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Abstract

:

Simple Summary


Pancreatic cancer usually presents late when it has spread to distant sites. In a small proportion of patients, the cancer can be removed by surgery. Surgery is usually followed by chemotherapy, as studies have shown that this improves survival. However, due to complications after surgery and a decline in fitness, some patients do not start their chemotherapy and many do not complete the planned course. The cancer returns in the majority of patients. Chemotherapy or a combination of chemotherapy and radiotherapy before surgery are being investigated to improve survival. The best treatment regime and patient selection for different treatment strategies remains to be defined and is discussed here.




Abstract


Pancreatic ductal adenocarcinoma (PDAC) has an aggressive tumor biology and is associated with poor survival outcomes. Most patients present with metastatic or locally advanced disease. In the 10–20% of patients with upfront resectable disease, surgery offers the only chance of cure, with the addition of adjuvant chemotherapy representing an established standard of care for improving outcomes. Despite resection followed by adjuvant chemotherapy, at best, 3-year survival reaches 63.4%. Post-operative complications and poor performance mean that around 50% of the patients do not commence adjuvant chemotherapy, and a significant proportion do not complete the intended treatment course. These factors, along with the advantages of early treatment of micrometastatic disease, the ability to downstage tumors, and the increase in R0 resection rates, have increased interest in neo-adjuvant treatment strategies. Here we review biomarkers for early diagnosis of PDAC and patient selection for a neo-adjuvant approach. We also review the current evidence for different chemotherapy regimens in this setting, as well as the role of chemoradiotherapy and immunotherapy, and we discuss ongoing trials.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) is the 14th commonest cancer worldwide. Amongst all malignancies, PDAC accounted for 2.6% of new cancer cases and 4.7% of new cancer deaths in 2020 [1]. Globally, North America, Europe, and Argentina have the highest incidence of PDAC [2]. PDAC is projected to be the second leading cause of death by 2030 and is currently the fourth most common cause of cancer deaths in Europe [3,4,5].



Tumorigenesis in PDAC is driven by signature gene mutation of KRAS in 90% of cases, with frequent inactivation of tumor suppressor genes such as TP53, SMAD4, and CDKN2A and with complex interactions with the tumor microenvironment [6]. PDAC remains a difficult to treat cancer, and the reasons for this are multi-factorial and include late patient presentation due to non-specific symptoms coupled with a propensity for rapid clinical decline, challenges associated with local drug delivery due to a desmoplastic stroma, and aggressive disease biology with a degree of resistance to chemotherapy and radiotherapy, as well as being a tumor with relatively low immunogenicity.



To date, curative resection offers the only chance of cure. However, only 10–20% of patients present with resectable disease, while the majority are diagnosed with borderline resectable, locally advanced (30%), or metastatic disease (50%) [7]. In order to assess resectability, a triple-phase staging contrast-enhanced computed tomography (CT) scan of the abdomen and pelvis should be performed for all patients to assess the anatomic link between the primary tumor and vascular structures and to assess for the presence of intra-abdominal metastases. There are variations in the definition of resectability, but key anatomical criteria such as involvement of the superior mesenteric artery and superior mesenteric vein/portal vein invasion can help differentiate resectable, borderline resectable, and locally advanced PDAC [8,9]. The National Comprehensive Cancer Network (NCCN) guidelines are commonly used to define resectability and are summarized in Table 1 [10]. Since their initial publication, the International Association of Pancreatology international consensus definition was derived for borderline resectable disease and includes biological and conditional criteria in addition to anatomical criteria [11]. They noted that a carbohydrate antigen (CA)-19.9 > 500 units/mL and regional lymph node metastasis on PET-CT or biopsy-proven lymph node metastasis were associated with a worse prognosis and likely represented disseminated metastatic disease, even in the absence of clear radiological findings. Therefore, they recommend that in the presence of these features, a tumor that is resectable by anatomical criteria should be deemed borderline resectable. Other commonly utilized resectability classifications include those from the American Hepato-Pancreato-Biliary Association (AHPBA)/Society of Surgical Oncology (SSO)/Society for Surgery of the Alimentary Tract (SSAT) [12], the University of Texas MD Anderson Cancer Center (MDACC) [13,14], and the Alliance for Clinical Trials in Oncology group [15].



Despite advances in surgical techniques, along with the incorporation of more active chemotherapy regimens, the 5-year survival rate for PDAC has remained poor at 9% for all disease stages combined [16]. After curative intent surgery, the National Cancer Database reported that 5-year OS was only 23.4% [17]. Given that PDAC has a high propensity to metastasize, thereby suggesting the presence of micrometastatic disease, studies began to investigate the role of adjuvant chemotherapy, which is now an established standard of care (Table 2). Chemotherapy regimens that were shown to be active in the metastatic setting were investigated in the adjuvant setting. In fit patients, modified FOLFIRINOX currently provides the option with the best survival data, with a 3-year OS rate of 63.4% in the PRODIGE-24 study [18]. Interestingly, although the combination of gemcitabine and nanoparticle albumin-bound (nab) paclitaxel represents a first-line treatment option in the metastatic setting based on the results of the MPACT study [19], the adjuvant APACT study, which investigated this combination chemotherapy, did not meet its primary endpoint of disease-free survival (DFS), although OS was improved over gemcitabine monotherapy [20,21].



The benefit from adjuvant chemotherapy in patients undergoing a curative treatment paradigm is undisputed. However, 50% of patients may never commence adjuvant chemotherapy due to post-operative complications or poor performance status, and a proportion of patients do not complete the intended course [30,31]. Additionally, with increasing time from surgery to chemotherapy initiation, there may be a reduction in the survival benefit [32], and this is of particular relevance in patients who do not complete the full planned course of adjuvant chemotherapy [33]. These factors, along with other theoretical advantages such as earlier treatment of micro-metastatic disease, the potential to downstage tumors with improved R0 resection rates, and the opportunity to study disease biology prior to subjecting patients to major surgery, led to increased interest in neo-adjuvant treatment strategies. However, the requirement for a histological diagnosis prior to commencing chemotherapy and the possibility of treatment toxicities precluding surgery are potential disadvantages of a neo-adjuvant treatment approach that should be taken into consideration. Whilst delaying surgery could also be seen as a potential disadvantage due to the window of opportunity that has been lost in cases of disease progression, the likelihood is that in such cases, patients have aggressive disease biology or more advanced disease than initially thought and have been spared from extensive surgery and its associated risks. Therefore, this should not be regarded as a drawback per se. Data from the ESPAC-4 adjuvant study demonstrated that risk factors for local relapse included post-operative CA-19.9 (hazard ratio (HR) 1.32) and N2 status (HR 2.16), while risk factors for distant relapse included N1 status (HR 1.76) and N2 status (HR 2.81). Risk factors for survival included R status (HR 1.27), maximum tumor size (HR 1.11), post-operative CA-19.9 (HR 1.32), N1 (HR 1.44), and N2 status (HR 2.1) [34]. These data provide further supportive evidence for a neo-adjuvant treatment strategy in order to downstage tumors to improve outcome. Given the importance of margin status on prognosis, surgery should ideally be performed in high volume centers with expertise.



Although less well studied than the adjuvant setting, emerging evidence suggests that select populations may be more likely to benefit from neo-adjuvant treatment, thereby suggesting that treatment will need to be tailored for individual patients. Additionally, given that the success of combination treatment with gemcitabine and nab-paclitaxel in the metastatic setting did not directly translate into the adjuvant setting, the question of which chemotherapy regimen is best in the neo-adjuvant setting needs to be carefully considered.



Here we review the evidence for different neoadjuvant treatment regimens, including chemotherapy, chemo-radiotherapy, and immunotherapy, as well as biomarkers for early diagnosis, and we discuss which patients may benefit from neo-adjuvant treatment.




2. Biomarkers


2.1. Diagnostic Biomarkers


There is a clear unmet need to discover biomarkers to aid the early diagnosis of PDAC, given that patients usually become symptomatic and present later in the clinical course when curative resection is no longer feasible. Additionally, any biomarker used in this context, needs to be able to reliably differentiate PDAC from both chronic pancreatitis and other benign or malignant diseases [35]. Currently, diagnosis using computed tomography (CT) or magnetic resonance imaging (MRI) is not completely specific, while a cytological or histological diagnosis is often hard to obtain, and the blood markers carcino-embryonic antigen (CEA) and CA-19.9 harbor poor specificity (68–80%) and sensitivity (80%) [36].



Multiple studies have evaluated the performance of CA-19.9 with other protein biomarkers. CA-19.9 was evaluated together with apolipoprotein A-IV and metalloproteinase-1 in a cohort of 182 individuals including stage I–II and III–IV PDAC patients, patients with pancreatitis, and healthy controls. Sensitivity reached a value of 86%, specificity was 90%, while sensitivity was 71% for CA-19.9 alone [37]. Moreover, elevated levels of plasma thrombospondin-2 combined with CA-19.9 were able to discriminate between PDAC patients and healthy controls, with a sensitivity of 87% and a specificity of 98% [38]. Another panel included apolipoprotein E, apolipoprotein A-I, apolipoprotein L1, and inter-alpha-trypsine inhibitor heavy chain H3 in combination with CA19-9. The cohort included 80 PDAC patients, 30 with benign pancreatic disease, and 40 healthy controls. Sensitivity (95%) and specificity (94.1%) were significantly increased with respect to CA-19.9 alone [39]. A glycan called sTRA (sialylated tumor-related antigen) was shown to be produced and secreted by pancreatic tumors and patient-derived xenograft that did not express CA-19.9. Two biomarker panels were tested, one including CA19-9 and two versions of the sTRA assays and another with two sTRA assays. Both panels significantly improved performance over CA-19.9 alone in PDAC diagnosis (p < 0.001) [40].



With improvements in precision medicine, the use of blood and other body fluids as liquid biopsy tools for diagnosis, genotyping, prognostication, response assessment, and surveillance has gained increasing interest in oncology. In this regard, circulating tumor DNA (ctDNA) can act as a genomic surrogate for tumor and has been investigated as an early diagnostic biomarker for PDAC, given that >90% of tumors harbor a KRAS mutation. In early stage PDAC, ctDNA was only detected in 30–65% of patients [41,42,43,44,45], while detectability improved to 70–80% in cases of more advanced disease [45,46]. However, it should also be noted that when using KRAS mutation, ctDNA has also been detected in up to 20% of cases with chronic pancreatitis and 17% of non-malignant pancreatic masses [47]. Therefore, this marker cannot reliably be used for early diagnosis, although detection of ctDNA does appear to be associated with worse prognosis. The role of ctDNA in the neo-adjuvant setting may be best utilized as a non-invasive method of real-time monitoring of response to chemotherapy, given that scans cannot be performed too often due to radiation exposure. This would only be a viable option in patients who have upfront detectable ctDNA, but it may help tailor neo-adjuvant treatment strategies for patients. In patients with a high baseline ctDNA value, this may raise suspicion of more widely disseminated disease than is perhaps visible on imaging. Although ctDNA is a rapidly evolving biomarker, further studies are needed to confirm clinical utility and its precise role in PDAC.



Exosomes, which contain proteins and enzymes, constitute a class of extracellular vehicles defined as membrane-bound nanovesicles of endocytic origin, with a diameter of 40–150 nm. Increasing evidence suggests that exosomes are associated with cancer and accelerate PDAC cell proliferation, migration, and invasion. Unlike ctDNA, exosomes do not depend on the occurrence of apoptosis or necrosis to be detectable and have a much longer half-life [46]. Moreover, their contents maintain a signature reflective of their cell of origin, which makes them ideal candidates for early diagnosis. A meta-analysis showed that searching for exosomes is more useful for early detection of PDAC than ctDNA and circulating cells [48]. They can intervene in the sequestration of cytotoxic drugs, thereby reducing the effective drug concentration at target sites. In addition, they may capture monoclonal antibodies intended to target receptors at the cell surface. Moreover, resistant tumor cells can deliver mRNA, miRNA, long noncoding RNA, and protein, inducing resistance in sensitive cells. They also mediate cross-talk between cancer cells and stromal cells in the tumor microenvironment, leading to tumor progression and acquisition of therapeutic resistance. Extracellular vesicles are also promising tools for predicting chemoresistance in cancers [49].



Some microRNAs (miRNAs) were reported to be over-expressed in the plasma of patients with early-stage PDAC compared with normal controls and may therefore help with early diagnosis. For example, miR-16 showed a 92% sensitivity and 95.6% specificity for the determination of early PDAC cases. In addition to miR-16, compared with controls, miR-155, miR-181a, miR-181b and miR-210 were also found to be overexpressed in PDAC patients. MiR-19a-3p was shown to be overexpressed in PDAC with a potential to be used as an early non-invasive diagnostic biomarker but also as a prognostic biomarker. Another study reported the role of miR-29a, miR29b, miR-103, and miR-320 as early diagnostic predictors of PDAC when upregulated [50].




2.2. Prognostic Biomarkers and Predictors of Resectability


In patients with resectable PDAC, high pre-operative C-reactive protein-to-albumin ratio was reported as an independent predictor of poor survival after resection of the primary tumor [51]. Similarly, two single-nucleotide polymorphisms of genes regulating cancer progression, invasion, and metastasis (CHI3L2 and CD44) were associated with poor survival after PDAC resection. Prognostic biomarkers may be useful in selecting patients at high-risk of relapse after surgery for a neo-adjuvant chemotherapy strategy in an attempt to treat micro-metastatic disease early [52]. However, any benefit from such an approach remains unproven, and it could be argued that such patients have an aggressive disease biology and may not be suitable for a curative treatment paradigm if these biomarkers are merely an early reflection of disseminated disease.



In borderline-resectable patients receiving neo-adjuvant chemotherapy, the expression of marginal zone B and B1-cell-specific protein (MZB1) was detected in the tumor stroma. MZB1 was associated with higher accumulation of CD8+ tumor-infiltrating lymphocytes induced by chemotherapy. Patients with higher accumulation of CD8+ cells after chemotherapy had better prognosis after neo-adjuvant treatment and resection [53]. Similarly, sTRA was evaluated both in tumor tissue and the plasma of patients receiving neo-adjuvant chemotherapy. High levels of sTRA were associated with absence of benefit from neo-adjuvant treatment and rapid relapse following pre-operative chemotherapy. Thus, the authors proposed that in patients with localized PDAC, sTRA could be used as a marker to differentiate patients who should avoid curative surgery due to the increased likelihood of rapid relapse [54].



So far, none of these candidate biomarkers have been approved for clinical practice. Indeed, results obtained in small investigational cohorts need to be validated in larger studies. However, this is often challenging due to the long follow-up times required and the need to recruit a large number of patients for conclusive results. Additionally, PDAC is a heterogeneous disease with different tumor clones that may contribute to inter-patient variability in the expression of tissue and circulating biomarkers [35].



It has been suggested that the simple dichotomy of resectable vs. borderline resectable disease can be overcome by biological classification of favorable or unfavorable disease according to biomarker status. Indeed, a recent study that conducted multi-omics profiling of resectable PDAC revealed molecular subtypes with distinct tumor biology [55]. Therefore, even within the resectable category alone, there are likely to be PDACs that are destined to behave more aggressively. The classification of basal-like and classical PDAC, with basal-like behaving more aggressively, appears to be widely accepted, although there is still significant heterogeneity within these groups. This has led to a further breakdown to basal-like A, basal-like B, classical-like A, and classical-like B [56]. Overall, the classical groups appear to be enriched in resectable disease. The basal-like A subgroup, which is rare in resectable disease, responds the least to gemcitabine-based chemotherapy or mFOLFIRINOX. Based on these data, subtyping may be a way to help differentiate which patients should be treated with neo-adjuvant chemotherapy.



Some centers consider nearly all patients who appear to have resectable PDAC as having borderline resectable disease, given the inaccuracy of imaging and the very high rates of a positive margin after surgery and its association with poor OS. Older trials and meta-analysis included patients staged with substandard imaging modalities or sub-optimal chemotherapy schedules (e.g., gemcitabine alone or platinum analogues). Modern chemotherapy (e.g., FOLFIRINOX) allows significant shrinkage and conversion surgery in about 60% of patients with borderline resectable PDAC [57,58], so it is more widely adopted compared with years ago. Currently, there is a lack of well-defined, reliable, biological and/or anatomical biomarkers to predict curative resection or the risk of micro-metastatic disease. In a large cohort of resected PDACs that underwent adjuvant chemotherapy, lymph-node status and pre-operative CA-19.9 status were independent predictors of 5-year survival, confirming that anatomical (locoregional staging) and humoral markers (CA-19.9) are crucial for defining prognosis and identifying a potentially cure [59]. In another large study of resected PDAC, pre-operative CA-19.9 levels correlated with resectability and 5-year survival. Notably, 5-year survival was 0% when baseline CA-19.9 was >1000 U/mL [60]. Generally, despite low specificity, CA-19.9 baseline values are usually predictors of outcome. Additionally, among patients who appear to have potentially resectable PDAC, pre-operative CA-19.9 level can help to predict the presence of radiographically occult metastatic disease, the chance of an R0 resection, and long-term survival [61].



Radiological modalities, surgical exploration, metabolic and functional imaging, and plasma biomarkers have been explored as predictors of resectability. Disease is usually split between resectable and borderline resectable/unresectable cases. With conventional imaging (CT), the distinction between these two categories is associated with a high sensitivity but reduced specificity (high false-positive rates) [62]. Staging laparoscopy is another way to confirm the operability of a PDAC defined as resectable on imaging. In a systematic review and meta-analysis, including 12 studies reporting outcomes on 1756 patients with resectable disease after standard imaging, 20% of cases were deemed unresectable by staging laparoscopy [63].



Functional metabolic imaging such as FDG-PET has been shown to be a useful measure of radiological response as well as for initial staging. In a subset of 194 undergoing total neo-adjuvant therapy for borderline resectable or locally advanced PDAC, three factors were independently associated with survival: extended chemotherapy duration (≥6 cycles), optimal post-chemotherapy CA-19.9 response, and a major pathological response. Major pathologic response was defined as complete pathological response or near complete response according to the College of American Pathology criteria. In a subset of patients with interval metabolic (PET) imaging after initial chemotherapy, complete metabolic response highly correlated with major pathological response [64]. In a systematic review of imaging modalities able to predict response and resectability, two studies focused on PET response [65]. They showed a significant correlation between the reduction in SUVmax and resectability.



The UK National Institute for Health and Care Excellence (NICE) has recommended the use of PET-CT in the routine staging of patients with resectable PDAC [66]. Despite the limitations of FDG-PET in PDAC (intrinsic uptake, operator-dependent SUV measurement), in a prospective study assessing the diagnostic accuracy and clinical value of PET-CT in suspected PDAC patients, Ghaneh et al. showed that in cases initially identified as having resectable tumors on CT, PET-CT changed management in 45% of patients and prevented unnecessary resections in 21% of patients scheduled for surgery [67].



Finally, endoscopic ultrasound (EUS) is another valuable modality for the staging of PDAC. Multiple studies comparing EUS with other imaging modalities for initial diagnosis and staging of pancreatic cancer concluded that EUS might be more accurate for smaller tumors, local T and N staging, and predicting vascular invasion. The development of modern CT has markedly improved sensitivity for the detection of smaller tumors and the presence of vascular invasion, apart from dictating resectability [68]. However, EUS-guided fine-needle aspiration biopsy remains the best method for obtaining a tissue diagnosis.



In conclusion, in the presence of a pancreatic mass suspected as being a PDAC, a CT scan and EUS (for tissue confirmation) are appropriate steps to assess disease extent and resectability. Biomarkers and clinical status (CA-19.9, ECOG PS) may assist in prognostication. With pre-operative therapy, imaging may not reliably show whether viable tumor continues to persist (fibrosis); however, imaging can help identify disease progression, including the development of distant metastases, which would preclude surgery. It is also important to consider patient-related factors such as performance status and change in CA-19.9 levels as markers of response to neo-adjuvant therapy and likely benefit from attempted surgical resection. Minimal radiological progression or a stable disease picture may not per se represent a criterion to refuse surgical exploration. In some cases of PDAC where the resectability status is less clear, the addition of PET and/or laparoscopy may help determine whether neo-adjuvant treatment is preferable over upfront surgery.





3. Neo-Adjuvant Treatment Strategies


3.1. The Role of Neo-Adjuvant Chemoradiotherapy


The addition of radiotherapy to chemotherapy has been explored in the neo-adjuvant setting in an attempt to improve R0 resection rates and ultimately survival outcomes in both resectable and borderline resectable disease, and key studies are summarized in Table 3. Among the advantages of pre-operative chemoradiotherapy are the likelihood of better tolerance, the chance of achieving tumor downsizing and downstaging, the availability of well-defined tumor volume, and better-oxygenated tissues. However, the increase in post-surgical complications and the chance of early tumor progression thereby limiting the potential for surgery are potential drawbacks of neo-adjuvant chemoradiotherapy that need to be taken into account.



In recent years, evidence has become increasingly available suggesting a survival benefit for neo-adjuvant chemo(radio)therapy in resectable PDAC and borderline resectable PDAC. A large population-based study from the Surveillance, Epidemiology, and End Results (SEER) database, including nearly 4000 patients, showed a statistically significant prolongation in OS for resectable PDAC patients receiving neo-adjuvant radiotherapy (23 months) compared with those receiving adjuvant radiotherapy (17 months) or no radiotherapy (12 months) [69]. More recently, in a retrospective single-institution propensity score-adjusted analysis from the MD Anderson Cancer Center, neo-adjuvant radiotherapy produced higher R0 resection rates and lower rates of lymph node positivity and local recurrences compared with pre-operative chemotherapy alone in 258 patients with resectable PDAC [70]. Contrary to these findings, in a meta-analysis that demonstrated an improvement in survival for pre-operative treatment compared with immediate surgery (18.8 vs. 14.8 months), an inferior survival was reported when radiotherapy was added to chemotherapy compared with chemotherapy alone (17.8 vs. 20.0 months) in a subset analysis [71]. Notably, heterogeneity of the included studies with regard to radiation doses and schedules and chemotherapy regimens precludes any definitive conclusions from being drawn. Historically, most of the studies evaluating the role of radiotherapy pre-operatively were retrospective and/or non-randomized, enrolling mainly heterogeneous, small patient populations. Furthermore, these trials suffered from inherent bias related to the reporting of survival data for patients who underwent pancreatic resection, while excluding those not amenable for surgery from the analyses. This makes the interpretation and comparison of the studies challenging and the available evidence weak and of low quality.



The long-term results of the PREOPANC-1 trial, which is the first multicenter, randomized phase III trial investigating pre-operative chemoradiotherapy in PDAC, have been reported at the American Society of Clinical Oncology (ASCO) 2021 Meeting [72,73]. In this study, 246 patients with resectable PDAC or borderline resectable PDAC were randomly allocated to upfront surgery and adjuvant gemcitabine or pre-operative gemcitabine-based chemoradiotherapy (36 Gy in 15 fractions) and surgery followed by adjuvant gemcitabine. The chemoradiotherapy group had 1 cycle of gemcitabine chemotherapy before and 1 cycle after the chemoradiotherapy. With a median follow-up of 59 months, a significant improvement in survival was shown favoring chemoradiotherapy, with a median OS and 5-year OS of (15.7 vs. 14.3 months) and (20.5% vs. 6.5%), respectively. Among resected cases, the benefit for neo-adjuvant chemoradiotherapy was even greater, with a median OS and 5-year OS of (33.7 vs. 17.3 months) and (33.9% vs. 8.4%), respectively. The secondary study end-points were met as DFS (HR, 0.70; p = 0.009), locoregional failure-free interval (HR, 0.57; p = 0.004), and R0 resections (72% vs. 43%, p < 0.001) were all superior with pre-operative chemoradiotherapy. Regarding the safety profile, the proportion of patients experiencing G3–G4 adverse events was similar between treatment arms (p = 0.096). Moreover, the compliance of intended pre-operative chemoradiotherapy (ITT, 76% vs. 51%) was better than that of intended post-operative chemotherapy in the immediate surgery group (ITT, 51%), and pre-operative chemoradiotherapy had a higher chance of being completed (89% vs. 58%). Borderline resectable PDAC seems to benefit more from pre-operative chemoradiotherapy, based on a predefined subgroup analysis, although an interaction test of hazard rates between both groups was not significant. While the results of this study clearly support a neo-adjuvant treatment strategy, unanswered questions remain. It is still unclear whether the optimal chemoradiotherapy strategy is gemcitabine-based treatment. Additionally, the amount that the chemoradiotherapy contributed to the favorable outcome is unclear, as these patients also received 2 cycles of chemotherapy with gemcitabine neo-adjuvantly.



Based on the effectiveness displayed in the advanced-disease setting, the mFOLFIRINOX regimen has been rapidly introduced in earlier disease stages with or without pre-operative radiotherapy. To this end, mFOLFIRINOX followed by (chemo)radiotherapy as a total neo-adjuvant approach has been shown to be feasible in borderline resectable PDAC, resulting in promising oncological outcomes. In a single-arm phase II trial, after 8 cycles of neo-adjuvant mFOLFIRINOX, patients received either short- or long-course radiotherapy depending on vascular involvement upon restaging, with high R0 resection rates (97%, among patients undergoing surgery), and median progression-free survival (mPFS) was 48.6 months (95% CI, 14.4 to not reached), while median OS has not yet been reached [74]. However, the results of the phase II randomized Alliance A021501 trial have recently been presented at the 2021 ASCO Gastrointestinal Cancer Symposium [75] and were disappointing for the addition of radiotherapy into the neo-adjuvant treatment paradigm. In this study, 126 patients with borderline resectable PDAC were randomly assigned to receive either pre-operative mFOLFIRINOX for 8 cycles (arm A) or pre-operative mFOLFIRINOX for 7 cycles, followed by 5 days of hypofractionated radiotherapy (arm B) using either stereotactic body radiotherapy (SBRT, 33–40 Gy in 5 fractions) or image-guided radiotherapy (25 Gy in 5 fractions). In both groups, patients without disease progression underwent pancreatectomy followed by 4 cycles of adjuvant chemotherapy with mFOLFOX6. The primary endpoint was the 18-month OS rate of each arm evaluated independently relative to historical data. The addition of hypofractionated radiotherapy after neo-adjuvant mFOLFIRINOX failed to exceed the 50% OS threshold at 18 months (47.3%), and the radiotherapy-containing arm had to be closed early due to the low number of patients who proceeded to pancreatectomy based on an interim futility analysis. Contrary to this, the chemotherapy-alone arm completed accrual and showed an overall 18-month OS of 66.4%, and among the 49% of patients who proceeded to pancreatectomy following neo-adjuvant therapy, the R0 resection rate was 88%, and the 18-month OS rate reached 93.1%. Whilst the radiotherapy-containing arm produced disappointing results, the role of radiotherapy in the neo-adjuvant setting should not yet be dismissed. The single-arm phase II trial [74] demonstrated some encouraging results, and the fact that the results do not concur with the findings of the Alliance A021501 study likely reflects the heterogeneous nature of PDAC and the need for us to better identify which patients benefit from the various different treatment strategies under investigation.



The role of pre-operative (chemo) radiation in both resectable PDAC and borderline resectable PDAC is still strongly debated, and the highest level of evidence still favors surgical resection followed by adjuvant chemotherapy in this setting. The PREOPANC-1 study forms an important contribution to the evidence base in support of neo-adjuvant chemoradiotherapy, as it represents the first large phase III randomized trial in this space. Nonetheless, more data are needed, and future and ongoing trials incorporating radiotherapy in neo-adjuvant treatment strategies will hopefully aid in better clarifying its role in resectable PDAC and borderline resectable PDAC. Ongoing studies will hopefully address questions regarding the role of radiotherapy (non-SBRT) and the optimal systemic treatment to be given. These issues are under active investigation in the ongoing PREOPANC-2 (EudraCT: 2017-002036-17) and PRODIGE 44 trials (ClinicalTrials.gov Identifier: NCT02676349). The former is comparing neo-adjuvant gemcitabine-based chemoradiotherapy and adjuvant gemcitabine vs. total neo-adjuvant mFOLFIRINOX in borderline resectable PDAC and resectable PDAC, while the latter is evaluating neo-adjuvant mFOLFIRINOX followed by the addition or omission of chemoradiotherapy and adjuvant chemotherapy after surgery in patients with borderline resectable PDAC.




3.2. Neo-Adjuvant and Perioperative Chemotherapy


The drive for neo-adjuvant and peri-operative treatment in PDAC is based on the fact that this tumor has a propensity to metastasize early, thereby suggesting the presence of micrometastatic disease that requires early intervention. PDACs are often diagnosed as locally advanced or borderline resectable tumors; in those cases, an induction treatment is recommended according to international guidelines in order to increase the rate of optimal resections [7].



FOLFIRINOX and gemcitabine/nab-paclitaxel represent the most active chemotherapy regimens investigated in PDAC in the metastatic setting over the last decade [19,77]. In the neo-adjuvant setting, a meta-analysis of 24 trials (6 retrospective, 8 prospective phase I–II) evaluated the role of FOLFIRINOX in 1802 borderline resectable PDACs [58]. The analysis demonstrated a resection rate of 67.8% (95% confidence interval (CI): 60.1–74.6%) and an R0 resection rate of 83.9% (95% CI: 76.8–89.1%). The median OS was 11.0–34.2 months; the patient-level median OS was 22.2 months (95% CI = 18.8–25.6 months), and patient-level median PFS was 18.0 months (95% CI = 14.5–21.5 months). The most significant grade 3–4 toxicities were neutropenia (17.5%), diarrhea (11.1%), and fatigue (10.8%). These data confirm the findings from a previously published meta-analysis [78]. Additionally, they represent the strongest evidence regarding the use of FOLFIRINOX in the neo-adjuvant setting since no phase III trials have been specifically published in this setting to date. However, further prospective trials are needed in order to confirm these findings.



Key neo-adjuvant studies in locally advanced PDAC are summarized in Table 4. Nab-paclitaxel and gemcitabine combination chemotherapy was investigated in the phase II GAP trial [79]. The trial randomized 124 locally advanced PDAC patients to receive 3 cycles of gemcitabine with or without nab-paclitaxel as neo-adjuvant treatment. The trial showed a reduction in distant disease progression at 3 and 6 months (3 months: 25.4% in the experimental arm vs. 45.6% with gemcitabine (control arm), p = 0.01; 6 months: 20.8% vs. 35.6%). The response rates were 27% and 5.3%, respectively. Median OS was 12.7 and 10.6 months in the experimental and control arm, respectively; median PFS was 7 months in the nab-paclitaxel-containing group compared with 4 months for the gemcitabine group. These encouraging data were subsequently confirmed in the phase II LAPACT trial (open-label, single arm, multicenter), which evaluated the safety and efficacy of six cycles of gemcitabine/nab-paclitaxel combination treatment in 107 locally advanced PDAC patients [80]. The trial showed the following outcomes: median time to treatment failure (primary endpoint) 9.0 months, median progression-free survival 10.9 months, median OS 18.8 months, disease control rate 77.6%, response rate 33.6%. The toxicities were in line with those reported in the GAP trial, and no adjuvant treatment after resection was planned [79].



To date, there are no prospective, validated phase III trial data comparing FOLFIRINOX and the combination of nab-paclitaxel and gemcitabine. However, recently a European multicenter study compared these two regimens in a retrospective analysis [81]. The study included 147 patients with locally advanced unresectable PDAC treated at seven European centers over a period of 8 years (2010–2018). The analysis showed similar outcomes for FOLFIRINOX and gemcitabine/nab-paclitaxel. In particular, tumor resection rates (16.7% vs. 16.1% in nab-paclitaxel and gemcitabine and FOLFIRINOX group, respectively; p = 1) and R0 resection rates (88.9%) were similar between the two groups. Additionally, there was no significant difference between either mPFS (9 vs. 12.1 months, respectively; 95% CI: 10.1–14.6; p = 0.8) or mOS (15.7 vs. 16.7 months, respectively; 95% CI: 14.8–20.4; p = 0.7). These results are in line with those previously reported in the LAPACT trial [80]. Abdominal pain at baseline (HR = 2.03, p = 0.03), tumors located in the pancreatic tail (HR = 4.35, p = 0.01), CA-19.9 > 200 UI/L (HR = 2.03, p = 0.004), and tumor resection (HR = 0.37, p = 0.007) were independent prognostic factors for both PFS and OS, whereas CA-19.9 ≤ 200 UI/L (OR = 2.6, p = 0.047) was predictive of tumor response. However, the results should be interpreted with caution due to the intrinsic limitations associated with the retrospective nature of the analysis (selection bias, imbalance of patient characteristics, and treatment according to the local drug approval). Additionally, the similar rates of high-grade toxicity reported between the two regimens is not in keeping with previous reports. This could be related to differences in the management of toxicity or different measures used to prevent toxicity (e.g., use of G-CSF for the prevention of febrile neutropenia in the FOLFIRINOX group).



The preliminary results of the phase II randomized JCOG1407 trial were recently presented at the ASCO 2021 meeting [82]. The trial randomized 126 Japanese patients to receive modified FOLFIRINOX or gemcitabine/nab-paclitaxel as neo-adjuvant treatment for locally advanced PDAC patients. The trial showed that neo-adjuvant treatment is feasible; however, the data regarding the outcomes are still immature, and therefore the optimal chemotherapeutic strategy in this setting cannot yet be determined (1-year OS rate was in favor of gemcitabine/nab-paclitaxel (82.5% vs. 77.4%), whereas the 2-year OS rate was in favor of modified FOLFIRINOX (48.2% vs. 39.7%)). Nevertheless, this trial represents unique, prospective evidence in this field, and the mature survival data are eagerly awaited. There may be a role for biomarker-driven selection of patients likely to be platinum sensitive and therefore more likely to benefit from modified FOLFIRINOX. Important ongoing studies in locally advanced PDAC include SCALOP-2 (NCT02024009), CONKO-007 (NCT01827553), and DIRECT (NCT03899636), with the latter evaluating the role of nanoknife in this population. Figure 1 shows the main regimens for neoadjuvant chemoradiotherapy or chemotherapy.



Peri-operative chemotherapy for PDAC has mainly been assessed in patients with resectable disease at diagnosis. In this context, the phase II PACT-15 trial randomized patients with resectable PDAC to receive surgery followed by 6 cycles of adjuvant chemotherapy with gemcitabine—arm A; PEXG (cisplatin, epirubicin, gemcitabine, and capecitabine)—arm B; or peri-operative chemotherapy (3 pre- and 3 post-operative cycles of PEXG schedule)—arm C [83]. The trial enrolled 88 patients, showing better 1-year event-free rate in the peri-operative arm (23%, 50%, and 66% in arm A, B, and C, respectively). The R0 resection rate and mOS was also highest in the peri-operative treatment arm. The investigators decided not to conduct the phase III part of the study because the standard of care for adjuvant treatment in resectable PDAC has changed over the years.



The phase II randomized SWOG S1505 trial compared modified FOLFIRINOX and gemcitabine/nab-paclitaxel (12 weeks pre- and 12 weeks post-operative treatment) in 103 patients with resectable PDAC at diagnosis. The preliminary results showed no difference in 2-year OS and resection rate between the two arms (2-year OS: 22.4 vs. 23.6 months; ORR: 77% vs. 73%) [84,85]. However, the final results are awaited.



One of the most innovative strategies in the field of peri-operative approaches is the integration of biomarker research to select patients who can benefit more from this therapeutic paradigm. Based on the results of the COMPASS trial in advanced PDAC [86], the phase II NeoPancONE trial is currently investigating the role of GATA-6 as a potential predictive biomarker in resectable, locally advanced, and metastatic PDAC [87].



In PDAC, 6–7% of patients have a germline mutation in the BRCA genes, with a higher incidence in high-risk populations and those with familial syndromes [88]. Patients with a germline mutation in BRCA or other DNA repair genes such as PALB2 are thought to have tumors with increased sensitivity to platinum agents. Increased platinum sensitivity arises because these genes are involved in the homologous recombination repair pathway. In view of this, there is a rationale to ensure that in this patient population, platinum compounds are introduced early in the treatment paradigm. Indeed, in a study evaluating the complete pathological response rate in borderline resectable PDAC, in patients treated with neo-adjuvant FOLFIRINOX, the rate was higher for germline BRCA mutation carriers (44.0%) compared with 10% in those who did not have a BRCA mutation (p = 0.009) [89]. Additionally, DFS was significantly longer in the germline BRCA carriers (not reached vs. 7 months, p = 0.03), although this did not translate into a statistically significant difference in terms of OS benefit.



Among ongoing trials, the phase II NEO-Nal-IRI trial, which is currently testing the activity of NALIRIFOX (FOLFIRINOX with liposomal irinotecan in place of the standard irinotecan) (NCT03483038), is worthy of being mentioned [90]. The population being recruited includes borderline resectable PDAC and resectable PDAC. The results will be particularly interesting, as liposomal irinotecan is active in the metastatic setting [91].



In conclusion, evidence suggests that both FOLFIRINOX and gemcitabine/nab-paclitaxel chemotherapy are active and may have a role in the pre-operative treatment of borderline resectable and locally advanced tumors. However, the exact role of neo-adjuvant and peri-operative treatment is still not clearly defined for PDAC. This is in part due to trials including heterogeneous populations as well as the lack of consensus regarding the resectability criteria used. Additionally, other limitations include the lack of selection according to molecular classification of PDAC [92], the small number of patients involved in each analysis, and the trial designs, which are often retrospective rather than randomized controlled trials. Therefore, further dedicated prospective randomized trials are needed in order to evaluate the role of neo-adjuvant or perioperative strategies in localized PDAC.




3.3. Immunotherapy in the Neo-Adjuvant Setting for PDAC


PDAC is considered to be less immunogenic compared with other neoplasms. Moreover, it is characterized by the presence of the stroma, which represents an active part in the modulation of the complex interactions between tumor and the host immune system, leading to an immunosuppressive tumor microenvironment. Additionally, the proportion of patients with high microsatellite instability (MSI) tumors is very low (1%); these cases are mainly related to the Lynch syndrome. Nevertheless, several preclinical and clinical trials have been developed in order to find some application of immunotherapeutic agents in PDAC.



In the neo-adjuvant setting, there is a limited evidence base for immunotherapy. A recently published phase III trial evaluated the efficacy and safety of algenpantucel-L—a cancer vaccine based on irradiated allogenic transfected PDAC cells—with or without chemotherapy (FOLFIRINOX or gemcitabine/nab-paclitaxel), followed by chemoradiotherapy in 303 patients with borderline resectable or locally advanced PDAC. The mechanism of action was based on the epitope spreading, which amplified the host immune response, leading to the death of PDAC cells by activation of antibody-dependent cell-mediated cytotoxicity. Unfortunately, the trial did not show any benefit in survival by adding algenpantucel-L to the chemotherapy if compared with the control arm (median overall survival 14.3 vs. 14.9 months, respectively; HR: 1.02, p = 0.98) [93].



Among vaccines tested in PDAC, GVAX is the most studied. However, all published trials with this agent were conducted in the adjuvant or in the metastatic setting, and no evidence exists in the neo-adjuvant treatment for PDAC patients to date.



In an attempt to improve the immunotherapeutic response in PDAC, immunotherapy alongside chemotherapy has been investigated. The preliminary data regarding the safety and efficacy of the combination of KN046 (a novel recombinant humanized bispecific antibody that blocks PD-1/PDL1 and CTLA-4) and nab-paclitaxel/gemcitabine as first-line treatment for unresectable locally advanced or metastatic PDAC were recently presented at the ASCO 2021 meeting. The ongoing phase II trial included 17 patients, who were treated with 4–6 cycles of chemotherapy plus immunotherapy, followed by immunotherapy as maintenance. The preliminary results showed that the combination is feasible and effective, with 55.6% ORR and 88.9% disease control rate. The overall incidence of KN046-related treatment-emergent adverse events was 64.7%, with 29.4% grade 3 TRAE. The most common KN046-related treatment-emergent adverse events were alanine and aspartate aminotransferase increase (29.4% and 17.6%, respectively), nausea (17.6%), rash (17.6%), and diarrhea, pyrexia, vomiting or hyperphosphatasemia (11.8% each).



No immune checkpoint inhibitors or immunological agents are currently used or approved in the neo-adjuvant setting for PDAC in clinical practice. However, the results of the ongoing trials in this field are expected and are summarized in Table 5.




3.4. The Role of the Microbiome in the Neo-Adjuvant Treatment of PDAC


The microbiome refers to a collection of micro-organisms and their genome in an environment [94]. Disruption of the microbiome has been implicated as a contributory factor in many disease states, including cancer [95]. Microbial diversity can arise due to modifiable host factors such as diet, antibiotic use, exercise, and environmental stressors. Additionally, microbial diversity is also due to genetic and demographic factors and the influence of hormones and bile acids. The study of the microbiome and its role as a possible prognostic biomarker, along with the potential for its modulation to improve the efficacy and toxicity of existing treatments, has gained significant interest in oncology. In PDAC, it has been suggested that the relatively disappointing results seen with immunotherapy may in some part be attributable to the patient microbiome [96].



The study conducted by Riquelme et al. provides supporting evidence for the composition of the microbiome as a prognostic biomarker in PDAC as well as the role of modulating the tumor microbiome in improving clinical outcome [97]. They used a discovery and validation cohort and compared bacterial DNA from resected pancreatic tumor specimens in long-term survivors (median 10.1 years) and short-term survivors (<5 years from surgery). They ensured that the patients from the short- and long-term survivor groups were matched with regard to tumor stage, demographic characteristics, and the use of prior therapies, including neoadjuvant treatment and antibiotic use. Alpha diversity of the tumor microbiome was significantly higher in the long-term survivors than the short-term survivors in both the discovery and validation group. Moreover, an intra-tumoral microbiome signature was identified for long-term survivors. With this in mind, using animal models, fecal microbiota transplantation from humans to mice was conducted and influenced tumor growth and immune infiltration, thereby suggesting that modulation of the composition of the tumor microbiome may affect clinical outcomes. Whilst these data are preliminary, the encouraging results suggest that it is an area that requires further study.



Modulation of the microbiome is an exciting area of study, and other than fecal microbiota transplantation, antibiotics, prebiotics, and probiotics have been investigated, but results have been controversial, with survival benefit reported for macrolide antibiotic use in metastatic PDAC [98] but a detrimental impact on survival for tetracycline use in resected PDAC [99]. Specifically in the neo-adjuvant setting, neo-adjuvant chemotherapy has been shown to alter the biliary microbiome in PDAC. Whilst biliary stents may be associated with complications, in patients with a high bilirubin, biliary drainage needs to be established for neo-adjuvant chemotherapy to be feasible. Studies did not discuss the overall impact of the altered biliary microbiome from neo-adjuvant chemotherapy on survival [100,101]. However, they both recommend antibiotic prophylaxis in the peri-operative period, and although one study concludes that patients who did not receive neo-adjuvant chemotherapy were more likely to grow cephalosporin resistant pathogens [101], the other suggests that patients who had neo-adjuvant treatment were more likely to be resistant to cephalosporins [100]. In light of the conflicting results and limited studies available on this topic, the exact role of the biliary microbiome and the potential to modulate this for therapeutic benefit remains to be determined.





4. Discussion


Despite the recent improvements in surgical techniques and developments in the therapeutic armamentarium, PDAC still represents one of the most challenging tumors to treat in oncology. Surgical resection is generally feasible in very few patients at the time of diagnosis and remains the only chance of cure. However, resection alone is not sufficient, resulting in low cure rates with long-term survival generally not exceeding 20%. Therefore, other complementary treatments such as chemotherapy and radiotherapy need to be considered. It has been shown that either option can individually add benefit in the pre- or post-operative setting. The optimal integration of such different strategies urgently needs to be defined.



Based on different series, up to 50% of resected patients never receive adjuvant treatments. Hence, focusing on delivering all the best available treatments before surgery is becoming increasingly important. Even more crucial is defining the optimal multimodal approach, with a combination of all the different treatment strategies likely to offer the most benefit for patients. In this regard, the so-called “total neo-adjuvant” approach looks very promising. It allows upfront delivery of what is regarded as the best polychemotherapy regimen (i.e., FOLFIRINOX), followed by radio-chemotherapy and ultimately surgery. This strategy has been associated with impressively high R0 resection rates that translated into significant PFS and OS improvements. As of today, this unarguably represents the most effective treatment strategy, but several questions still remain unanswered.



Specifically, it will be interesting to evaluate the performance of newer potentially less toxic cytotoxic agents or their best combination and the possible association with immunotherapy (i.e., immune checkpoint inhibitors and vaccines) with both chemo- and radiotherapy. Additionally, the integration of biomarkers to select which patients may benefit from different treatment strategies may play an increasingly important role. For example, molecular signatures for platinum sensitivity may better define which chemotherapy regimen should be used in this setting. Modulation of the tumor microbiome for therapeutic gain is another area that warrants further research in this setting.



Another key research avenue should also explore the role of the different available radiotherapy techniques and modalities and the role of immune priming in enhancing response. In particular, it will be important to define the value of SBRT incorporation as an alternative approach to conventionally fractionated external beam radiotherapy with concurrent chemotherapy due to its capability to deliver higher doses while reducing toxicity to normal tissues. Similarly, the use of smaller treatment fields, along with more conformal techniques and hypofractionated protocols, will hopefully improve final outcomes.




5. Conclusions


Ultimately, well designed randomized clinical trials will define the best sequence and duration of different treatment modalities, the optimal patient selection for surgical resection, and the need for post-operative adjuvant chemotherapy. The incorporation of standardized resectability criteria across all studies, along with the integration of translational research, is likely to result in improved outcomes.
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Figure 1. Regimens for neoadjuvant chemoradiotherapy or chemotherapy in patients with pancreatic adenocarcinoma. Legend. CAPE: capecitabine; CI: continuous infusion; CRT: chemoradiotherapy; CT: chemotherapy: GEM: gemcitabine; h: hours; IGRT: image-guided radiotherapy; IMRT: intensity-modulated radiotherapy; IRI: irinotecan; LV: leucovorin; NAB-PAC: nab-paclitaxel; OXA: oxaliplatin; RT: radiotherapy; SBRT: stereotactic body radiation therapy; 5-FU: 5-fluorouracil. * 825 mg/m2 in FOLFIRINOX → CAPE + RT trial, 830 mg/m2 in ESPAC 5F trial. 
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Table 1. Resectability criteria for PDAC.
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	Guidelines
	Resectable
	Borderline Resectable
	Locally Advanced





	NCCN [10]
	No tumor contact: CA, SMA, CHA, SMV, or PV, or ≤180° contact without vein contour irregularity
	Contact with SMV or PV of >180° or contact ≤180° with thrombosis of the vein with suitable vessel proximal and distal to the affected site.

Contact with IVC.

Pancreatic head/uncinate process: tumor contact with CHA without extension to CA or HA bifurcation. Contact with SMA of ≤180°.

Pancreatic body/tail: contact with the CA of ≤180°, contact > 180° without involvement of the aorta and with intact, uninvolved gastroduodenal artery.
	SMV/PV that cannot be reconstructed due to tumor involvement or vessel occlusion due to thrombus or tumor.

Pancreatic head/uncinate process: contact with SMA >180°, contact with the CA of > 180°.

Pancreatic body/tail: contact >180 ° with SMA or CA, contact with the CA and aortic involvement.



	IAP Consensus Definition [11]
	No tumor contact SMV, PV, SMA, CA, CHA
	Tumor contact ≥180° with SMV/PV or bilateral narrowing/occlusion, not exceeding the inferior border of the duodenum with no tumor contact with SMA, CA, or CHA.

Tumor contact of <180° with SMA, CA but without showing deformity/stenosis.

Tumor contact with CHA without tumor contact of the PHA and/or CA.

Biological criteria: CA19-9 > 500 IU/mL, regional lymph node metastasis on biopsy or PET-CT.

Conditional criterion: PS ≥ 2.
	SMV/PV: bilateral narrowing/occlusion, beyond the inferior border of the duodenum.

Tumor contact/invasion with SMA, CA of ≥180°.

CHA: tumor contact/invasion showing tumor contact/invasion of the PHA and/or CA.

Tumor contact or invasion of aorta.







Legend. NCCN: National Comprehensive Cancer Network; CA: celiac axis; SMA: superior mesenteric artery; CHA: common hepatic artery; SMV: superior mesenteric vein; PV: portal vein; HA: hepatic artery; IVC: inferior vena cava; IAP: International Association of Pancreatology; PHA: proper hepatic artery; PS: performance status; PET-CT: positron emission tomography–computerized tomography.
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Table 2. Key Phase III Studies of Adjuvant Treatment in PDAC.
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	Study
	Population
	N
	Comparators
	Primary Endpoint
	Other Outcomes





	ESPAC-1 [22,23]
	R0 or R1 resection
	541
	CRT: 20 Gy tumor dose in ten daily fractions over 2 weeks with 500 mg/m2 5-FU IV bolus d 1–3, repeated after a planned break of 2 weeks.

CT: IV bolus FA 20 mg/m2 followed by IV bolus 5-FU 425 mg/m2 d 1–5 every 28 d for six cycles.
	mOS: 15.5 mo for CRT vs. 16.1 mo for no CRT, p = 0.24

mOS: 19.7 mo for CT vs. 14.0 for no CT, p = 0.0005
	5-year survival: 10% CRT vs. 20% no CRT, p = 0.05

5-year survival: 21% CT vs. 8% no CT, p = 0.009



	CONKO-001 [24,25]
	KPS ≥ 50% R0 or R1 resection

Post-operative CEA/CA19-9 > 2.5 times ULN were excluded
	368
	Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (A) vs.

Obs: (B).
	DFS: 13.4 mo (A) vs. 6.7 mo (B), p < 0.001
	mOS: 22.8 mo (A) vs. 20.2 mo (B), p = 0.01

5- and 10-year survival: 20.7% and 12.2% (A) vs. 10.4% and 7.7% (B)

5- and 10-year DFS: 16.6% and 14.3% (A) vs. 7.0% and 5.8% (B)



	ESPAC-3 [26]
	WHO PS ≤ 2, R0 or R1 resection
	1149
	5-FU+FA: FA, 20 mg/m2, IV bolus, followed by 5-FU, 425 mg/m2 IV bolus d 1–5 every 28 d (A) vs. Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (B).
	mOS: 23 mo (A) vs. 23.6 mo (B), p = 0.39
	DFS: 14.1 mo (A) vs. 14.3 mo (B) p = 0.53

1- and 2-year survival: 78.5% and 48.1% (A) vs. 80.1% and 49.1% (B)



	ESPAC-4 [27,28]
	WHO PS ≤ 2, R0 or R1 resection
	732
	Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (A) vs.

Gem+Cap: Gem with Cap orally for 21 days followed by 7 days’ rest for 6 mo at a daily dose of 1660 mg/m2.
	mOS: 25.2 mo (A) vs. 28.0 mo (B), p = 0.032
	RFS: 13.1 mo (A) vs. 13.9 (B), p = 0.082

3-year RFS: 20.9% (A) vs. 23.8% (B)

5-year RFS: 11.9% (A) vs. 18.6% (B)

5-year survival: 20.0% (A) vs. 28.0% (B), p = 0.049



	PRODIGE-24 [18]
	WHO PS ≤ 1 R0 or R1 resection

Post-operative CA-19.9 ≤ 180 U/mL
	493
	Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (A) vs.

mFOLFIRINOX: oxaliplatin 85 mg/m2, irinotecan 150 mg/m2, leucovorin 400 mg/m2, and 5-FU 2400 mg/m2 every 2 weeks (B).
	DFS: 12.8 mo (A) vs. 21.6 mo (B), p < 0.001
	mOS: 35.0 mo (A) vs. 54.4 mo (B), p = 0.003

3-year survival: 48.6% (A) vs. 63.4% (B)

1-, 2-, and 3-year DFS: 53.7%, 30.7%, 21.4% (A) vs. 69.0%, 47.0%, 39.7% (B)

MFS: 17.7 mo (A) vs. 30.4 mo (B), p < 0.001



	APACT [20,21]
	WHO R0 or R1 resection

Post-operative CA-19.9 < 100 U/mL
	866
	Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (A) vs.

Gem/Nab-Paclitaxel: Gem with Nab-Paclitaxel 125 mg/m2 d 1, 8, and 15 IV every 4 weeks (B).
	DFS: 18.8 mo (A) vs. 19.4 mo (B), p = 0.182
	mOS: 37.7 mo (A) vs. 41.8 mo (B), p = 0.0091

5-year OS: 31% (A) vs. 38% (B)



	JASPAC-01 [29]
	WHO PS ≤ 1

R0 or R1 resection
	385
	Gem: 1 g/m2 d 1, 8, and 15 IV every 4 weeks for 6 mo (A) vs.

S1: 40, 50, or 60 mg depending on BSA, orally for 28 d followed by a 14 d rest, every 6 weeks for up to 4 cycles.
	mOS: 25.5 mo (A) vs. 46.5 mo (B), pnon-inferiority < 0.0001, p < 0.0001 for superiority
	3- and 5-year OS: 38.8% and 24.4% (A) vs. 59.7 and 44.1% (B)

RFS: 11.3 mo (A) vs. 22.9 mo, p < 0.0001







Legend. CRT: chemoradiotherapy; CT: chemotherapy; DFS: disease-free survival; mo: months; mOS: median overall survival; Obs: observation; WHO: World Health Organization; PS: performance status; KPS: Karnofsky performance status scale; Gem: gemcitabine; 5-FU: fluorouracil; FA: folinic acid; IV: intravenous; d: days; ULN: upper limit of normal; Cap: capecitaine; RFS: relapse-free survival; mFOLFIRINOX: modified FOLFIRINOX.
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Table 3. Key Studies of Neo-adjuvant Chemoradiotherapy in PDAC.
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	Study Name

(NCT Number)
	Country
	Phase
	Population
	N
	Treatment
	Primary Endpoint
	Secondary Endpoints
	Reference





	PREOPANC-1

(NCT04927780)
	The Netherlands
	III R
	Resectable/borderline resectable
	246
	Gemcitabine + RT → surgery → gemcitabine (A) vs. surgery → gemcitabine (B)
	mOS 15.7 mo (A) vs. 14.3 mo (B), p = 0.025
	Resection rate 61% (A) vs. 72% (B), p = 0.058

R0 resection rate 72% (A) vs. 43% (B), p < 0.001
	[72,73]



	FOLFIRINOX + RT for PDAC

(NCT01591733)
	USA
	II
	Borderline resectable
	48
	FOLFIRINOX → capecitabine + RT
	R0 resection rate 65% (95% CI 49–78)
	mPFS 14.7 mo

mOS 37.7 mo
	[74]



	Alliance A021501

(NCT02839343)
	USA
	II R
	Borderline resectable
	126
	FOLFIRINOX (A) vs. FOLFIRINOX → SBRT (B)
	18-mo OS 67.9 (A) vs. 47.3% (B)
	pts with pancreatectomy 18 mo OS 93.1 (A) vs. 78.9% (B)

mOS 31.0 vs. 17.1 mo
	[75]



	ESPAC5F

(CTI89500674)
	UK
	II R
	Borderline resectable
	90
	Surgery → Gem/Cap (A) vs.

Gem/Cap or FOLFIRINOX or CRT → surgery → Chemotherapy (B)
	Resection rate 62% (A) vs.

55% (B), p = 0.668
	R0 resection rate 15% (A) vs. 23% (B), p = 0.721

1-year survival: 42% (A) vs. 77% (B), p < 0.001
	[76]







Legend. CI: confidence interval; mo: months; mOS: median overall survival; mPFS: median progression-free survival; OS: overall survival; pts: patients; R: randomized; R0: resection margins free; RR: response rate; RT: radiotherapy; SBRT: stereotactic body radiation therapy; y: year; Gem/Cap: gemcitabine/capecitabine.
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Table 4. Studies of Neo-adjuvant Chemotherapy in Locally Advanced PDAC.
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	Study Name

(NCT Number)
	Country
	Phase
	Selected Population
	N
	Treatment
	Primary Endpoint
	Secondary Endpoints
	Reference





	GAP

(NCT02043730)
	Italy
	II R
	Locally advanced unresectable
	124
	Nab-paclitaxel + gemcitabine (A) vs. gemcitabine (B)
	PDR3 25.4 (A) vs. 45.6% (B), p = 0.01

PDR6 20.8 (A) vs. 35.6% (B)
	RR 27 (A) vs. 5.3% (B)

mPFS 7 mo (A) vs. 4 mo (B)

mOS 12.7 (A) vs. 10.6 mo (B)
	[79]



	LAPACT

(NCT02301143)
	Western
	II
	Locally advanced
	107
	Nab-paclitaxel + gemcitabine
	mTTF 9.0 mo (90% CI 7.3–10.1)
	mPFS 10.9 mo

mOS 18.8 mo

DCR 77.6%

Resection in 17 (16%)
	[80]



	JCOG1407

(jRCTs031180085)
	Japan
	II R
	Locally advanced
	126
	FOLFIRINOX (A) vs. nab-paclitaxel + gemcitabine (B)
	1 y OS 77.4 (A) vs. 82.5% (B)

2 y OS 48.2 (A) vs. 39.7% (B)
	mOS 2 y (A) vs. 1.8 y (B)

PFS 1 y 47.5 (A) vs. 40.2% (B)

MFS 1 y 64.2 (A) vs. 57.3% (B)

RR 30.9 (A) vs. 41.4% (B)
	[82]







Legend. CI: confidence interval; DCR: disease control rate; mo: months; MFS: metastases-free survival; mo: months; mOS: median overall survival; mPFS: median progression-free survival; mTTF: median time to treatment failure; N: number of patients; PDR3: reduction in progressive disease at three months; PDR6: reduction in progressive disease at six months; R: randomized; R0: resection margins free; RR: response rate; y: year.
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Table 5. Ongoing studies with neo-adjuvant immunotherapy in resectable and locally advanced PDAC.
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	Study Name

(NCT Number)
	Country
	Phase
	Selected Population
	N
	Drugs
	Primary Endpoint
	Secondary Endpoints





	NCT03983057
	China
	III R
	Locally advanced/borderline resectable
	830
	mFOLFIRINOX vs. mFOLFIRINOX + anti-PD-1 Ab
	PFS
	RR

R0 rate

ORR

DCR

OS

AEs

CA 19.9

EORTC QLQ-PAN26 score



	NCT03161379
	USA
	II
	Locally advanced
	30
	GVAX vaccine + cyclophosphamide + nivolumab + SBRT
	CD8 count in tumor microenvironment
	pCR rate



	NCT02305186
	USA
	Ib/II R
	Resectable/borderline resectable
	68
	Pembrolizumab + capecitabine-RT vs. capecitabine-RT
	TILs per HPF in resected tissue

DLTs
	DFS

OS

RR



	NCT04327986
	USA
	I/II
	Borderline resectable/locally advanced unresectable
	126
	Arm 1: M9241 (immunocytokine) + M7824 (ICI)

Arm 2: M9241 + M7824-SBRT

Arm 3: M7824 + M9241-SBRT
	BOR
	RP2D



	NCT03970252
	USA
	I/II
	Borderline resectable
	36
	mFOLFIRINOX + nivolumab
	Clinically relevant pancreatic fistula in post-operative period
	pCR rate



	NCT03373188
	USA
	I R
	Resectable stage I–III
	32
	Surgery vs. VX15/2503 (anti-SEMA4D) vs. VX15/2503 + ipilimumab vs. VX15/2503 + nivolumab
	CD8 T cell infiltration
	AEs







Legend. AEs: adverse events; BOR: best overall response; DCR: disease control rate; DFS: disease-free survival; DLT: dose-limiting toxicity; HPF: high-power field; ICI: immune checkpoint inhibitor; ORR: overall response rate; OS: overall survival; pCR: pathological complete response; R0: resection margins free; R: randomized; RP2D: recommended phase II dose; RR: response rate; RT: radiotherapy; SBRT: stereotactic body radiation therapy; TILs: tumor-infiltrating lymphocytes.
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