
 Cruz, L. J., Rosalia, R. A., Kleinovink, J. W., Rueda, F., Löwik, C. W. G. M., and Ossendorp, F. (2014). Targeting nanoparticles to CD40, DEC-205 or CD11c molecules on dendritic cells for efficient CD8+ T cell response: A comparative study. J. Control. Release 192, 209–218. doi:10.1016/j.jconrel.2014.07.040
 Das, M., Shen, L., Liu, Q., Goodwin, T. J., and Huang, L. (2019). Nanoparticle delivery of RIG-I agonist enables effective and safe adjuvant therapy in pancreatic cancer. Mol. Ther. 27 (3), 507–517. doi:10.1016/j.ymthe.2018.11.012
 de Miguel, M., and Calvo, E. (2020). Clinical challenges of immune checkpoint inhibitors. Cancer Cell 38 (3), 326–333. doi:10.1016/j.ccell.2020.07.004
 Deal, C. E., Carfi, A., and Plante, O. J. (2021). Advancements in mRNA encoded antibodies for passive immunotherapy. Vaccines (Basel) 9 (2), 108. doi:10.3390/vaccines9020108
 Dominguez, A. L., and Lustgarten, J. (2010). Targeting the tumor microenvironment with anti-neu/anti-CD40 conjugated nanoparticles for the induction of antitumor immune responses. Vaccine 28 (5), 1383–1390. doi:10.1016/j.vaccine.2009.10.153
 Donninger, H., Li, C., Eaton, J. W., and Yaddanapudi, K. (2021). Cancer vaccines: promising therapeutics or an unattainable dream. Vaccines (Basel) 9 (6), 668. doi:10.3390/vaccines9060668
 Du, J., Gu, J., and Li, J. (2020). Mechanisms of drug resistance of pancreatic ductal adenocarcinoma at different levels. Biosci. Rep. 40 (7), BSR20200401. doi:10.1042/BSR20200401
 Duewell, P., Beller, E., Kirchleitner, S. V., Adunka, T., Bourhis, H., Siveke, J., et al. (2015). Targeted activation of melanoma differentiation-associated protein 5 (MDA5) for immunotherapy of pancreatic carcinoma. Oncoimmunology 4 (10), e1029698. doi:10.1080/2162402X.2015.1029698
 Effenberger, K. E., Schroeder, C., Eulenburg, C., Reeh, M., Tachezy, M., Riethdorf, S., et al. (2012). Disseminated tumor cells in pancreatic cancer-an independent prognosticator of disease progression and survival. Int. J. Cancer 131 (4), E475–E483. doi:10.1002/ijc.26439
 Emami, F., Banstola, A., Vatanara, A., Lee, S., Kim, J. O., Jeong, J. H., et al. (2019). Doxorubicin and anti-PD-L1 antibody conjugated gold nanoparticles for colorectal cancer photochemotherapy. Mol. Pharm. 16 (3), 1184–1199. doi:10.1021/acs.molpharmaceut.8b01157
 Emens, L. A., and Middleton, G. (2015). The interplay of immunotherapy and chemotherapy: harnessing potential synergies. Cancer Immunol. Res. 3 (5), 436–443. doi:10.1158/2326-6066.CIR-15-0064
 Etrych, T., Braunova, A., Zogala, D., Lambert, L., Renesova, N., and Klener, P. (2022). Targeted drug delivery and theranostic strategies in malignant lymphomas. Cancers (Basel) 14 (3), 626. doi:10.3390/cancers14030626
 Fan, J. Q., Wang, M. F., Chen, H. L., Shang, D., Das, J. K., and Song, J. (2020). Current advances and outlooks in immunotherapy for pancreatic ductal adenocarcinoma. Mol. Cancer 19 (1), 32. doi:10.1186/s12943-020-01151-3
 Feig, C., Gopinathan, A., Neesse, A., Chan, D. S., Cook, N., and Tuveson, D. A. (2012). The pancreas cancer microenvironment. Clin. Cancer Res. 18 (16), 4266–4276. doi:10.1158/1078-0432.ccr-11-3114
 Feng, X., Xu, W., Li, Z., Song, W., Ding, J., and Chen, X. (2019). Immunomodulatory nanosystems. Adv. Sci. 6 (17), 1900101. doi:10.1002/advs.201900101
 Garcia-Sampedro, A., Gaggia, G., Ney, A., Mahamed, I., and Acedo, P. (2021). The state-of-the-art of phase II/III clinical trials for targeted pancreatic cancer therapies. J. Clin. Med. 10 (4), 566. doi:10.3390/jcm10040566
 Grapa, C. M., Mocan, T., Gonciar, D., Zdrehus, C., Mosteanu, O., Pop, T., et al. (2019). Epidermal growth factor receptor and its role in pancreatic cancer treatment mediated by nanoparticles. Int. J. Nanomedicine 14, 9693–9706. doi:10.2147/IJN.S226628
 Gueorguieva, I., Tabernero, J., Melisi, D., Macarulla, T., Merz, V., Waterhouse, T. H., et al. (2019). Population pharmacokinetics and exposure-overall survival analysis of the transforming growth factor-beta inhibitor galunisertib in patients with pancreatic cancer. Cancer Chemother. Pharmacol. 84 (5), 1003–1015. doi:10.1007/s00280-019-03931-1
 Guevara, M. L., Persano, F., and Persano, S. (2020). Advances in lipid nanoparticles for mRNA-based cancer immunotherapy. Front. Chem. 8, 589959. doi:10.3389/fchem.2020.589959
 Gupta, B., and Kim, J. O. (2021). Recent progress in cancer immunotherapy approaches based on nanoparticle delivery devices. J. Pharm. Investig. 51 (4), 399–412. doi:10.1007/s40005-021-00527-x
 Gupta, J., Safdari, H. A., and Hoque, M. (2021). Nanoparticle mediated cancer immunotherapy. Semin. Cancer Biol. 69, 307–324. doi:10.1016/j.semcancer.2020.03.015
 Han, X., Li, H., Zhou, D., Chen, Z., and Gu, Z. (2020). Local and targeted delivery of immune checkpoint blockade therapeutics. Acc. Chem. Res. 53 (11), 2521–2533. doi:10.1021/acs.accounts.0c00339
 Haydu, J. E., and Abramson, J. S. (2021). CAR T-cell therapies in lymphoma: current landscape, ongoing investigations, and future directions. J. Cancer Metastasis Treat. 7, 36. doi:10.20517/2394-4722.2021.39
 He, Q., Gao, H., Tan, D., Zhang, H., and Wang, J. Z. (2022). mRNA cancer vaccines: advances, trends and challenges. Acta Pharm. Sin. B 12, 2969–2989. doi:10.1016/j.apsb.2022.03.011
 Hou, Z., Pan, Y., Fei, Q., Lin, Y., Zhou, Y., Liu, Y., et al. (2021). Prognostic significance and therapeutic potential of the immune checkpoint VISTA in pancreatic cancer. J. Cancer Res. Clin. Oncol. 147 (2), 517–531. doi:10.1007/s00432-020-03463-9
 Hu, G., Guo, M., Xu, J., Wu, F., Fan, J., Huang, Q., et al. (2019). Nanoparticles targeting macrophages as potential clinical therapeutic agents against cancer and inflammation. Front. Immunol. 10, 1998. doi:10.3389/fimmu.2019.01998
 Hu, J. X., Zhao, C. F., Chen, W. B., Liu, Q. C., Li, Q. W., Lin, Y. Y., et al. (2021a). Pancreatic cancer: a review of epidemiology, trend, and risk factors. World J. Gastroenterol. 27 (27), 4298–4321. doi:10.3748/wjg.v27.i27.4298
 Hu, Y., Lin, L., Guo, Z., Chen, J., Maruyama, A., Tian, H., et al. (2021b). In situ vaccination and gene-mediated PD-L1 blockade for enhanced tumor immunotherapy. Chin. Chem. Lett. 32 (5), 1770–1774. doi:10.1016/j.cclet.2020.12.055
 Huang, X., Zhang, G., Tang, T., and Liang, T. (2021). Identification of tumor antigens and immune subtypes of pancreatic adenocarcinoma for mRNA vaccine development. Mol. Cancer 20 (1), 44. doi:10.1186/s12943-021-01310-0
 Huber, M., Brehm, C. U., Gress, T. M., Buchholz, M., Alashkar Alhamwe, B., von Strandmann, E. P., et al. (2020). The immune microenvironment in pancreatic cancer. Int. J. Mol. Sci. 21 (19), E7307. doi:10.3390/ijms21197307
 Hurwitz, H., Fehrenbacher, L., Novotny, W., Cartwright, T., Hainsworth, J., Heim, W., et al. (2004). Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 350 (23), 2335–2342. doi:10.1056/NEJMoa032691
 Ino, Y., Oguro, S., Yamazaki-Itoh, R., Hori, S., Shimada, K., and Hiraoka, N. (2019). Reliable evaluation of tumor-infiltrating lymphocytes in pancreatic cancer tissue biopsies. Oncotarget 10 (10), 1149–1159. doi:10.18632/oncotarget.26646
 Johansson, H., Andersson, R., Bauden, M., Hammes, S., Holdenrieder, S., and Ansari, D. (2016). Immune checkpoint therapy for pancreatic cancer. World J. Gastroenterol. 22 (43), 9457–9476. doi:10.3748/wjg.v22.i43.9457
 Johnston, M. C., and Scott, C. J. (2018). Antibody conjugated nanoparticles as a novel form of antibody drug conjugate chemotherapy. Drug Discov. Today. Technol. 30, 63–69. doi:10.1016/j.ddtec.2018.10.003
 Juan, A., Cimas, F. J., Bravo, I., Pandiella, A., Ocana, A., and Alonso-Moreno, C. (2020a). Antibody conjugation of nanoparticles as therapeutics for breast cancer treatment. Int. J. Mol. Sci. 21 (17), E6018. doi:10.3390/ijms21176018
 Juan, A., Cimas, F. J., Bravo, I., Pandiella, A., Ocana, A., and Alonso-Moreno, C. (2020b). An overview of antibody conjugated polymeric nanoparticles for breast cancer therapy. Pharmaceutics 12 (9), E802. doi:10.3390/pharmaceutics12090802
 Jung, J. Y., Ryu, H. J., Lee, S. H., Kim, D. Y., Kim, M. J., Lee, E. J., et al. (2021). siRNA nanoparticle targeting PD-L1 activates tumor immunity and abrogates pancreatic cancer growth in humanized preclinical model. Cells 10 (10), 2734. doi:10.3390/cells10102734
 Karamitopoulou, E. (2020). The tumor microenvironment of pancreatic cancer. Cancers (Basel) 12 (10), E3076. doi:10.3390/cancers12103076
 Khan, I., Saeed, K., and Khan, I. (2019). Nanoparticles: properties, applications and toxicities. Arabian J. Chem. 12 (7), 908–931. doi:10.1016/j.arabjc.2017.05.011
 Khongorzul, P., Ling, C. J., Khan, F. U., Ihsan, A. U., and Zhang, J. (2020). Antibody-drug conjugates: a comprehensive review. Mol. Cancer Res. 18 (1), 3–19. doi:10.1158/1541-7786.MCR-19-0582
 Kim, B. Y. S., Rutka, J. T., and Chan, W. C. W. (2010). Nanomedicine. N. Engl. J. Med. 363 (25), 2434–2443. doi:10.1056/nejmra0912273
 King, G., Green, S., and Chiorean, E. G. (2022). Finding a role for cancer vaccines in pancreatic cancer: a model of resilience. Hepatobiliary Surg. Nutr. 11 (1), 115–118. doi:10.21037/hbsn-2021-26
 Li, S. Y., Liu, Y., Xu, C. F., Shen, S., Sun, R., Du, X. J., et al. (2016). Restoring anti-tumor functions of T cells via nanoparticle-mediated immune checkpoint modulation. J. Control. Release 231, 17–28. doi:10.1016/j.jconrel.2016.01.044
 Li, Z., Wang, M., Yao, X., Luo, W., Qu, Y., Yu, D., et al. (2019). Development of a novel EGFR-targeting antibody-drug conjugate for pancreatic cancer therapy. Target. Oncol. 14 (1), 93–105. doi:10.1007/s11523-018-0616-8
 Li, H. B., Yang, Z. H., and Guo, Q. Q. (2021). Immune checkpoint inhibition for pancreatic ductal adenocarcinoma: limitations and prospects: a systematic review. Cell Commun. Signal. 19 (1), 117. doi:10.1186/s12964-021-00789-w
 Lin, A. Y., Almeida, J. P., Bear, A., Liu, N., Luo, L., Foster, A. E., et al. (2013). Gold nanoparticle delivery of modified CpG stimulates macrophages and inhibits tumor growth for enhanced immunotherapy. PLoS One 8 (5), e63550. doi:10.1371/journal.pone.0063550
 Liu, S., Ren, J., and Ten Dijke, P. (2021). Targeting TGFβ signal transduction for cancer therapy. Signal Transduct. Target. Ther. 6 (1), 8. doi:10.1038/s41392-020-00436-9
 Liu, L., Kshirsagar, P. G., Gautam, S. K., Gulati, M., Wafa, E. I., Christiansen, J. C., et al. (2022). Nanocarriers for pancreatic cancer imaging, treatments, and immunotherapies. Theranostics 12 (3), 1030–1060. doi:10.7150/thno.64805
 Luo, W., Yang, G., Luo, W., Cao, Z., Liu, Y., Qiu, J., et al. (2020). Novel therapeutic strategies and perspectives for metastatic pancreatic cancer: vaccine therapy is more than just a theory. Cancer Cell Int. 20, 66. doi:10.1186/s12935-020-1147-9
 Marofi, F., Motavalli, R., Safonov, V. A., Thangavelu, L., Yumashev, A. V., Alexander, M., et al. (2021). CAR T cells in solid tumors: challenges and opportunities. Stem Cell Res. Ther. 12 (1), 81. doi:10.1186/s13287-020-02128-1
 Marsh Rde, W., Talamonti, M. S., Katz, M. H., and Herman, J. M. (2015). Pancreatic cancer and FOLFIRINOX: a new era and new questions. Cancer Med. 4 (6), 853–863. doi:10.1002/cam4.433
 Maruhashi, T., Sugiura, D., Okazaki, I. M., and Okazaki, T. (2020). LAG-3: from molecular functions to clinical applications. J. Immunother. Cancer 8 (2), e001014. doi:10.1136/jitc-2020-001014
 McDaid, W. J., Greene, M. K., Johnston, M. C., Pollheimer, E., Smyth, P., McLaughlin, K., et al. (2019). Repurposing of Cetuximab in antibody-directed chemotherapy-loaded nanoparticles in EGFR therapy-resistant pancreatic tumours. Nanoscale 11 (42), 20261–20273. doi:10.1039/c9nr07257h
 Melisi, D., Garcia-Carbonero, R., Macarulla, T., Pezet, D., Deplanque, G., Fuchs, M., et al. (2018). Galunisertib plus gemcitabine vs. gemcitabine for first-line treatment of patients with unresectable pancreatic cancer. Br. J. Cancer 119 (10), 1208–1214. doi:10.1038/s41416-018-0246-z
 Melisi, D., Oh, D. Y., Hollebecque, A., Calvo, E., Varghese, A., Borazanci, E., et al. (2021). Safety and activity of the TGFβ receptor I kinase inhibitor galunisertib plus the anti-PD-L1 antibody durvalumab in metastatic pancreatic cancer. J. Immunother. Cancer 9 (3), e002068. doi:10.1136/jitc-2020-002068
 Meng, H., Zhao, Y., Dong, J., Xue, M., Lin, Y. S., Ji, Z., et al. (2013). Two-wave nanotherapy to target the stroma and optimize gemcitabine delivery to a human pancreatic cancer model in mice. ACS Nano 7 (11), 10048–10065. doi:10.1021/nn404083m
 Miao, L., Zhang, Y., and Huang, L. (2021). mRNA vaccine for cancer immunotherapy. Mol. Cancer 20 (1), 41. doi:10.1186/s12943-021-01335-5
 Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 20 (2), 101–124. doi:10.1038/s41573-020-0090-8
 Moon, H. R., Ozcelikkale, A., Yang, Y., Elzey, B. D., Konieczny, S. F., and Han, B. (2020). An engineered pancreatic cancer model with intra-tumoral heterogeneity of driver mutations. Lab. Chip 20 (20), 3720–3732. doi:10.1039/d0lc00707b
 Muntimadugu, E., Kommineni, N., and Khan, W. (2017). Exploring the potential of nanotherapeutics in targeting tumor microenvironment for cancer therapy. Pharmacol. Res. 126, 109–122. doi:10.1016/j.phrs.2017.05.010
 Murakami, T., Hiroshima, Y., Matsuyama, R., Homma, Y., Hoffman, R. M., and Endo, I. (2019). Role of the tumor microenvironment in pancreatic cancer. Ann. Gastroenterol. Surg. 3 (2), 130–137. doi:10.1002/ags3.12225
 Navya, P. N., Kaphle, A., Srinivas, S. P., Bhargava, S. K., Rotello, V. M., and Daima, H. K. (2019). Current trends and challenges in cancer management and therapy using designer nanomaterials. Nano Converg. 6 (1), 23. doi:10.1186/s40580-019-0193-2
 Noubissi Nzeteu, G. A., Schlichtner, S., David, S., Ruppenstein, A., Fasler-Kan, E., Raap, U., et al. (2022). Macrophage differentiation and polarization regulate the release of the immune checkpoint protein V-domain Ig suppressor of T cell activation. Front. Immunol. 13, 837097. doi:10.3389/fimmu.2022.837097
 Park, W., Heo, Y. J., and Han, D. K. (2018). New opportunities for nanoparticles in cancer immunotherapy. Biomater. Res. 22, 24. doi:10.1186/s40824-018-0133-y
 Patel, J. K., and Patel, A. P. (2019). “Passive targeting of nanoparticles to cancer,” in Surface modification of nanoparticles for targeted drug delivery ed . Editor Y. Pathak (Cham: Springer), 125–143.
 Peng, P. J., Li, Y., and Sun, S. (2017). On the significance of Tim-3 expression in pancreatic cancer. Saudi J. Biol. Sci. 24 (8), 1754–1757. doi:10.1016/j.sjbs.2017.11.006
 Popp, F. C., Capino, I., Bartels, J., Damanakis, A., Li, J., Datta, R. R., et al. (2021). Expression of immune checkpoint regulators IDO, VISTA, LAG3, and TIM3 in resected pancreatic ductal adenocarcinoma. Cancers (Basel) 13 (11), 2689. doi:10.3390/cancers13112689
 Principe, D. R., Korc, M., Kamath, S. D., Munshi, H. G., and Rana, A. (2021). Trials and tribulations of pancreatic cancer immunotherapy. Cancer Lett. 504, 1–14. doi:10.1016/j.canlet.2021.01.031
 Qian, H., Liu, B., and Jiang, X. (2018). Application of nanomaterials in cancer immunotherapy. Mater. Today Chem. 7, 53–64. doi:10.1016/j.mtchem.2018.01.001
 Qin, F., Xia, F., Chen, H., Cui, B., Feng, Y., Zhang, P., et al. (2021). A guide to nucleic acid vaccines in the prevention and treatment of infectious diseases and cancers: from basic principles to current applications. Front. Cell Dev. Biol. 9, 633776. doi:10.3389/fcell.2021.633776
 Ren, B., Cui, M., Yang, G., Wang, H., Feng, M., You, L., et al. (2018). Tumor microenvironment participates in metastasis of pancreatic cancer. Mol. Cancer 17 (1), 108. doi:10.1186/s12943-018-0858-1
 Roacho-Perez, J. A., Garza-Trevino, E. N., Delgado-Gonzalez, P., Z, G. B., Delgado-Gallegos, J. L., Chapa-Gonzalez, C., et al. (2021). Target nanoparticles against pancreatic cancer: fewer side effects in therapy. Life (Basel) 11 (11), 1187. doi:10.3390/life11111187
 Rosen, L. S., Jacobs, I. A., and Burkes, R. L. (2017). Bevacizumab in colorectal cancer: current role in treatment and the potential of biosimilars. Target. Oncol. 12 (5), 599–610. doi:10.1007/s11523-017-0518-1
 Sanford, D. E., Belt, B. A., Panni, R. Z., Mayer, A., Deshpande, A. D., Carpenter, D., et al. (2013). Inflammatory monocyte mobilization decreases patient survival in pancreatic cancer: a role for targeting the CCL2/CCR2 axis. Clin. Cancer Res. 19 (13), 3404–3415. doi:10.1158/1078-0432.CCR-13-0525
 Schizas, D., Charalampakis, N., Kole, C., Economopoulou, P., Koustas, E., Gkotsis, E., et al. (2020). Immunotherapy for pancreatic cancer: a 2020 update. Cancer Treat. Rev. 86, 102016. doi:10.1016/j.ctrv.2020.102016
 Seifert, L., Plesca, I., Muller, L., Sommer, U., Heiduk, M., von Renesse, J., et al. (2021). LAG-3-Expressing tumor-infiltrating T cells are associated with reduced disease-free survival in pancreatic cancer. Cancers (Basel) 13 (6), 1297. doi:10.3390/cancers13061297
 Shen, W., Tao, G. Q., Zhang, Y., Cai, B., Sun, J., and Tian, Z. Q. (2017). TGF-beta in pancreatic cancer initiation and progression: two sides of the same coin. Cell Biosci. 7, 39. doi:10.1186/s13578-017-0168-0
 Shetty, S. R., Yeeravalli, R., Bera, T., and Das, A. (2021). Recent advances on epidermal growth factor receptor as a molecular target for breast cancer therapeutics. Anticancer. Agents Med. Chem. 21 (14), 1783–1792. doi:10.2174/1871520621666201222143213
 Sterner, R. C., and Sterner, R. M. (2021). CAR-T cell therapy: current limitations and potential strategies. Blood Cancer J. 11 (4), 69. doi:10.1038/s41408-021-00459-7
 Summers, J., Cohen, M. H., Keegan, P., and Pazdur, R. (2010). FDA drug approval summary: bevacizumab plus interferon for advanced renal cell carcinoma. Oncologist 15 (1), 104–111. doi:10.1634/theoncologist.2009-0250
 Sun, Q., Bai, X., Sofias, A. M., van der Meel, R., Ruiz-Hernandez, E., Storm, G., et al. (2020). Cancer nanomedicine meets immunotherapy: opportunities and challenges. Acta Pharmacol. Sin. 41 (7), 954–958. doi:10.1038/s41401-020-0448-9
 Sun, F., Zhu, Q., Li, T., Saeed, M., Xu, Z., Zhong, F., et al. (2021). Regulating glucose metabolism with prodrug nanoparticles for promoting photoimmunotherapy of pancreatic cancer. Adv. Sci. 8 (4), 2002746. doi:10.1002/advs.202002746
 Syed, Y. Y. (2021). Amivantamab: first approval. Drugs 81 (11), 1349–1353. doi:10.1007/s40265-021-01561-7
 Tang, S., Qin, C., Hu, H., Liu, T., He, Y., Guo, H., et al. (2022). Immune checkpoint inhibitors in non-small cell lung cancer: progress, challenges, and prospects. Cells 11 (3), 320. doi:10.3390/cells11030320
 Wang, C., Ye, Y., Hochu, G. M., Sadeghifar, H., and Gu, Z. (2016). Enhanced cancer immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody. Nano Lett. 16 (4), 2334–2340. doi:10.1021/acs.nanolett.5b05030
 Wang, X., Meng, F., Yen, Y. T., Li, R., and Liu, B. (2020a). Nanotechnology-based CAR-T strategies for improving efficacy and safety of tumor immunotherapy. Adv. Funct. Mat. 31 (1), 2004713. doi:10.1002/adfm.202004713
 Wang, Y., Gao, Z., Du, X., Chen, S., Zhang, W., Wang, J., et al. (2020b). Co-inhibition of the TGF-β pathway and the PD-L1 checkpoint by pH-responsive clustered nanoparticles for pancreatic cancer microenvironment regulation and anti-tumor immunotherapy. Biomater. Sci. 8 (18), 5121–5132. doi:10.1039/d0bm00916d
 Wang, S., Zheng, Y., Yang, F., Zhu, L., Zhu, X. Q., Wang, Z. F., et al. (2021). The molecular biology of pancreatic adenocarcinoma: translational challenges and clinical perspectives. Signal Transduct. Target. Ther. 6 (1), 249. doi:10.1038/s41392-021-00659-4
 Wu, J., and Cai, J. (2021). Dilemma and challenge of immunotherapy for pancreatic cancer. Dig. Dis. Sci. 66 (2), 359–368. doi:10.1007/s10620-020-06183-9
 Xu, N., Palmer, D. C., Robeson, A. C., Shou, P., Bommiasamy, H., Laurie, S. J., et al. (2021). STING agonist promotes CAR T cell trafficking and persistence in breast cancer. J. Exp. Med. 218 (2), e20200844. doi:10.1084/jem.20200844
 Yang, M., Li, J., Gu, P., and Fan, X. (2021). The application of nanoparticles in cancer immunotherapy: targeting tumor microenvironment. Bioact. Mat. 6 (7), 1973–1987. doi:10.1016/j.bioactmat.2020.12.010
 Yao, Y., Zhou, Y., Liu, L., Xu, Y., Chen, Q., Wang, Y., et al. (2020). Nanoparticle-based drug delivery in cancer therapy and its role in overcoming drug resistance. Front. Mol. Biosci. 7, 193. doi:10.3389/fmolb.2020.00193
 Yasinska, I. M., Meyer, N. H., Schlichtner, S., Hussain, R., Siligardi, G., Casely-Hayford, M., et al. (2020). Ligand-receptor interactions of galectin-9 and VISTA suppress human T lymphocyte cytotoxic activity. Front. Immunol. 11, 580557. doi:10.3389/fimmu.2020.580557
 Ye, Y., Wang, J., Hu, Q., Hochu, G. M., Xin, H., Wang, C., et al. (2016). Synergistic transcutaneous immunotherapy enhances antitumor immune responses through delivery of checkpoint inhibitors. ACS Nano 10 (9), 8956–8963. doi:10.1021/acsnano.6b04989
 Yoo, B., Jordan, V. C., Sheedy, P., Billig, A. M., Ross, A., Pantazopoulos, P., et al. (2019). RNAi-mediated PD-L1 inhibition for pancreatic cancer immunotherapy. Sci. Rep. 9 (1), 4712. doi:10.1038/s41598-019-41251-9
 Yu, Z., Sun, Y., Sun, T., and Wang, T. (2020). Combined application of nanotechnology and multiple therapies with tumor immune checkpoints. ChemistrySelect 5 (47), 14943–14954. doi:10.1002/slct.202004070
 Yu, Q., Tang, X., Zhao, W., Qiu, Y., He, J., Wan, D., et al. (2021). Mild hyperthermia promotes immune checkpoint blockade-based immunotherapy against metastatic pancreatic cancer using size-adjustable nanoparticles. Acta Biomater. 133, 244–256. doi:10.1016/j.actbio.2021.05.002
 Zhang, R., Zhu, Z., Lv, H., Li, F., Sun, S., Li, J., et al. (2019). Immune checkpoint blockade mediated by a small-molecule nanoinhibitor targeting the PD-1/PD-L1 pathway synergizes with photodynamic therapy to elicit antitumor immunity and antimetastatic effects on breast cancer. Small 15 (49), e1903881. doi:10.1002/smll.201903881
 Zhang, P., Meng, J., Li, Y., Yang, C., Hou, Y., Tang, W., et al. (2021). Nanotechnology-enhanced immunotherapy for metastatic cancer. Innovation. 2 (4), 100174. doi:10.1016/j.xinn.2021.100174
 Zheng, P., and Ding, J. (2022). Calcium ion nanomodulators for mitochondria-targeted multimodal cancer therapy. Asian J. Pharm. Sci. 17 (1), 1–3. doi:10.1016/j.ajps.2021.10.004
 Zheng, P., Ding, B., Jiang, Z., Xu, W., Li, G., Ding, J., et al. (2021). Ultrasound-augmented mitochondrial calcium ion overload by calcium nanomodulator to induce immunogenic cell death. Nano Lett. 21 (5), 2088–2093. doi:10.1021/acs.nanolett.0c04778
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Noubissi Nzeteu, Gibbs, Kotnik, Troja, Bockhorn and Meyer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-948898-t002.jpg
Immunotherapeutic

Name

V941

mRNA-
2752

BNT152/
153

BNT142

BNT151

Types
of NPs

Lipid
Lipid
Lipid
Lipid

Lipid

Drug formulation

mRNA-5671/V941 alone/plus Pembrolizumab
(PD-L1-Inhibitor)

mRNA-2752 alone/plus Durvalumab (PD-L1-
Inhibitor)
mRNA-encoded IL-7, IL-2

mRNA-encoded CD3 + CLDN6

mRNA-encoded Optimized IL-2

Type of
therapy

Cancer Vaccine

Immuno-
‘modulation

Immuno-
modulation

Immuno-
modulation

Immuno-
modulation

Phase

land2

land2

Results

ongoing

ongoing

ongoing

ongoing

ongoing

Clinical
trials

NCT03948763

NCT03739931

NCT05262530

NCT04710043

NCT04455620

Completion
date

Aug. 2022
Jan. 2023
Oct. 2023
April 2026

June 2026





OPS/images/fmolb-09-948898-t003.jpg
Targeted or combined therapies

Name Types Drug formulation Type of therapy Phase Results  Clinical Completion
of NPs trials date

TKM Lipid SIRNA Against the PLK1 Gene Product PLKI inhibitors 1 not NCT01437007  June 2012

080301 available

NBE-006 Lipid SiIRNA against Glutathione S-Transferase P~ Glutathione S-Transferase 1 ongoing  NCT03819387  March 2023

P inhibitors

iExosome Exosome Mesenchymal Stromal Cells-derived KRAS inhibitors 1 ongoing NCT03608631 March 2023
Exosomes with KRAS G12D siRNA

RO7198457  Lipid RO7198457 + Atezolizumab + Immuno/Chemotherapy 1 ongoing  NCT04161755  Nov. 2023
mFOLFIRINOX

Abraxane  Albumin Paclitaxel Albumin-Stabilized NP + Immuno/Chemotherapy 2 ongoing  NCT04940286  Oct. 2024
Durvalumab + Oleclumab + Gemcitabine

BNT141 Lipid mRNA-encoded antibodies + Nab- Immuno/Chemotherapy ~ 1and 2 ongoing ~ NCT04683939  Sept 2024
paclitaxel + Gemcitabine

NBTXR3 Hafnium NBTXR3 + Radiation Chemo/Radiotherapy 1 ongoing  NCT04484909  Dec. 2026

Oxide





OPS/images/fmolb-09-948898-g003.gif





OPS/images/fmolb-09-948898-t001.jpg
Chemotherapeutic or radiotherapeutic

Name

Abraxane

EndoTAG-1

Abraxane

SNB-101

Abraxane

ThermoDox™

Abraxane

Imx-110

Abraxane

Abraxane

Abraxane

AGuIX
Onivyde

Type
of NP

Albumin

Liposome

Albumin
Core-Shell

biopolymer

Albumin

Heat-sensitive
Liposome

Albumin

PEG-PE

Albumin

Albumin
Albumin

Gadolinium

Liposome

Drug formulation

Paclitaxel Albumin-Stabilized NP

Paclitaxel + Gemcitabine

Paclitaxel Albumin-Stabilized NP
+ Gemcitabine

SN-38 active metabolite of
irinotecan

Paclitaxel Albumin-NP +
Gemcitabine Hydrochloride +
Irinotecan Hydrochloride

doxorubicin

Paclitaxel Albumin-NP +
Gemcitabine Hydrochloride +
Metformin Hydrochloride

Stat3/NE-KB/poly-tyrosine kinase
inhibitor and low-dose
doxorubicin

Paclitaxel Albumin-NP +
Hydroxychloroquine +
Paricalcitol + Gemcitabine
Paclitaxel Albumin-NP +
Gemcitabine + Telotristat Ethyl
Paclitaxel Albumin-NP +
Bosentan + Gemcitabine

Magnetic Resonance Radiation

Irinotecan Sucrosofate +
Fluorouracil + Leucovorin
Calcium + Rucaparib

Type of
therapy

Chemotherapy

Chemotherapy
Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy
Chemotherapy

Radiotherapy
Chemotherapy

Phase

1and2

land2
1and2

Results

6-months OS of 58%; Median
PFS: 1.7 months

not available

not available

ongoing

2 years OS of 47%-48%;
Median PFS

10.9-14.2 months; Study is
ongoing

ongoing

ongoing

ongoing

ongoing

ongoing
ongoing

ongoing

ongoing

Clinical
trials

NCT00691054

NCT03126435
NCT04115163

NCT04640480

NCT02562716

NCT04852367

NCT02336087

NCT03382340

NCT04524702

NCT03910387

NCT04158635

NCT04789486
NCT03337087

Completion
date

Dec. 2012

Oct. 2021
Dec. 2021

March 2022

Oct. 2022

Dec. 2022

Dec. 2022

July 2023

Aug. 2023

Oct. 2023
Dec. 2023

Sept. 2024
Aug, 2025





OPS/xhtml/nav.xhtml
Contents

		Cover

		Nanoparticle-based immunotherapy of pancreatic cancer		Introduction

		Article types

		Challenges of pancreatic cancer immunotherapy		Immune checkpoint inhibitors

		CAR T cells

		Cancer vaccination





		Clinical application of nanoparticle-mediated targeting in pancreatic cancer immunotherapy		Nanoparticle-based targeting strategies





		Conclusion and outlook

		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-948898-g001.gif





OPS/images/fmolb-09-948898-g002.gif
active Tirestins: e Tasaslieg









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





