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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is a global health challenge and remains one of the most lethal malignancies; there are only a few therapeutic options. However, significant efforts have led to the identification of major genetic factors that drive the progression and pathogenesis of PDAC. Notably, the research and application of molecular targeted therapies and immunotherapies have rapidly increased and facilitated great progress in the treatment of many malignant tumors, additional targeted therapies and immunotherapy based on next-generation sequencing results provide new opportunities for the diagnosis and treatment of pancreatic tumors. Immune checkpoint inhibitors are also now being incorporated as PDAC therapies, and combinations of molecularly targeted therapies with immunotherapies are emerging as strategies for boosting the immune response. The investigation of biomarkers of a response or primary resistance to immunotherapies is also an emerging research area. Herein, we further discuss the recent technological advances that continue to expand our understanding of PDAC complexity. We discuss the advancements expected in the near future, including biomarker-driven treatments and immunotherapies. We presume that the clinical translation of these research efforts will improve the survival outcomes of this challenging disease, which are currently dismal.
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Core Tip: Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer death globally and is projected to be the second leading cause later. Kirsten rat sarcoma oncogene is a critical target for treatment regime evaluation in pancreatic ductal adenocarcinoma and proof of principle approaches have validated targeting in Kirsten rat sarcoma oncogene G12C. FOLFIRINOX and nab-paclitaxel gemcitabine are gold standard therapeutic in patients. The combinations were shown a survival benefit over previously standard gemcitabine monotherapy. Therapies targeting as well as immuno-therapies hold promise for the future but are currently not standard of care.

INTRODUCTION
[bookmark: OLE_LINK12460][bookmark: OLE_LINK12461][bookmark: OLE_LINK12458][bookmark: OLE_LINK12459]Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease; it remains one of the most lethal cancers and aggressive diseases and is predicted to be the second leading cause of cancer-related deaths globally within a short time frame. Only small improvements in patient outcomes have occurred over the past decade[1]. PDAC is a devastating disease with a five-year overall survival (OS) rate were less than 11%. Following more than 50% of individuals are diagnosed with metastatic disease, which is associated only 3% with a 5-year survival rate[1,2]. Recent progress in chemotherapy regimens has modestly improved the outcomes of the majority of patients treated with chemotherapy at the cost of marked toxicity. Recently, adjuvant therapy with modified FOLFIRINOX (fluorouarcil, oxaliplatin, irinotecan, and leucovorin (modified FOLFIRINOX) ) led to a median disease-free survival time of 21.6 months (compared with 12.8 months with gemcitabine treatment)[3]. However, approximately 80% of individuals were diagnosed at an advanced stage, precluding curative intent surgery[4]. Studies over the past decade has cemented gemcitabine and fluoropyrimidine based regimens as the standard for chemotherapy care for patients with metastatic pancreatic cancer (MPC)[5]. Moreover, gemcitabine & fluoropyrimidine-based regimens have become the standard of care for suitable patients with removable tumor. Regrettably, the median OS time remains approximately one year[6]. Additionally, the Italian Association of Medical Oncology recommends additional treatment after first-line therapy on the basis of primer testing for actionable genomic changes[7].
[bookmark: OLE_LINK12462][bookmark: OLE_LINK12463]To date, there are no predictive molecular markers that identify which patients are likely to benefit from FOLFIRINOX fluorouarcil, oxaliplatin, irinotecan, and leucovorin vs gemcitabine/nab-paclitaxel. Thus, there is an urgent and important need for insight into the biology and genetics of PDAC. Immunotherapeutic strategies are capable of inducing strong immune responses against tumors. Immunomodulators, immune checkpoint inhibitors, adoptive cell therapies and vaccine therapy could be promising treatment options[8]. Novel therapies for PDAC remain unused medical tools for improving the survival rate and quality of life. This review summarizes the current therapeutics paradigms for PDAC and then expanded upon the biological underpinnings driving its pathogenesis and progression. Additionally, we discuss how the clinical trial landscape of PDAC has evolved over the past decade and provide a prospective outlook on precision therapy for PDAC in the future years.

THE LANDSCAPE OF DEVELOPMENTS IN MUTATIONAL AND MOLECULAR CHARACTERIZATION OF PDAC
[bookmark: OLE_LINK11][bookmark: _Hlk198915290]Next-generation sequencing (NGS) has revolutionized the care of patients with various types of cancer. NGS has enabled molecular profiling to be increasingly accessible and integrated into standard therapeutic paradigms because of its lower cost and wider availability and the availability of advanced hardware and software[9]. In the first NGS study by Jones et al[10], the authors analyzed a cohort of 24 pancreatic cancer patients and found an average of 63 genetic alterations per case. The Know Your Tumour program revealed that 25%-35% of the PDAC profiles harbored actionable molecular alterations. Precise molecular matched therapy for individuals with PDAC substantially increased the median OS times of patients with PDAC (approximately 30 months in patients with actionable alterations on matched therapy compared with 18 months in patients with unmatched treatments). This indicates that potentially actionable genes should be evaluated for most individuals who have advanced-stage pancreatic cancer[11]. Currently, the next generation is used globally for PDAC patients. Recently, the American Society of Clinical Oncology guidelines and European Society for Medical Oncology Guideline were recommended germline genetic testing for most PDAC patients[12,13]. Genetic profiling is used to identify some actionable somatic mutations and fusions [such as Kirsten rat sarcoma oncogene (KRAS), B-raf proto oncogene, neuregulin-1, neurotrophic receptor tyrosine kinase (NTRK), anaplastic lymphoma kinase, breast cancer susceptibility gene 1 (BRCA1), BRCA2, HER2, partner and localizer of breast cancer 2 (PALB2), rearranged during transfection, fibroblast growth factor receptor 2, and mismatch repair deficient (MMR-D)][13]. Additionally, from a genetic point of view, pancreatic cancer is a complex disease; a number of genes are altered through different point mutations, chromosomal aberrations, and epigenetic mechanisms, resulting in intermediate tumor mutational burden[14,15]. The predominant gene mutations appear to occur sequentially as pancreatic intraepithelial neoplasms progresses (Figure 1). Furthermore, most of the studies have shown that more than 90% of patients have oncogenic activating KRAS mutations. The KRAS mutation was detected in most stages of pancreatic cancer. Pancreatic intraepithelial neoplasms transform into an invasive adenocarcinoma in a typically slow process involving some primary driver mutations, including mutations in KRAS, CDKN2A, TP53, SMAD4, and BRCA2. These common mutations in major genes have been used to characterize PDAC and provide a pleiotropic path for identifying ideal targets that may benefit most patients[15-17]. The Cancer Genome Atlas Research Network reported that some patients with PDAC present with multiple KRAS mutations and that alternative driver events occur in KRAS wild-type tumors[18]. Another work by Witkiewicz et al[19] used exome sequencing to reveal that the B-raf proto oncogene V600E mutation is present in only 3% of patients and exclusively in KRAS wild-type PDAC. On the other hand, the proton oncogene KRAS is mutated and found in approximately 88%-95% of patients with PDAC. Nevertheless, no therapies successfully target mutated KRAS. This is a hot topic for many researchers. A variety of oncogenes, including KRAS and RAS isoforms, represent the most prevalent oncogene in human cancers.
In recent decades, considerable efforts toward the discovery of therapies targeting proteins downstream of activated RAS have been largely unsuccessful owing to the activation of adjacent pathways to obtain clinically approved drugs. Additionally, promising progress in the exploration of treatment opportunities in RAS inhibition has been made in the last few years[20,21]. Notably, platinum-based chemotherapy improved survival outcomes in patients with BRCA1 mutations and BRCA2 mutations[22]. Two studies revealed that patients with BRCA1 and BRCA2 mutations displayed better response rates and improved survival with platinum-based chemotherapy[23,24]. Seeber et al[25] studied 2818 PDAC samples and analyzed BRCA1, BRCA2 and PALB2 via NGS. Mutations in these genes were observed in 1.3%, 3.1%, and 0.6% of patients, respectively. The findings revealed both BRCA, PALB2 mutations in a significant subgroup of PDAC individuals. These mutations were associated with a distinct molecular profile potentially predictive of the response to immune checkpoint inhibitor treatment[25].
BRCA1/2 mutation is positively correlated with increased programmed-death ligand 1 (PD-L1) staining in human PDAC cancer cells[25]. Targeting poly(ADP-ribose) (PAR) polymerase (PARP), a critical enzyme for single-stranded DNA repair, in BRCA1 and BRCA2 deficient pre-clinical cancer models is an effective treatment strategy[26]. The Pancreatic Cancer Olaparib Ongoing (POLO) study demonstrated that the PARP inhibitor olaparib exhibits greater efficacy in patients with platinum-sensitive metastasis PDAC with germline BRCA1 or BRCA2 mutations[27,28]. Kindler et al[29] reported that phase III POLO demonstrated significant progression-free survival (PFS) benefit and preserved health-related quality of life for active maintenance treatment with olaparib vs placebo in patients with MPC and a germline BRCA mutation. Additionally, 5% to 9% of PDAC patients have a germline BRCA1/2 or PALB2 mutation[30]. Moreover, the molecular characterization offers a unique opportunity to identify new prognostic and predictive biomarkers to improve patient selection for treatments PDAC patients.

TRANSCRIPTOMIC CLASSIFICATION SUBTYPES OF PDAC
Over the years, several studies have been performed to analyze pancreatic tumors via hybridization arrays based on mRNA expression data from primary untreated resected PDAC to suggest broad classifications; these studies revealed specific genes that characterize different subtypes of PDAC (Figure 2). Each of those studies involved the use of different approaches to address the low cellularity and stromal contribution, leading to some debate regarding the value of those subtype classification systems. Collisson et al[31] originally identified three molecular subtypes of PDAC tumors; classical, exocrine-like and quasimesenchymal.
[bookmark: OLE_LINK12468][bookmark: OLE_LINK12469]Moffitt et al[32] analyzed bulk tumor tissues from treated primary resected PDAC to identify two tumor-specific subtypes. The normal and activated subtypes were independent prognostic factors. Another two tumor subtypes are the classical and basal-like subtypes[32]. In both studies on these subtypes, basal subtype tumors were associated with a poorer OS than classical tumors, which overlapped significantly with the Collisson classical subtype[31,32]. Bailey et al[33] described several stable subtype classifications using samples with > 40% cellularity from resectable primary pancreatic cancer; these classifications were maintained in an extended set of mRNA hybridization data for 232 PDACs covering the full range of tumor cellularity values (from 12%-100%). On the basis of the expression profiles, the molecular subtypes are as follows: Progenitor, immunogenic, aberrantly differentiated endocrine exocrine, and squamous; each subtype is related to the differential expression of transcription factors and their targets involved in lineage specification and differentiation during pancreatic development[33]. Maurer et al[34] were suggested that the Collisson exocrine and Bailey aberrantly differentiated endocrine exocrine sub-types might be a function of the degree of tumor cellularity rather than distinct types, as most of the sub-type defining genes are largely derived from bulk tumor tissue. Puleo et al[35] reported the sub-types of PDAC by using paraffin-embedded samples and then divided them into five sub-types (pure classical, pure basal-like, immune classical, desmoplastic, and stroma activated) according to the features of both cells and the microenvironment. The pure basal-like subtype had the worst prognostic outcome, with a median OS of 10.3 months, whereas the pure classical sub-type had a good prognostic outcome with a median OS of 43.1 months[35].
[bookmark: _Hlk198909590]Currently, basal-like tumors are associated with a poor prognosis, worse survival, and resistance to therapy, whereas classical tumors are more differentiated, have good survival, and increased response to therapy. Chan-Seng-Yue et al[36] reported that, as single-cell resolution studies have indicated, most PDAC tumors harbor both classical and basal-like subtypes, whereas the hybrid subtype was inconsistently classified by previous systems due to heterogeneous expression profiles. This stratification system still needs validation, but it does demonstrate the importance of including metastatic sites in PDAC molecular studies[36]. Another report by Noll et al[37] revealed different molecular subtypes via immunohistochemistry of the hepatocyte nuclear factor 1 alpha and keratin 81. The two-marker combination identified the quasi-mesenchymal subtype, which was associated with shorter survival; the exocrine-like subtype, which is associated with longer survival; and the classical subtype, which was associated with intermediate survival. Clear subtype-specific treatment vulnerabilities have not yet been demonstrated for these classifications, despite their established relevance for prognosis[38,39].

CURRENT THERAPEUTIC STRATEGY LANDSCAPE AND FUTURE UPDATES
Chemotherapy and surgery are the initial therapeutic options for patients with PDAC. Furthermore, only a few patients are eligible for resection at diagnosis (15%-20%)[40]. Most of the PDAC patients present with metastasis at first diagnosis, where removal of the primary lesion through a major surgical procedure is not suitable. The clinical care for most patients, regardless of removal eligibility, includes systemic chemotherapy. In the past decade, new combination regimens have emerged as first-line therapy in patients with advanced PDAC. The first is a combination of 5-fluorouracil (5-FU), leucovorin, irinotecan, and oxaliplatin, which is named FOLFIRINOX. The second line is the combination of gemcitabine and an albumin nanoparticle conjugate of paclitaxel (nab-paclitaxel). The third-line regimen includes a liposomal formulation of irinotecan in combination with 5-FU[41-43]. Patients progressing on the first-line and second regimens can be offered other regimens, such as targeted therapy options (Figure 3). Although chemotherapy and surgery are encouraged for the clinical management of PDAC, there have been several compelling developments in the application of targeted therapies in PDAC, which will be discussed in the next section.

FIRST-LINE THERAPIES
[bookmark: OLE_LINK12464][bookmark: OLE_LINK12465]The ASCO Clinical Practice Guideline recommended two main chemotherapy regimens for first-line treatment of MPC, FOLFIRINOX and gemcitabine plus nab-paclitaxe is recommended for patients who meet an Eastern Cooperative Oncology Group PS of 0 to 1[44]. Moreover, a randomized phase II trial was performed to select a regimen from mFOLFIRINOX or gemcitabine plus nab-paclitaxel as a promising candidate for a subsequent phase III study[45]. Another important aspect of the PROPANC trial, the PREOPANC trial revealed that neoadjuvant gemcitabine-based chemoradiotherapy followed by surgery and adjuvant gemcitabine improved OS with upfront surgery and adjuvant gemcitabine in patients with resectable and borderline resectable PDAC. Neoadjuvant FOLFIRINOX is currently being tested in a few randomized trials for pancreatic cancer[46,47]. The 2023 NAPOLI 3 study were compared the efficacy and safety of NALIRIFOX vs nab-paclitaxel and gemcitabine as first-line treatment for metastatic PDAC. A total of 770 patients were randomly assigned to the NALIRI FOX group (n = 383) or the nab-paclitaxel gemcitabine (n = 387) group. The median follow-up was 16.1 months; the median survival time was 11.1 months with NALIRI-FOX vs 9.2 months with nab-paclitaxel-gemcitabine, and the median PFS was 7.4 months with NALIRIFOX and 5.6 months with nab-paclitaxel and gemcitabine. In the NAPOLI 3 trial, the NALIRIFOX regimen demonstrated statistical significant and clinical better improvements in OS and PFS compared with nab-paclitaxel and gemcitabine in patients with metastatic PDAC[48]. Another study showed the comparable effectiveness of FOLFIRINOX and gemcitabine plus nab-paclitaxel, comprising 274 selected individuals. No differences were reported regarding median OS. Following FOLFIRINOX and gemcitabine plus nab-paclitaxel are regimens of choice for neoadjuvant chemotherapy in treating PDAC when patient conditions are acceptable[49] (Table 1). A study from the United States enrolled approximately 654 selected patients; the median OS was significantly longer in the FOLFIRINOX group (13.8 months) than in the G/nab-P group (12.1 months)[50]. A German study revealed the benefit of the first-line treatment in combination therapy in a phase III trial[51]. The MPACT trial revealed a survival benefit of nab-paclitaxel gemcitabine over gemcitabine monotherapy. The median OS was 8.7 months vs 6.6 months[42].
Furthermore, FOLFIRINOX and nab-paclitaxel combined with gemcitabine as a combination therapeutic has been evaluated in randomized trials for patients only in large randomized clinical trials evaluating both protocols for local advanced disease with or without the addition of sequential chemoradiation (for example, the NEOLAP study NCT02125136)[52,53]. Finally, the PDAC Signature Stratification for Treatment (PASS-01) trial was a phase II, multicenter clinical trial in which patients with metastatic PDAC were randomized to either FOLFIRINOX or gemcitabine plus nab-paclitaxel treatment groups (NCT04469556)[54]. Other groups performed studies on fist-line therapies with better outcomes[55-58].

SECOND-LINE THERAPIES
Since the approval of the FOLFIRINOX regimen in 2010, it has been the second-line treatment after disease progression (Table 2). Conroy[59] reported second-line therapies after progression on gemcitabine alone in PDAC. In the CONKO-003 trial, with disease progression after gemcitabine treatment were randomized into two arms: L-OHP plus 5-FU and leucovorin. A significant improvement in PFS (13 weeks vs 9 weeks, P = 0.012) and OS (26 weeks vs 13 weeks, P = 0.014) was achieved for patients in the oxaliplatin arm[59].
Moreover, a phase III NAPOLI-1 trial demonstrated that liposomal-irinotecan nanoliposomal irinotecan (nal-IRI) plus 5-FU were more effective in patients was treated with gemcitabine previously than in those treated with 5-FU monotherapy (median OS of 6.2 months vs 4.2 months; P = 0.012)[43]. Another choice in the second-line setting is the OFF regimen consisting of 5-FU/leucovorin and oxaliplatin. This regimen can be employed in patients who progress under gemcitabine[60].
Korean Cancer Group studies were analyzed to compare second-line nal-IRI + 5-FU + folinic acid for second-line treatment after FOLFIRINOX failure. Interestingly, patients treated with FOLFIRINOX had better OS if they were more than 70 years, whereas patients treated with nal-IRI + 5-FU + folinic acid had better PFS and OS if they were less than 70 years[61]. Another study recommended that nal-IRI + 5-FU plus folinic acid might be a better treatment option for elderly patients with PDAC[21]. Gill et al[62] reported that the PANCREAS trial did not indicate a benefit from the addition of oxaliplatin (FOLFOX6) to 5-FU-FA. The median survival was 6.1 months vs 9.9 months (P = 0.02)[62]. Also retrospective NAPA study, individuals who received Gem-NaP as the first-line therapy were treated with FOLFOX or FOLFIRI as second-line treatment after progression; the median PFS was slightly but no significant better in the FOLFIRI group than in the FOLFOX group, and the median OS was significantly better in the FOLFIRI group compared to the FOLFOX[63].
Data regarding second-line treatment following this regimen are sparse[42]. 57 patients were treated with nab-paclitaxel and gemcitabine following FOLFIRINOX, with a median survival of 8.8 months and an acceptable toxicity profile[64]. A couple studies reported better evidence in phase II and III trials, second-line treatment was effective and well tolerated in patients, who have good statuses despite progression on first-line therapy[53,65]. However, phase III trials in which 298 patients with PDAC failed gemcitabine based treatment were presented at the European Society for Medical Oncology 2022 meeting. Patients were randomized to receive a liposomal formulation of irinotecan plus 5-FU, folinic acid or placebo plus 5-FU and folinic acid, this followed the second line treatment of PDAC[66]. Other studies provided evidence supporting second-line therapeutic options[67-69]. Insights from this review into the use and efficacy of treatments in a real-world setting may influence the development of effective therapeutics plans, potentially improving patient outcomes in the future.

THIRD-LINE THERAPIES
Unfortunately, most patients with advanced pancreatic cancer experience challenges such as tumor metastatic, chemotherapy resistance and treatment related toxicity after first or second-line chemotherapy. Chemotherapy remains the standard therapies for advanced and metastatic disease. First-line therapy (FOLFIRINOX or gemcitabine plus nab-paclitaxel) improved the OS rate of patients with advanced pancreatic cancer, and 5-FU/leucovorin plus nal-IRI is proven to be a solid second-line therapy (Table 3).
Third-line treatment by using a nal-IRI + 5-FU/leucovorin regimen is routine in the clinic. Furthermore, two reports analyzed the clinical efficacy and safety of the use of nal-IRI in combination with 5-FU/leucovorin[70-72]. Möhring et al[73] reported that 19 patients were treated with nal-IRI plus 5-FU/leucovorin as a third-line therapy after the FOLFIRINOX regimen, and only one patient did not have complete therapy data concerning FOLFIRINOX therapy; among 18 patients receiving nal-IRI plus 5-FU/leucovorin as a third-line therapy, the OS was 9.33 months, and the median PFS was 2.53 months; the final response to nal-IRI plus 5-FU/leucovorin was not statistically significant. Furthermore, the therapeutic benefits and safety of nal-IRI + 5-FU/leucovorin continue improving for patients with advanced and MPC. Kim et al[74] reported the efficacy of third-line chemotherapy for patients with advanced pancreatic cancer; the outcomes of 125 patients who received a third-line chemotherapy regimen with nal-IRI plus 5-FU/leucovorin were as follows: The median OS from diagnosis was 18.0 months in all patients, and the median OS after progression on second-line therapy was 15.1 months. This study suggests that proceeding with third-line chemotherapy could be recommended in some selected patients; notably, females benefitted significantly more than males did[74]. The efficacy and safety of various third-line treatments in individuals with PDAC are still awaiting confirm.

PREDICTIVE BIOMARKERS OF THE IMMUNOTHERAPY RESPONSE
In the past decade, immunotherapy, especially immune checkpoint inhibitors, has revolutionized the management of a broad spectrum of malignancies and immunotherapy agents have provided novel and great opportunities for expanding the treatment of PDAC[75]. Immunotherapy has been shown to be effective and safe for treating many tumors. PDAC is a typical tumor that is known to occur in the context of immunosuppression, making immunotherapy a potentially attractive therapeutic option (Figure 4). Farren et al[76] suggested that the strength of the immune response predicts the survival outcomes of pancreatic cancer patients, and manipulation of this feature might be of clinical benefit.
Tumor vaccination is an option for tumor immunotherapy whose use has increased rapidly recently and can improve outcomes. There are several kinds of tumor vaccines, including whole-cell, peptide-based vaccines, dendritic cell vaccines, DNA vaccines (plasmid vaccines, virus-based vaccines, bacterial vector vaccines, and yeast-based recombinant vaccines), and mRNA vaccines[77]. Hopkins et al[78] revealed via T cell receptor Vβ sequencing (HTTPS) analysis that increased responses mediated by CD4+ and CD8+ T cells were observed in PDAC patients who received immune checkpoint therapy [anti-programmed cell death protein 1 (PD-1) and anti-cytotoxic T lymphocyte associated antigen 4 (CTLA-4)] combined with GVAX, as evidenced by more significant T cell receptor library diversity, and a certain degree of clinical response. In another study on cancer vaccines, targeting of KRAS caused a KRAS-specific immune response, indicating that this approach is seemingly promising and safe with clinical benefit[79].
[bookmark: _Hlk198911029]The use of immunotherapy targeting CTLA-4 and PD-1 is rapidly increasing for solid tumors. However, pancreatic cancer is considered a cold tumor. A number of clinical trials have researched immune checkpoint blockade of CTLA4 and PD-1/PD-L1 pathways to directly increase effective T-cell activity in PDAC. Blocking CTLA4 modulates T-cell activity and enhances T-cell priming[80]. As an important part of precision therapy strategies, immune checkpoint inhibitors represented by PD-1 inhibitors are an important direction for immunotherapy. MMR-D and microsatellite instability high status can lead to an increase in the tumor mutational burden and has important indications in predicting the efficacy of immune checkpoint inhibitors. However, MMR-D/microsatellite instability high tumors account for < 1% of all cases of pancreatic cancer cases treated with pembrolizumab. The objective response rate (ORR) was 18.2%; 22 patients with pancreatic cancer had a complete response, and 3 patients achieved a partial response. The median survival was 4 months[81]. An AGEO European cohort study in 2023 revealed that it was effective and well tolerated in patients with advanced PDAC, supporting the usage of immune checkpoint inhibitors for MSI/MMR-D PDAC cases in advanced stages and also providing a good foundation for future explorations[82].
Owing to the limited efficacy of immunotherapy, monotherapy combined with chemotherapy and other regimens, a phase II clinical study in which 27 patients with advanced pancreatic cancer was reported at ASCO 2023. The treatment groups were as follows: The surufatinib + camrelizumab + nab-paclitaxel + S-1 group (NASCA group, n = 14), nab-paclitaxel + gemcitabine group (AG group, n = 13). The ORR was 55.0% for the NASCA group and 23.1% in the AG group; the median PFS was 8.8 months in the NASCA and 5.8 months in the AG group, with a median follow-up of 8.9 months. Overall, the results showed that the NASCA regimen presented greater clinical benefit than did the standard AG therapy and had a manageable safety profile. This trial is ongoing, and the NASCA regimen deserves further exploration in metastatic PDAC [clinical trial (NCT05218889)][83].
[bookmark: _Hlk198652898]In this context, chimeric antigen receptor-engineered T (CAR-T) cells constitute a hotspot of immunotherapy. Therefore, novel therapeutic strategies are rapidly needed to improve the outcomes of pancreatic cancer. Another promising therapeutic could be immunotherapy with CAR-T cells. However, it has emphasized that CAR-T cell treatment achieved in pancreatic cancer therapy is hindered by the tumor microenvironment (TME)[84]. CAR-T cell-based therapy has revolutionized therapies whether they are used for benign or malignant tumors[84,85]. Primarily, six CAR-T cell therapies are available and were approved by the Food and Drug Administration and the European Medicines Agency[86]. CAR-T cell therapy trials in pancreatic cancer illuminate the path of both potential therapies and challenges in treating these diseases. Safety outlines were generally acceptable, with manageable and reversible adverse events[87].

EMERGING MOLECULAR TARGETED THERAPIES IN PDAC
Despite the recent significant success of targeted therapies in the management of more cancers, PDAC has been associated with a poor prognosis. This lack of progress can be partly explained by the scarcity of PDAC samples, especially for advanced stages; thus, sample availability represents a major barrier to understanding the relationship between tumor biology and therapeutic response (Table 4). In this context, the development of relevant preclinical models is particularly important. KRAS(G12C) mutation has emerged as a promising therapy for a series of solid tumors, and AMG-510 was the first-line treatment for KRAS(G12C) tumors. AMG-510 has shown great promise in treating tumors in both preclinical and clinical studies[88]. Hong et al[89] reported a study on 22 pancreatic cancer patients treated with sotorasib (AMG510). Nine patients had stable disease after treatment, and one patient exhibited a favorable response to treatment[89]. Strickler et al[90] showed that sotorasib therapy had clinically meaningful efficacy and an acceptable safety profile in patients with advanced and metastatic PDAC. The outcomes of a phase I-II clinical trial of sotorasib were follows: The median PFS of patients was 4.0 months; 36.1% of patients had PFS > 6 months; the median OS was 6.9 months; and 19.6% of patients had OS > 12 months. Sotorasib has shown good efficacy as a second-line treatment for advanced pancreatic cancer[90]. Ou et al[91] reported phase I/IB adagrasib dose finding components of the first in the human KRYSTAL-1 trial. This trial evaluated the safety of sustained exposure to adagrasib above the target threshold. A dosage of 600 mg twice a day was predicted to enable the inhibition of newly synthesized KRAS(G12C)[91]. However, KRAS(G12C) mutation accounts for only 1% of the overall population affected by pancreatic cancer.
[bookmark: _Hlk198912076]Benefit is lower, which cannot significantly improve the prognosis of pancreatic cancer. In 2023, a drug targeting small interfering RNA with KRAS(G12D) mutation (SiG12D-LODER) entered phase II clinical trials (NCT01676259). At the same time, T cell receptor cell therapy targeting KRAS(G12D) mutants, and tumor antigens has exhibited efficacy in patients with MPC who have received multiple prior treatments[92]. The KRAS(G12D) mutation was found in nearly 43% of pancreatic cancer cases. In 2021, KRAS(G12C) mutation was approved by the Food and Drug Administration as a therapeutic target. Although the targeted therapies for pancreatic cancer have been very slow to progress, the POLO trial reported the efficacy and safety of maintenance olaparib compared with placebo in patients with MPC with a germline BRCA mutation[93]. The results for maintenance olaparib were as follows: Median PFS with placebo (7.4 months vs 3.8 months), where progression was defined as disease progression or death (P = 0.004); however, no difference in OS between the olaparib and placebo groups was observed. Grade ≥ 3 adverse drug events were more frequently reported in the olaparib group than in the placebo group (40% vs 23%). Thus, the maintenance olaparib regimen seems to be an attractive option for the treatment of MPC patients with a germline BRCA mutation[93]. In 2023 study trials, the phase III POLO trial was conducted to investigate the efficacy of olaparib as a switch maintenance therapy in PDAC patients with germline BRCA mutations[29].
Again, international guidelines recommended olaparib in a heavily pretreated patient with BRCA2 germline mutation for maintenance treatment of patients with PDAC. In 2022, the NOTABLE, phase III clinical study confirming the efficacy and safety of nimotuzumab plus gemcitabine combination regimen with wild-type KRAS for patients with advanced or metastatic pancreatic cancer (ClinicalTrials.gov identifier: NCT02395016). The outcome of the median OS and the median PFS was 4.2 months vs 3.6 months, and both OS and PFS were longer in the nimotuzumab group than in the placebo group. The ORRs and disease control rates were 7% vs 10% and 68% vs 63%, respectively. investigational and control groups, respectively[94]. Thus, several studies reported NTRK gene fusion-positive cancer occurs in very rare patients with pancreatic cancer. The counterparts larotrectinib and entrectinib are multitarget tyrosine receptor kinase inhibitors[95,96]. Solomon et al[97] reported that NTRK gene fusions in 1492 pancreatic adenocarcinomas were very rare (0.34%). In 2023, Demols et al[98] reported overall results in patients after screening via immunohistochemistry and confirmation via NGS, the percentage of NTRK fusions was 0.7% for pancreatic cancers.

THE TUMOR IMMUNE MICROENVIRONMENT AS A NEW THERAPEUTIC TARGET FOR PDAC
PDAC has a complex immune microenvironment that plays a crucial role in disease progression of pancreatic cancer; the therapeutic purpose of the immune microenvironment of pancreatic cancer has been a research topic. Thus, the cellular components of the TME, combined with the extracellular environment and signaling pathways in surrounding tissues. As the field evolves to better understand the dynamic interactions within the TME, treatment strategies for drug delivery and unique immune targets will provide new hope for curing disease[99]. However, T lymphocytes are very limited in the immune microenvironment, intrinsic immune cells are significantly enriched as a major component of the immune microenvironment regulating pancreatic cancer[100].
In 2023, cancer cellular heterogeneity, circulating tumor cells, and cancer-associated fibroblasts, the immune microenvironment, and pancreatic precancerous lesions were explored by single-cell sequencing. This research is expected to increase our knowledge about pancreatic neoplasms and improve their diagnosis and prognosis[101]. Additionally, macrophages are crucial innate immune effector cells that perform many functions in response to pathogens and tissue inflammatory signals, including promotion of tumor development. High levels of tumor-associated macrophages (TAMs) are associated with a poor prognosis and correlate with chemotherapy resistance in most cancers[102,103]. Chen et al[103] reported that deletion of immune response gene 1 in vivo combined with and PD-1/PD-L1 blockade enhanced antitumor immunity; that is, while aconitate decarboxylase 1 inhibitors target monocytes/macrophages to reprogram TAM polarization and promotes antigen presentation and T cell trafficking, PD-L1 blockades target and reinvigorate CD8+ T cells to restore their antitumor effector functions. Another study aimed to clear the PDAC microenvironment to drive local macrophage proliferation; the results suggested that cancer-associated fibroblast-induced macrophage proliferation is important for sustaining TAM number[104]. The induction of p21 in TAMs by stromal colony stimulating factor 1 results in immunosuppression and tumor progression, and the expression of p21 in TAMs might sensitize tumors to CD40 agonist treatment[104]. Additionally, Caronni et al[105] reported that interleukin-1β+ TAMs represent a subset of monocyte-derived macrophages endowed with inflammatory activity, but not cytotoxic activity; these cells are programmed in pancreatic cancer, and the prostaglandin E2-L-interleukin axis as a driver of the spatial and transcriptional heterogeneity of immune and tumor cells in PDAC. The study revealed that the cysteine-rich intestinal protein 1/nuclear factor kappa B/C-X-C motif ligand axis is critical for triggering immune evasion and tumour immune microenvironment development in PDAC[106]. One group aimed to explore neutrophil heterogeneity in PDAC TME at the single-cell level, and mechanistic studies revealed the targets if both hypoxia and endoplasmic reticulum stress, two potent stimulators in the TME driving neutrophils toward the protumor TAN-1 phenotype. Importantly, this demonstrated that BHLHE40 is a key regulator of protumor neutrophils[107]. In the microenvironment, T cells and B cells, as adaptive immune cells, follow tertiary lymphoid structures associated with a good prognosis which are known to play an active role in a variety of tumors, including PDAC[108,109]. Although immunotherapy has not been very successful in PDAC, the development of new immunotherapeutic regimens is continually unceasing. Given the difficulty in infiltrating acquired immune cells but the relative abundance of intrinsic immune cells in the microenvironment of PDACs, intrinsic immune cells are considered to be very promising as targets or vectors for immunotherapies for patients with pancreatic cancer[110].

IMMUNOTHERAPIES - FUTURE OPPORTUNITIES
An increasing understanding of the mechanisms of cancers and the map of the tumor host interactions have accelerated improvements in novel immunotherapies[111]. Although immunotherapy for patients with pancreatic cancer has made progress in some patient subpopulations, the overall therapeutic response to current treatments remains very limited.
In the near future, we expect to improve the immunotherapeutic response to individuals with pancreatic cancer, by performing in-depth research, exploring new therapeutic targets, improving technology; this will facilitate a clear understanding of its parthenogenesis. Notably, immunotherapy has made breakthroughs in the fight against some cancers and has become a better path for PDAC treatment. PDAC is defined as a “cold tumor”. Thus, its response to most immunotherapies is not very satisfactory. Therefore, one of the current significant endeavors in PDAC immunotherapy is to transform the “cold tumor” into a targetable “hot tumor”[112,113] (Figure 5).
Currently, the recent increase in therapeutic targets has led to an improvement in the immunotherapy response and OS rate of pancreatic cancer patients, suggesting that manipulation of this feature might lead to new and promising therapeutic strategies[114,115]. Therefore, immunotherapy, including immune checkpoint inhibitors that target PD-1 immunotherapy, CTLA4 and CAR-T cell therapy have been shown to be promising strategies for hematological malignancies.
Previous works to reactivate immune responses by antagonizing the inhibitory signals utilized by tumors have shown promise, with antibody blockade of T-cell inhibitory receptors such as PD-1, PD-L1, or CTLA-4 achieving response rates of up to 50% in bladder, lung, and renal cancers and melanoma[116,117]. According to Michelakos et al[118], the B7-H3 receptor, where the tumor antigens that target monoclonal antibodies is not only a promising technically feasible target; further examination of B7-H3 characteristics and development of B7-H3-targeting strategies is timely and warranted. Additionally, two studies by Tate et al[119] and Balachandran et al[120] showed that immunotherapies targeting shared neoantigens constitute good approaches for cancer treatment.
However, with improvements in both molecular biology and immunology, new technologies bring hope for the development of new biomaterials based on approaches as new anticancer immunotherapies for patients with pancreatic cancer[113]. Zemek et al[121] showed that high-throughput sequencing technology in the pretreatment TME predicts responses to immune checkpoint blockade. A report by Falcomatà et al[122] revealed that the multikinase inhibitor nintedanib, inducing cell death and widespread reprogramming of the immunosuppressive microenvironment can activate an anti-tumor immune response, resulting in the recruitment of cytotoxic T cells. Another study by Stadtmauer et al[123] revealed that CRISPR-Cas9 is a revolutionary gene-editing technology that offers the potential to treat diseases such as cancer, and a phase I clinical trial to assess the safety and feasibility of CRISPR-Cas9 gene editing in patients with advanced cancer. Therefore, the immunogenicity demonstrated the feasibility of CRISPR gene editing for cancer immunotherapy[123]. Diagnosis with ultrasound therapy combined with microbubbles has achieved immense success in cancer treatment, and terahertz therapy; its combination with traditional chemotherapy and targeted therapy and immunotherapy have slowly moved from basic research to clinical trials showing benefits. However, many unanswered questions remain regarding the pathogenesis mechanism of pancreatic cancer, and understanding the tumor immune escape therapy mechanism should facilitate the improvement of clinical therapeutic strategies. Therefore, the best option is to perform further basic research on pancreatic cancer that might lead to new therapeutic targets and choices.

NEW BIOMARKERS
While tumor tissue is still the gold standard for identifying cancer-specific biomarkers, the use of liquid biopsies in new screening methods for the early detection of pancreatic cancer is promising[124]. Currently, the potential targets of liquid biopsies are circulating tumor cells, circulating tumor DNA, exosomes, noncoding RNAs, mRNAs, and extracellular vesicles; assessment of these markers may provide a clearer picture and more information about tumor genomics, transcriptomics, and proteomics[125,126]. Hence, liquid biopsy has become an appealing standard source of biomarkers for some applications in most cancers including pancreatic cancer. The applications were involved in early diagnosis, treatment response, prognosis evaluation, prognosis and prediction of treatment response[125,127]. However, the liquid biopsy had a large positive effect of allowing longitudinal monitoring of tumors and may capture the spatial and temporal Intratumor heterogeneity is not easy with traditional procedures[125,128]. Currently, carbohydrate antigen carbohydrate antigen 19-9 is the most commonly used serum protein biomarker for the diagnosis and monitoring of patients with PDAC[129]. Finally, liquid biopsy is likely to revolutionize clinical cancer management, but there is limited research on this subject.

Artificial intelligence shows promise in the prediction of pancreatic cancer outcomes
Artificial intelligence (AI) has gained considerable interest in oncology because it has potential to be useful for the analysis of big data can be used to produce individualized recommendations based on patient’s clinical profile[130]. With the development of digital technology, AI has become a great tool in the health care field. There is a great deal of repetitive work in clinics, and AI can reduce the workload for physicians[131]. Despite these promising early outcomes, the identification of primary lesions and secondary anatomic signs has not been well studied in AI-based detection research. Most of the reports do not assess the performance of AI-trained models on the basis of tumor size and stage[132]. Schuurmans et al[132] have shown great potential for AI-driven PDAC diagnosis via computed tomography (CT).
Diagnostic images are the classic application of AI in health care; however, Jiang et al’s proof-of-concept studies have provided promising evidence that AI can be useful for predicting responses to various treatments[133]. Another study revealed that an AI model was able to accurately diagnose pancreatic cancer via CT images with a mean accuracy of approximately 92%. The sensitivity was 88%, and the specificity was approximately 95%. Therefore, AI models can be highly accurate and be applied to automate the detection of PDAC on diagnostic CT as well as the detection of visually occult PDAC on prediagnostic CT[134].
A study from China revealed that an AI model (area under the receiver operating characteristic curve: 0.92) performed better than radiologist examination, a clinical model and a radiomics model (area under the receiver operating characteristic curves of 0.65, 0.77, and 0.68, respectively) in the prediction of lymph node metastasis (P < 0.001). An AI model predicted that lymph node metastasis was associated with worse survival. This AI model was a fully automated noninvasive tool considering both lymph node and tumor imaging characteristics and showed favorable accuracy for the prediction of lymph node metastatic via CT in patients with PDAC[135]. At present, in the medical field, AI models can utilize relatively objective data to assist in the screening and diagnosis of diseases. In the near future, medical AI models should be developed to analyze patients’ medical history, symptoms, medical testing reports, medical images, and even sociological characteristics. These models may facilitate prevention and risk control. Overall, AI may bring new hope by facilitating disease diagnosis in the clinical setting and facilitating the development of novel therapeutic strategies in the near future[136].

CONCLUSION
An improved understanding of the biology of PDAC has led to many clinical trials to improve treatment efficacy and outcomes. Outcomes have consistently improved over the past few decades. Unfortunately, these findings have not translated into a breakthrough in clinical care for the most of patients. Furthermore, pancreatic cancer remains a disease with a poor prognosis; it has an OS rate of approximately 5%, irrespective of the patient’s socioeconomic status.
Primary and secondary prevention policies and increased implementation of surveillance programs will be essential in reducing the mortality and morbidity associated with pancreatic cancer. The implementation of effective precision medicine is still hampered by several barriers. Thus, there is still a lack of reliable biomarkers to predict responses to current treatments, and novel effective therapies are needed. A clear understanding of the epistatic gene interactions between mutated driver genes may help to increase the efficacy of combination therapies. Ongoing improvements in PDAC treatment with KRAS-specific inhibitors are encouraging. Additionally, we have observed the recent success of PARP inhibitors and PD-1 blockade for molecularly defined subclasses of PDAC. In the past decade, there were many improvements in preclinical and clinical work demonstrating the importance of the adaptive and innate immune systems in PDAC immunosurveillance. Since the outcomes of immunotherapy clinical trials on patients with PDAC have thus far been modest, more hard work has to be undertaken to increase new and relevant preclinical models; these studies are designed to consider the TME in particular. On the other hand, molecular targeted therapies and immunotherapies are emerging as tools to promote immune system response against PDAC-derived neoantigens. In this scenario, systematic tumor biopsies and blood samples should be collected from individuals with pancreatic cancer, and more biomarker-based clinical trials should be implemented in the near future. More importantly, the concept of multidisciplinary team is involved in the entire process of treating pancreatic cancer, and the determination and implementation of the major decisions should be carried out with more options and ideas from the multidisciplinary team, with dynamic evaluation and follow-up. In the management of the whole course of disease, clinicians should pay attention to systematic supportive treatment and nutritional status. Finally, we are optimistic that these collective efforts will soon transform PDAC from a recalcitrant disease to a manageable disease.
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[bookmark: _Hlk198908655][bookmark: OLE_LINK14][bookmark: OLE_LINK12]Figure 1 Progression model of pancreatic ductal adenocarcinoma in which normal acinar cells (left) transform into precursor lesions (pancreatic intraepithelial neoplasms) (right). The degree of histological progression is associated with an accumulation of specific genetic changes. DM: Ductal metaplasia; PanIN: Pancreatic intraepithelial neoplasms; PDAC: Pancreatic ductal adenocarcinoma; KRAS: Kirsten rat sarcoma oncogene; BRCA2: Breast cancer susceptibility gene 2.
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[bookmark: _Hlk198914920]Figure 2 Comparison of different transcription subtype classifications of pancreatic ductal adenocarcinoma tumors. Subtype classifications of pancreatic ductal adenocarcinoma tumors have been identified and characterized according to transcriptomic signatures and/or protein expression profiles. Findings from previous studies. Classical (excellent prognosis, left) or basal-like (worse prognosis, right) phenotype. The genetic determinants of the proposed classes of subtypes have been proposed to drive transcription phenotypes, including enrichment of GATA binding protein 6 in classical subtype tumors and Kirsten rat sarcoma oncogene in basal-like pancreatic ductal adenocarcinoma tumors. PDAC: Pancreatic ductal adenocarcinoma; GATA6: GATA binding protein 6; KRAS: Kirsten rat sarcoma oncogene; PDX1: Pancreatic duodenal homeobox-1; KDM6A: Lysine-specific demethylase 6A; NR5A2: Nuclear receptor subfamily 5 group A member 2; EMT: Epithelial-mesenchymal transition; TGF: Transforming growth factor; ECM: Extracellular matrix; KRT81: Keratin 81; HNF1A: Hepatocyte nuclear factor 1 alpha.
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Figure 3 Available targeted therapeutic options for locally advanced pancreatic ductal adenocarcinoma. PDAC: Pancreatic ductal adenocarcinoma; BRCA1/2: Breast cancer susceptibility gene 1/2; palb2: Partner and localizer of breast cancer 2; MSI-H: Microsatellite instability high; dMMR: Mismatch repair deficient; NTRK: Neurotrophic receptor tyrosine kinase; nal-IRI: Nanoliposomal irinotecan; 5-FU: 5-fluorouracil; LV: Leucovorin.
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Figure 4 Previously and currently available therapies and future prospects for immunotherapy in the management of pancreatic cancer in 2024. Single agents and combinations of approved therapies or therapies under investigation in randomized clinical trials across tumor stages are shown. CAR-T: Chimeric antigen receptor-engineered T; TCR: T cell receptor.
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[bookmark: OLE_LINK13]Figure 5 Schematic illustration of the different cell types in the tumor microenvironment. Some of these cell types can be targeted to turn “cold” pancreatic tumors into “hot” pancreatic tumor. PD-L1: Programmed-death ligand 1; PD-1: Programmed cell death protein 1; CTL-4: Cytotoxic T lymphocyte 4; CAR-T: Chimeric antigen receptor-engineered T; TCR: T cell receptor; CTLA-4: Cytotoxic T lymphocyte associated antigen 4; CAF: Cancer-associated fibroblast; Treg: Regulatory T; NK: Natural killer.

Table 1 Phase II/III trials of first-line chemotherapy for pancreatic cancer published previously
	Clinical trial identifier
	Year
	Patients
	Clinical phase
	Tumor stage
	Treatment regimen
	Median OS (months)
	Median PFS (months)
	Ref.

	JCOG1407 UMIN000023143
	2022
	126
	Phase II
	LAPC
	mFOLFIRINOX/gemcitabine + nab-paclitaxel
	23.0 vs 21.3
	11.2 vs 9.4
	[48]

	PREOPANC Eudra CT 2012-003181-40
	2022
	246
	Phase III
	rPC
	Gemcitabine + surgery
	15.7 vs 14.3
	NA
	[49]

	NAPOLI 3 NCT04083235
	2023
	770
	Phase III
	mPDAC
	NALIRIFOX vs nab-paclitaxel and gemcitabine
	11.1 vs 9.2
	7.4 vs 5.6
	[53]

	PRODIG-4 ACCO TD-11
	2022
	406
	Phase III
	PDAC
	Gemcitabine plus nab-paclitaxel vs FOLFIRINOX
	9.4 vs 7.5
	Failure
	[61]

	MPACT NCT00844649
	2013
	861
	Phase III
	mPDAC
	Nab-paclitaxel plus gemcitabine + gemcitabine
	8.5 vs 6.7
	5.5 vs 3.7
	[57]

	NEONAX NCT02047513
	2023
	127
	Phase II
	rPADC
	Gemcitabine plus nab-paclitaxel
	15.7 vs 14.3
	11.5 vs 5.9
	[62]

	NAPOLI 3
	2024
	2581
	Phase III
	mPC
	NALIRIFOX, gemcitabine plus nab-paclitaxel + FOLFIRINOX
	11.1 vs 10.4 vs 11.7
	7.4 vs 5.7 vs 7.3
	[63]

	PRODIGE 65 NCT03943667
	2024
	211
	Phase III
	mPDAC
	Gemcitabine and paclitaxel vs gemcitabine (GEMPAX)
	6.4 vs 5.9
	3.1 vs 2.0
	[64]


[bookmark: OLE_LINK66]OS: Overall survival; PFS: Progression-free survival; LAPC: Locally advanced pancreatic cancer; rPC: Resectable pancreatic cancer; NA: Not available; mPDAC: Metastatic pancreatic ductal adenocarcinoma; NALIRIFOX: Liposomal irinotecan, oxaliplatin, leucovorin, and fluorouracil; PDAC: Pancreatic ductal adenocarcinoma; mPC: Metastatic pancreatic cancer; rPADC: Resectable pancreatic ductal adenocarcinoma.


Table 2 Summary of second-line therapies for pancreatic cancer and the results of phase III clinical trials
	Clinical trial identifier
	Year
	Patients
	Study phase
	Tumor stage
	Treatment regimen
	Median OS (months)
	Median PFS (months)
	Ref.

	NAPOLI-1 NCT01494506
	2016
	417
	Phase III
	mPDAC
	Nanoliposomal irinotecan with fluorouracil and folinic acid
	6.1 vs 4.2
	NA
	[66]

	MPACT
	2021
	378
	Phase III
	mPDAC
	Liposomal irinotecan + fluorouracil/leucovorin vs FOLFIRINOX
	9.8 vs 6.6
	3.7 vs 4.6
	[68]

	PANCREOX NCT01121848
	2016
	108
	Phase III
	LAPC
	Nanoliposomal irinotecan + fluorouracil and folinic acid
	6.1 vs 9.9
	3.1 vs 2.9
	[69]

	MPACT
	2015
	57
	
	mPDAC
	Nab-paclitaxel plus gemcitabine
	8.8
	5.1
	[71]

	NCT05074589
	2022
	298
	Phase III
	mPDAC
	Liposomal formulation of irinotecan plus 5-fluorouracil and folinic acid, or placebo plus 5-fluorouracil and folinic acid
	7.39 vs 4.99
	4.21 vs 1.48
	[73]

	NCT01834235
	2023
	78
	Phase III
	APDAC
	Gemcitabine and nab-paclitaxel
	6.6 vs 5.0
	2.7 vs 3.4
	[74]

	NAPOLI-1
	2024
	115
	Phase III
	APDAC
	Nanoliposomal irinotecan and 5-fluorouracil/leucovorin
	8.4 vs 7.9
	3.6 vs 3.4
	[75]

	NAPOLI‐1
	2023
	296
	Phase III
	APDAC
	Nanoliposomal irinotecan plus 5-fluorouracil/leucovorin
	6 vs 12
	12.4 vs NA
	[76]


OS: Overall survival; PFS: Progression-free survival; mPDAC: Metastatic pancreatic ductal adenocarcinoma; NA: Not available; LAPC: Locally advanced pancreatic cancer; APDAC: Advanced pancreatic ductal adenocarcinoma.

Table 3 Previous phase II/III clinical trials of third-line therapeutic options for pancreatic cancer
	Clinical trial identifier
	Year
	Patients
	Study phase
	Tumor stage
	Treatment regimes
	Median OS (months)
	Median FPS (months)
	Ref.

	NAPOLI-1
	2019
	86
	Retrospective
	mPDAC
	Nanoliposomal irinotecan + 5-fluorouracil and leucovorin
	9.4
	3.5
	[77]

	NAPOLI-1NCT01494506
	2020
	417
	Phase III
	mPDAC
	Nanoliposomal irinotecan + 5-fluorouracil/leucovorin
	5.8 vs 4.3
	2.8 vs 1.4
	[78]

	NR
	2023
	29
	Phase II/III
	LA-mPC
	Nanoliposomal irinotecan plus 5‐fluorouracil/leucovorin
	10.27 vs 9.33
	2.90 vs 3.60
	[80]


OS: Overall survival; PFS: Progression-free survival; mPDAC: Metastatic pancreatic ductal adenocarcinoma; LA-mPC: Locally advanced metastatic pancreatic cancer.


Table 4 Challenges and opportunities for recent targeted therapy options that have been approved and recommended by the Food and Drug Administration for treating pancreatic cancer
	Targeted pathway
	Frequency of mutation
	Clinical phase
	Targeted therapies approved by the FDA

	KRAS [G12D, G12V, G12R, G12C, G13 (D, C, S, R)]
	95%
	Phase I-II
	Sotorasib (AMG 510), adagrasib (MRTX849)

	BRAF (V600E)
	13.7%
	Phase I-III
	Dabrafenib, trametinib

	NTRK fusion
	0.3%
	Phase II
	Larotrectinib, entrectinib

	NRG-1 fusion
	0.5%
	Phase I-II
	Afatinib, zenocutuzumab

	BRCA1/2/PALB2
	3%
	Phase I-III
	Olaparib, cisplatin, niraparib

	MSI-H/dMMR
	4.7%
	Phase I-II
	Pembrolizumab

	FGFR2
	43%-69%
	Phase II
	Pemigatinib

	MEK/ERK
	1%
	Phase II
	Trametinib

	RET fusion
	1%
	Phase II
	Selpercatinib, pralsetinib (BLU-667)


[bookmark: _Hlk198818313][bookmark: _Hlk198818343][bookmark: _Hlk198818375]FDA: United States Food and Drug Administration; KRAS: Kirsten rat sarcoma oncogene; BRAF: B-raf proto oncogene; NTRK: Neurotrophic receptor tyrosine kinase; NRG-1: Neuregulin-1; BRCA1/2: Breast cancer susceptibility gene 1/2; PALB2: Partner and localizer of breast cancer 2; MSI-H: Microsatellite instability high; dMMR: Mismatch repair deficient; FGFR2: Fibroblast growth factor receptor 2; MEK: Mitogen activated protein kinase; ERK: Extracellular signal regulated kinase; RET: Rearranged during transfection.
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