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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is an incurable lethal disease whose incidence rate is growing. There is no effective screening for detection of early stage tumors and, in most cases, PDAC is diagnosed at advanced disease stages, when radical pancreatic resection is not possible. The aggressive nature of pancreatic tumor cells lies in the complex genetic mechanisms behind their uncontrolled capability to grow and metastasize, which involve essential adaptive changes in cellular metabolism, signaling, adhesion and immunoediting. In addition, PDAC cells promote a dense functional stroma that facilitates tumor resistance to chemotherapy and radiation. During the last two decades, gemcitabine has been the reference for the systemic treatment of PDAC. However, recently, a regimen combining fluorouracil, irinotecan, oxaliplatin, and leucovorin (FOLFIRINOX) and another combining albumin-bound paclitaxel with gemcitabine have shown clear therapeutic advantage in advanced PDAC, with survival outcomes of 11.3 and 8.5 mo on phase Ⅲ trials, respectively, over single-agent gemcitabine. With the pending issue of their higher toxicities, these regimens set the reference for ongoing and future clinical studies in advanced PDAC. In addition, the efficacy of oral fluoropyrimidine (S-1) has been well documented in Asiatic PDAC patients. The development of therapeutic approaches other than cytotoxic drugs has proven difficult in the past, with only one drug (erlotinib) approved to date. Besides, a number of agents targeting signaling pathways in tumor or stroma cells are being investigated. Likewise, immunotherapies that target PDAC in various ways are the subject of a number of clinical trials. The search for reliable biomarkers with diagnostic and prognostic value using genomics and mass spectrometry methods may facilitate monitoring and refinement of therapies. This review focuses on current understanding of the pathogenesis of PDAC and the latest developments in the treatment of advanced PDAC.
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Core tip: Pancreatic adenocarcinoma is a life threa​tening, fast evolving disease for which there is no cure. Recently, new chemotherapy regimens have shown significant improvement in survival in patients with advanced disease, opening a way for further progress. New therapeutic strategies based on targeted inhibitors or immunotherapy approaches, in particular antibody and adoptive T cell therapies, are getting growing attention as they are proving beneficial in pre-clinical and early phase clinical studies in combination with chemotherapy. Progress in understanding pancreatic tumor genetics, epigenetics and metabolism is pro​viding new biomarkers that may be of value in early detection and progression assessments.
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INTRODUCTION
Over 95% of pancreatic cancers develop in the exocrine pancreas. Of these, about 95% are adeno​carcinomas originating in the ducts of the pancreas. Pancreatic ductal adenocarcinoma (PDAC) is, together with renal cancer, the twelfth most frequent cancer worldwide, representing the eighth and ninth leading cause of death by cancer in men and women, respectively. In the year 2012 about 338000 new cases of PDAC were reported in the world[1]. The incidence varies across countries, ranging from 1 to 10 cases per 100000 (age standardized rate)[1]. According to the United States National Cancer Institute, the 5-year relative survival rate is about 25% for localized PDAC (stages Ⅰ and ⅡA), 9.9% for cases with regional lymph node involvement (stages ⅡB and Ⅲ) and 2.3% for metastasized PDAC (stage Ⅳ)[2]. However, only 9% of cases are diagnosed at the local stages, while 27% are detected at the regional and 53% at the distant stages, with 11% of cases unstaged[2]. Hence, the overall 5-year survival rate is in the range of 6%-10%, what makes PDAC the most lethal cancer type. Approximately 70% of deaths follow widespread metastasis while the rest have limited metastasis but extensive primary tumors. Currently, there is no effective screening for detection of early stage tumors.

Anatomy and Histopathology

The pancreas is a 12-15-cm (6 inches) long, lobulated, retroperitoneal gland, which lies transversally behind the stomach, across the lumbar spine (L1-L2) (figure 1), in close contact with the duodenum where the bile and pancreatic ducts drain through the major papilla (ampulla of Vater) and the pancreatic accessory duct through the minor papilla[3,4]. The wider end of the pancreas, close to the duodenum, is referred to as the head, the middle portion is called the body and the rest, called tail, extends to the hilum of the spleen. The exocrine pancreas produces the digestive enzymes and represents more than 95% of the pancreatic mass. The endocrine part (the islets of Langerhans) comprises only 1%-2% of pancreatic mass. A ductal system drains the enzymes produced by the acinar cells in a bicarbonate-rich medium secreted by the ductal cells.

At the histopathologic level, PDAC develops in a stepwise progression from low grade to high grade dysplastic lesions known as pancreatic intraepithelial neoplasia (PanIN) types 1, 2 and 3. In addition, intraductal papillary mucinous neoplasms (IPMN) are considered precursor to invasive pancreatic cancer. These tumors transform the stroma into a dense connective tissue called desmoplastic reaction[5,6], a microenvironment consisting of extracellular matrix proteins (hyaluronic acid, type Ⅰ and Ⅲ collagens and fibronectin), fibroblasts, pancreatic stellate cells (myofibroblast-like cells with tissue maintenance function), inflammatory immune cells, endothelial cells, pericytes and nerve fibers. PDAC cells stimulate the stroma and induce the desmoplastic reaction, whereas stroma cells release factors that stimulate tumor cell proliferation, escape from immune surveillance, invasiveness and resistance to therapy[7]. However, several lines of evidence coming from studies in mouse models suggest that stromal cells may also detain tumor growth directly or indirectly[8-10].

Biology of PDAC

Molecular pathology and genomics studies have shown accumulating genetic changes, usually mutations in oncogenes and tumor suppressor genes[11]. Over 90% of PanIN of all grades and 40%-65% of IPMN carry KRAS mutations[12,13], being KRAS G12D the most common mutation[14,15]. KRAS activation is essential for pancreatic cancer cell survival[16]. Activated mutant KRAS signals primarily through the PI3K, p38, JNK and FAK signaling pathways. It also involves the epidermal growth factor receptor (EGFR), BCL-XL and the nuclear factor B[17-20].

KRAS is thought to play a key role in repro​gramming the metabolism of hypoxic pancreatic adenocarcinoma cells through activation of glucose uptake and glycolysis to yield pyruvate, which instead of being processed via the tricarboxylic acid cycle is converted into lactic acid[21]. Excess of lactic acid released by hypoxic cells causes local acidosis, which facilitates extracellular matrix breakdown and hence tumor invasiveness[22]. In addition, the neighboring normoxic cancer cells use the released lactate to fulfill the increased metabolic needs due to their higher proliferation rates. Indeed, these cells show increased expression of MCT1, a proton-linked monocarboxylate transporter that catalyzes the rapid transport of lactate, pyruvate and other monocarboxylates across the plasma membrane[23]. Moreover, KRAS activates glutamine metabolism to yield glutamate and -ketoglutarate, thus enhancing citrate synthesis and the tricarboxylic acid cycle, i.e., a glucose-independent metabolic pathway; generates NADPH, a cofactor in anabolic reactions and an antioxidant[24], and promotes de novo lipogenesis through the isocitrate dehydrogenase (IDH1 and 2)[25,26].

Besides KRAS activation, mutations inactivating tumor suppressor genes accumulate during progression from PanIN1 to PanIN3. Mutational inactivation of p53 is detected in 60%-70% of PDAC, and mutations in CDKN2A (involved in G1 cell cycle arrest) and in members of the TGF- signaling pathway (most frequently SMAD4, TGF-1 and TGF-2) in about 50% of cases[27]. In 10%-15% of cases, exome sequencing has revealed loss-of-function mutations in genes involved in nucleosome remodeling (ARID1A, ARID1B, SMARCA1), responses to DNA damage (ATM, BRCA2) and histone methylation (MLL2, MLL3, KDM6A). It has been estimated that genetic predisposition is present in 5%-10% of PDAC cases (familial PDAC) and several susceptibility genes have been identified. For example, inherited mutations in the gene STK11 cause the Peutz-Jeghers syndrome, and these patients have 130-fold increased risk of PDAC; germline mutations in the p16/CDKN2A gene cause the familial atypical multiple mole melanoma (FAMMM) syndrome, which is associated with a 13 to 37-fold increased risk of PDAC; mutations in BCRA2 cause familial breast cancer and increase the risk of PDAC 3.5-fold (reviewed by Hruban et al[28]). In addition, as a consequence of genetic changes, cytology studies have shown frequent chromosomal alterations in PDAC such as deletions and rearrangements leading to aneuploidy. For instance, the gene CLPTM1L, which is overexpressed in PDAC as compared with normal pancreatic tissue and has been identified by GWAS (Genome-Wide Association Studies) among the PDAC susceptibility alleles on chromosome 5p15.33, has been shown to interfere with normal cytokinesis and induce aneuploidy in vitro[29]. Furthermore, an extensive multistage GWAS of 7683 patients diagnosed with pancreatic cancer and 14397 control individuals identified multiple loci associated with pancreatic cancer, which harbor genes associated with cancer, such as LINK-PIN, BCAR1/CTRB1/CTRB2, PDX1, ZNRF1, TERT and PVT1[30]. These studies illustrate a more accurate concept of genetic risk of PDAC.

Tumor Immune Surveillance

Inflammatory cells (mainly lymphocytes, plasma cells, macrophages and mast cells) are components of the desmoplastic reaction that forms the micro​environment of PDAC. However, rather than fighting the tumor these cells seem to promote an inflam​matory microenvironment that helps tumor cells escape from immune surveillance via paracrine cross-talk mechanisms[31]. Indeed, studies have shown that chronic pancreatitis increases the risk of developing pancreatic adenocarcinoma, specially in smokers[32], and that subjects with hereditary pancreatitis caused by mutations in the gene PRSS1 have a significantly increased relative and absolute risk of developing PDAC[33]. Escape from antitumor immunity seems to be linked to KRAS activation, since it has been shown that already in early PanIN stages KRAS G12D induces production and release of GM-CSF[34], which attracts Gr1+CD11b+ myeloid suppressor cells to the tumor stroma[34] as well as immunosuppressive regulatory T cells[35,36]. Furthermore, the serum levels of some proinflammatory cytokines, such as IL-6, IL-8, IL-10 and IL-1 receptor antagonist (IL-1RA) are increased in PDAC patients and correlate with tumor aggressiveness[37]. IL-6 signals through the signal transducer and activator of transcription 3 (STAT3), which plays an essential role in the development of most PDAC cases[38]. Studies in mice have shown that tumor infiltrating macrophages release IL-6 in the stroma activating STAT3 and promoting progression from PanIN to PDAC[39]. In yet another mouse model of human PDAC it was shown that a subset of stromal fibroblasts expressing fibroblast activation protein (FAP) release the chemokine CXC-motif ligand 12 (CXCL12), which may facilitate immunosuppression by impeding the contact of T cells with the adenocarcinoma cells. T cell accumulation nearby tumor cells could be restored using an antagonist of CXCR4[40], a cognate receptor for CXCL12, which acted synergistically with the anti-programmed cell dead 1 ligand 1 (PD-L1) antibody[41] to induce tumor regression in a mouse model of PDAC[42].

Biomarkers and Tumor Surveillance

To date there is no effective preventive screening for detection of early stage tumors. Further, there is no consensus on the suitability of current biomarkers to predict tumor progression or recurrence. Carbohydrate antigen 19-9 (CA19-9), a sialylated Lewis antigen identified in a colon cancer cell line[43], is the biomarker currently used in the surveillance of PDAC. Its expression depends on the Lewis blood antigens; therefore, 5%-10% of Caucasian patients that are Lewis negative (a-/b-) do not express CA19-9. Because its expression is not limited to PDAC, CA19-9 cannot be used as screening marker. However, it has been used as prognostic marker after surgical resection[44,45], and some studies suggest that it may be used to predict resectability and outcome after adjuvant chemotherapy[46,47]. Looking for biomarkers linked with survival or response, in the RTOG 9704 study (table 1), an adjuvant therapy trial comparing 5-FU with gemcitabine chemotherapy administered before and after 5-FU-based chemoradiation in patients with resected PDAC, a probe panel of antibodies was used to detect and quantify 42 pro​teins. As already shown in previous studies, lower levels of CEA (carcinoembryonic antigen) and CA19-9 were associated with improved overall survival in all patients, whereas low levels of matrix meta​lloproteinases (MMP)-7 were linked to improved overall survival in the adjuvant gemcitabine arm, but not in the 5-FU arm, suggesting that PDAC patients with low MMP-7 expression levels benefit from gemcitabine rather than 5-FU adjuvant therapy[48].

The protein SMAD4 has been also suggested as prognostic marker. Immunohistochemistry charac​terization of the expression of SMAD4 in a series of 249 tumors from PDAC patients who underwent pancreaticoduodenectomy showed that cases with SMAD4 expression had significantly longer survival: median survival of 19.2 mo compared with 14.7 mo in patients whose tumors did not express SMAD4 (p = 0.03)[49]. Moreover, analysis of SMAD4 (DPC4) expression in a series of rapid autopsies in patients with documented PDAC showed loss of SMAD4 expression in 41 of 65 tumors analyzed, indicating a rate of inactivation of 63%[50]. Interestingly, loss of SMAD4 expression was seen in only 2 (22%) of 9 locally advanced carcinomas, but in 16 (73%) of 22 metastatic carcinomas (p = 0.007)[50]. In a prospective phase Ⅱ trial enrolling 69 patients with locally advanced carcinoma who were treated with gemcitabine/oxaliplatin and cetuximab followed by chemoradiotherapy plus cetuximab, 11 (73.3%) of 15 patients with intact SMAD4 expression had a local dominant pattern of progression, whereas 10 (71.4%) of 14 patients with SMAD4 loss had distant dominant pattern of spread (p = 0.016)[51], indicating that SMAD4 loss significantly correlated with distant rather than local dominant pattern of spread. In yet another study, retrospective analysis of 471 who had resected PDAC showed that loss of SMAD4 expression did not correlate with recurrence but was predictive for adjuvant chemotherapy benefit (p = 0.002)[52]. This study also showed that high expression of the CXCR4 chemokine receptor was significantly associated with worse outcome (p < 0.0001) as well as with metastatic recurrence (p < 0.001)[52]. 

Another biomarker that was expected to have prognostic relevance is the human equilibrative nucleoside transporter-1 (hENT1). Gemcitabine requires hENT1 to cross the cell membrane. Therefore, low expression of hENT1 might result in gemcitabine resistance in PDAC. This hypothesis was tested in a randomized clinical trial comparing gemcitabine with gemcitabine elaidate (CO-101), an unsaturated fatty acid ester derivative of gemcitabine, which was designed to enter the cells by diffusion independently of hENT1[53]. This study enrolled 367 patients. The expression of hENT1 was measured in 253, of whom 232 (64.8%) were classified as low-hENT1. It was found no difference in median overall survival between the low and high hENT1 subgroups, indicating that hENT1 status is not relevant and cannot be used to predict gemcitabine outcome.

A recent study has shown that elevated levels of branched-chain amino acids (BCAA) in plasma are associated with an increased risk (> 2.0) of developing PDAC[54]. The highest association was observed in subjects whose samples were collected 2-5 years before PDAC diagnosis, suggesting that early-stage subclinical disease was already present. Such increase in plasma BCAA seems due to breakdown of tissue proteins that would occur early in the development of PDAC[54]. Interestingly, in a mouse model of PDAC, elevated BCAA levels were detected also in mice with early stage pancreatic tumors harboring mutant KRAS, but not in mice with KRAS-driven tumors in other tissues.

The predictive value of other biomarkers, such as ULBP2, a ligand of the natural killer activating receptor NKG2D, and the macrophage inhibitory cytokine-1 (MIC-1) are currently being evaluated in case-control studies[55]. Non-mutated, overexpressed proteins, such as CLPTM1L[29] and DKK-1[56], if validated in terms of prognostic value could serve also as biomarkers. Furthermore, the prognostic value of detection of circulating tumor cells is being evaluated in a prospective study with 79 patients with locally advanced PDAC[57].

Management

A widely used staging system for PDAC is that of the American Joint Committee of Cancer and the Union for International Cancer Control, which is based on the TNM classification[58]. From the management perspective PDAC is divided into three categories: (1) localized surgically resectable tumors; (2) unresectable locally advanced tumors; and (3) metastatic tumors. In between the first and second groups are tumors called borderline resectable, which need to be carefully evaluated as candidates for surgery according to the involvement of adjacent organs and vessels (celiac artery, hepatic artery, portal vein, superior mesenteric artery and vein)[59]. The most frequent location of PDAC is the head of the pancreas (60%-70%), which requires pancreaticoduodenectomy (Whipple procedure). Extensive surgery does not provide better outcomes[60,61]. Tumors of the tail of the pancreas are nowadays resected laparoscopically. Overall, only 15%-20% of newly diagnosed patients are eligible for surgical resection. The five-year survival rates after pancreaticoduodenectomy range from 25%-30% for lymph node-negative and 10% for node-positive cases[62]. 

Stages Ⅰ and Ⅱ surgically resectable PDAC

In PDAC stage Ⅰ the tumor is restricted to the pancreas and does not involve neither adjacent organs or vessels nor regional lymph nodes. The treatment of choice is surgical removal of all recognizable tumor tissue. However, tumor recurrence occurs in 60%-70% of stage Ⅰ patients due to micrometastases during or after surgical resection. Systemic therapy (chemotherapy, chemoradiation) administered after surgery (called adjuvant therapy) improves survival rates and, eventually, the chances of cure. In some cases chemotherapy, chemoradiation or combination of therapies is applied before surgery (the so-called neoadjuvant therapy) to shrink the tumor and prevent post-surgical micrometastases and relapse.

Adjuvant therapy in localized resectable PDAC: A number of randomized trials enrolling patients with T1-4 N0-1 M0 PDAC have demonstrated that, following surgical resection of the tumor mass, adjuvant chemotherapy for 6 mo either with gemcitabine or 5-fluoruracil (5-FU) increases overall survival significantly compared with observation (table 2, see also Goodman et al[63], 2014). These studies showed an improvement in the 5-year survival rate from approximately 10% (observation) to approximately 20% (adjuvant therapy) with no significant difference between gemcitabine and 5-FU (table 2). However, the patients treated with gemcitabine experienced significantly less toxicity and had improved clinical benefit. More recently, in a multicenter, randomized phase Ⅲ study in Japan (JASPAC 01) gemcitabine was compared with S-1 in the adjuvant treatment of patients after curative resection[64]. S-1 is an oral fluoropyrimidine prodrug (tegafur) that is converted by the enzyme dihydropyrimidine dehydrogenase (DPD) into 5-FU[65] (see also Stage Ⅳ below), The study enrolled 385 patients with ECOG performance status 0-1 and with compensated organ functions; of these, 378 were included in the final analysis. The 2-year overall survival rates were 53% for gemcitabine and 70% for S-1 (p < 0.0001). Also, the quality of life was significantly higher in the S-1 arm (p < 0.0001). The results of the JASPAC-01 study suggest that S-1 may be an effective alternative to the adjuvant chemotherapy with gemcitabine in resected PDAC. However, these studies have been conducted in Asian patients, mostly Japanese and it is uncertain whether S-1 would be as effective in Western patients. Some important aspects remain to be investigated. For instance, the expression levels of cytochrome P450 A26, the enzyme that converts tegafur into 5-FU in the liver, seem to be higher in Caucasian than in Japanese subjects[66]. In addition, gastrointestinal toxicities of grades 3/4 are more common in Caucasians than in Asians[67]. An ongoing multicenter, randomized phase Ⅲ study, the European Study Group for Pancreatic Cancer trial 4 (ESPAC-4), will compare the combination gemcitabine plus capecitabine (another fluoropyrimidine prodrug that is converted into 5-FU by DPD, the same enzyme that converts tegafur) with gemcitabine alone when used as adjuvant therapy after PDAC resection[68]. This study will serve to determine the utility of the addition of a fluoropyrimidine to gemcitabine in the post-resection adjuvant therapy in non-Asian PDAC patients. Nevertheless, previous randomized trials in Western metastatic PDAC patients have not shown superiority for such combination using gemcitabine combined with a variety of oral and bolus fluoropyrimidine regimens[69-71]. Two ongoing clinical studies (CONKO 005 and RTOG 0848) should determine the benefit of combining erlotinib (EGFR inhibitor) with gemcitabine. 
The efficacy of adjuvant chemoradiation therapy is still subject of controversy, since two European studies showed no benefit in adding radiation to the adjuvant therapy[72] or even showed detrimental effects[73]. Such studies (table 1) have been questioned for different reasons, the EORTC because it included patients with pancreatic head carcinomas as well as periampullary tumors (with possible better prognosis), and the ESPAC-1 because of the complexity of its design. Further studies should clarify if adjuvant chemoradiation may be beneficial. Thus, a phase Ⅱ-R/Ⅲ randomized trial ongoing in the United States (NCT01013649), which should be completed in the year 2020. Nevertheless, the impact of chemoradiation therapy on overall survival after pancreaticoduodenectomy was evaluated in a multicenter retrospective study reviewing 955 patients (classified as T1-4; N0-1; M0) who underwent complete resection (R0-1) and showed macroscopically negative margins[74]. Of these, 623 received postoperative radiation, 575 received concurrent chemotherapy, and 462 received adjuvant chemotherapy. Median follow-up was 21.0 mo. Median overall survival was 39.9 mo for patients treated with chemoradiation compared with 24.8 mo for those not receiving chemoradiation (p < 0.001), and 27.8 mo for patients treated only with adjuvant chemotherapy (p < 0.001). In the population treated with adjuvant chemoradiation (with or without chemotherapy) 5-year overall survival was 41.2% compared with 25.7% in patients treated with adjuvant chemotherapy alone[74]. Therefore, according to this retrospective study, adjuvant chemoradiation was beneficial in terms of overall survival.

Neoadjuvant therapy in borderline resectable PDAC: The high frequency of disease recurrence and the low survival rates associated with surgical resection of pancreatic adenocarcinomas, usually attributed to residual tumor cells left at the surgical margins and to involvement of lymph nodes, led to the evaluation of neoadjuvant (preoperative) chemotherapy with or without radiotherapy. Several studies evaluating different neoadjuvant therapy protocols have evidenced the limited success of this approach as compared with the outcomes of patients with resectable tumors treated with adjuvant (postoperative) therapy[75-77]. Nevertheless, to date there are no controlled, prospective studies comparing neoadjuvant and surgery-first approaches.
Currently, there is consensus that neoadjuvant therapy does not benefit patients with resectable PDAC, and that it is beneficial in tumors with border​line resectability to improve the probability of tumor-free resection margins and in locally advanced, non-resectable tumors to reduce their extension and make them resectable[78,79]. Further, neoadjuvant chemotherapy applied to borderline resectable patients may help identify a subset of patients that would not benefit from surgery. In a study enrolling 160 borderline resectable patients selected out of 2454 PDAC cases, 125 (78%) completed neoadjuvant therapy (chemotherapy, radiotherapy or both) and restaging. Of these 66 (41%) underwent surgery. Median survival was 40 mo for the 66 patients who completed all therapy and 13 mo for the 94 patients who did not undergo surgery[80]. Consistent and objective definitions of borderline resectable and unresectable PDAC are needed for ongoing and future studies to be sufficiently powered, so that the efficacy of neoadjuvant therapy can be clearly established[79].

In the past, combinations of gemcitabine and chemoradiation with 5-FU have had limited efficacy. In a large meta-analysis including retrospective and prospective studies, Gillen et al[76] analyzed 111 trials (n = 4394) showed that in the group of initially resectable tumor patients, approximately 81% of patients receiving monotherapy underwent resection, in contrast, among those receiving com​bination chemotherapy the number of resections was significantly lower (approximately 66%). However, a comparison of tumor response frequencies in patients treated with mono chemotherapy (n = 44) vs combination chemotherapy (n = 48) showed complete and partial responses of 2.2% and 25.8% vs 5.3% and 34.7%, respectively[76].

Although at present there is no optimal protocol for neoadjuvant chemotherapy, there is hope in multidrug chemotherapy approaches such as nab-paclitaxel (albumin bound paclitaxel) followed by gemcitabine, or the multiagent regimen FOLFIRINOX (leucovorin, 5-FU, irinotecan, oxaliplatin), which has been shown in a retrospective study to induce conversion to resec​tability in > 20% of locally advanced PDAC patients[81]. Nevertheless, the toxicity associated with these regimens and the relatively elevated recurrence rate observed after R0 resection[81] make necessary more prospective studies to establish approaches that may be beneficial in the neoadjuvant setting. There are at least two ongoing phase Ⅱ trials using fluorouracil, irinotecan, oxaliplatin, and leucovorin (FOLFIRINOX) plus radiation therapy in borderline resectable PDAC patients (NCT01560949 and NCT01591733).

Stage Ⅲ locally advanced, unresectable PDAC

Approximately 30%-40% of newly diagnosed PDAC cases are classified as stage Ⅲ: locally advanced, non-resectable, non-metastatic, with involvement of major blood vessels and regional lymph nodes. Because of the poor response rates observed with the different therapeutic approaches, management of these patients remains controversial. A frequent option has been upfront chemotherapy with 2-3 cycles of gemcitabine followed by restaging and, in favorable cases, chemo​radiation. In the meta-analysis by Gillen et al[76], 107 of the 111 selected studies applied chemoradiation to non-resectable locally advanced PDAC, in most cases (54%) with 5-FU, and less frequently with gemcitabine (22%). About 33% of patients with primarily unresectable, locally advanced PDAC turned into resectable cases and the overall survival was 20.5 mo (median), comparable to that of patients with primarily resectable tumors and in contrast to 10.5 mo in those with non-resectable tumors. Although other meta-analyses drew comparable results, the general feeling is that chemoradiation has more toxicity than gemcitabine alone and increases the rate of perioperative risk[82,83]. A recent study compared chemoradiation and chemotherapy after four months of gemcitabine (with or without erlotinib, an EGFR inhibitor) in locally advanced PDAC patients (LAP 07 study, NCT00634725). The study conclusion was that chemoradiation after induction chemotherapy is not superior to continuing chemotherapy in patients with controlled locally advanced PDAC. Median follow-up was 36 mo and overall survival was 16.5 mo for the patients randomized to continue chemotherapy compared with 15.3 mo for patients receiving chemoradiation (p = 0.83)[84].

The improvements in overall survival observed in patients with metastatic PDAC treated with FOLFIRINOX or gemcitabine/nab-paclitaxel multidrug regimens (see below) has led to investigate them in locally advanced PDAC. Their efficacy and toxicities in locally advanced PDAC remain to be determined[81,85]. In their retrospective institutional study, Faris et al[81] reported 22 patients with locally advanced PDAC who received treatment with FOLFIRINOX. Median progression free survival was 11.7 mo. Five patients (23%) underwent R0 resection following neoadjuvant FOLFIRINOX and chemoradiation. Of these, three suffered distant recurrence within six months. The high rate of recurrence and the toxicities (non-neutropenic fever, dehydration), observed in 32% of the patients, demonstrate the complexity to find an adequate therapy for locally advanced PDAC patients.

Stage Ⅳ metastatic PDAC

In PDAC stage Ⅳ metastasis have spread to adjacent (stage Ⅳa) or distant organs (stage Ⅳb), such as liver, stomach, spleen or lungs. Surgical removal is not possible, although palliative surgery may be an option. Gemcitabine has been the standard chemotherapy agent since 1997, when it was shown to improve overall survival of advanced PDAC patients compared to 5-FU, with survival rates at 12 mo of 18% and 2%, respectively[86]. Ever since, different gemcitabine-based combinations, for example with irinotecan[87], oxaliplatin[88] or bevacizumab[89], have been inves​tigated in randomized trials in comparison with standard gemcitabine. Most of them failed to improve overall survival rates, yet at least three combinations have shown beneficial effects: gemcitabine plus erlotinib, gemcitabine plus S-1 and gemcitabine plus nab-paclitaxel. In addition, a new non-gemcitabine-based multidrug regimen (FOLFIRINOX) has revealed as a clear improvement in the therapy of metastatic PDAC.

Gemcitabine plus erlotinib: A regimen of gem​citabine plus erlotinib, a reversible tyrosine kinase inhibitor of EGFR, demonstrated certain benefit in a phase Ⅲ trial (NCI PA.3) enrolling 569 patients[90]. The overall survival rate at 1-year was 23% in the gemcitabine plus erlotinib arm and 17% in the standard gemcitabine arm (p = 0.023). Median overall survival was 6.2 and 5.9 mo, respectively (p = 0.038). However, this slight improvement with the erlotinib regimen was accompanied with higher toxicities (rash, infections, diarrhea, etc.) and even 6 deaths, all in the erlotinib arm. The FDA approved this protocol in the year 2005.
Gemcitabine plus S-1: The synergistic cytotoxic effects of gemcitabine and 5-FU against pancreatic adenocarcinoma cells described previously[91,92] led to investigate the combination of gemcitabine and S-1 in clinical trials. S-1 is an oral multiagent formulation with three components: tegafur (a 5-FU prodrug), gimeracil and oteracil at 1:04:1 molar ratio[93]. Gimeracil is a reversible inhibitor of dihydropyrimidine dehydrogenase, a major 5-FU catabolizing enzyme. Oteracil inhibits the phosphoribosyltransferase that phosphorylates 5-FU, and it is intended to reduce the gastrointestinal toxicity of 5-FU. Several randomized phase Ⅲ studies in gastrointestinal cancer patients have shown non-inferiority of S-1 vs standard 5-FU infusion regimens[94-96]. Several phase Ⅱ studies in patients with metastatic PDAC treated with gemcitabine/S-1 combinations showed median overall survival rates ranging from 7.89 to 12.5 mo[65]. The combination of gemcitabine plus S-1 was compared with S-1 alone and gemcitabine alone in a recent randomized phase Ⅲ study (GEST) enrolling 834 patients with locally advanced or metastatic PDAC in Japan and Taiwan[97]. The GEST study showed a median overall survival of 8.8, 9.7 and 10.1 mo in the gemcitabine, S-1 and gemcitabine/S-1 arms, respectively. The study did not demonstrate superiority of gemcitabine/S-1 to gemcitabine alone (p = 0.15), but showed non-inferiority (p < 0.001). However, as mentioned above, S-1 trials have been performed only in Asian patients[65,98] and, therefore, further studies are required to determine whether S-1 has the same efficacy in Western PDAC patients. Although previous studies in Western patients with metastatic PDAC did not show superiority of combinations of gemcitabine plus fluoropyrimidines administered in various forms[69-71], it cannot be excluded that S-1 does.
Gemcitabine plus nab-paclitaxel: The first clinical trial with nab-paclitaxel and gem​citabine was a multicenter open label phase Ⅰ/Ⅱ study enrolling 67 patients with PDAC, of whom 44 received the maximum tolerated dose. In this group the 1-year survival rate was 48%, and the median overall survival was 12.2 mo[92]. In preclinical studies, Von Hoff et al[92] showed also that, in a mouse xenograft model of PDAC, the intratumoral concentration of gemcitabine was 2.8-fold increased in the mice treated with nab-paclitaxel plus gemcitabine compared with mice treated only with gemcitabine, suggestive of a synergistic effect of these two drugs. nab-Paclitaxel is an albumin-bound formulation of paclitaxel in the form of 130 nm particles, which is administered intravenously as a colloidal suspension. The com​bination of nab-paclitaxel with gemcitabine in the treatment of advanced PDAC was based on the finding that these tumors overexpress the secreted protein acidic and rich in cysteine (SPARC), an albumin-binding protein, and the fact that nab-paclitaxel had shown efficacy in tumors overexpressing SPARC, such as breast[99,100], melanoma[101] and lung[102] tumors. Further, it has been shown in cultured cells and in a mouse model of PDAC that paclitaxel reduces the levels of cytidine deaminase (major gemcitabine inactivating enzyme) in tumor cells[103] what might explain the higher levels of intratumoral gemcitabine. In addition, it was shown that while nab-paclitaxel accumulation in the murine tumors was dependent on SPARC at low doses, at therapeutic doses it was SPARC independent[104]. On the basis of their previous study, Von Hoff et al[92] carried out a multicenter, open label, randomized phase Ⅲ trial enrolling 861 patients with metastatic PDAC to compare nab-paclitaxel plus gemcitabine (431 patients) with standard gemcitabine (430 patients). Median overall survival was 8.5 mo in the nab-paclitaxel/gemcitabine group and 6.7 mo in the gemcitabine group (p < 0.001). The 1-year survival rate was 35% and 22%, respectively, and the 2-year survival was 9% and 4%, respectively. Adverse events of grade 3 or higher, such as myelosuppression and peripheral neuropathy were increased in the combined nab-paclitaxel plus gemcitabine arm.

FOLFIRINOX: Besides the gemcitabine-based chemotherapies, in the last years a multiagent chemo​therapy regimen (FOLFIRINOX) has emerged as an effective strategy with significantly higher efficiency compared to standard single-agent gemcitabine in a randomized, multicenter phase Ⅱ/Ⅲ study[105]. The FOLFIRINOX regimen consists of a combination of four intravenously (iv) administered drugs: oxaliplatin 85 mg/m2 2 h infusion, followed by leucovorin (calcium folinate) 400 mg/m2 2 h infusion, irinotecan 180 mg/m2 90 min. infusion, followed by 5-FU mg/m2 bolus, followed by 5-FU 2400 mg/m2 infusion over 46 hours, every two weeks. A six-month treatment was recommended for responding patients[105]. This study included 342 patients with metastatic PDAC that had not been treated with chemotherapy. The median overall survival was 11.1 mo in the FOLFIRINOX group and 6.8 mo in the gemcitabine group (p < 0.001). Overall survival rates at 6, 12 and 18 mo were 75.9%, 48.4% and 18.6% in the FOLFIRINOX group and 57.6%, 20.6% and 6.0% in the gemcitabine group. The median progression-free survival was 6.4 mo in the FOLFIRINOX group and 3.3 mo in the gemcitabine group (p < 0.001). Definitive deterioration in the quality of life at 6 mo was observed in 31% of patients in the FOLFIRINOX and in 66% in the gemcitabine group.
A relevant concern of this therapy is its increased toxicity, which has been subject of some controversy. Several reports informed of substantial toxicities, such as grade 3 or 4 neutropenia, febrile neutropenia (cause of one treatment-related dead), thrombocytopenia, diarrhea and sensory neuropathy, which were significantly more frequent than with single-agent gemcitabine therapy[105]. In a multicenter study in 61 PDAC patients, 21 (34.4%) were hospitalized as a result of therapy and 23 (37.7%) had discontinued therapy due to adverse events[106]. In a retrospective study including 22 patients, it was reported that toxicities required hospitalization in 7 cases (32%)[81]. Nevertheless, a retrospective study reviewing toxicity and efficacy in 35 patients (16 with locally advanced and 19 with metastatic PDAC), of whom 29 received a modified FOLFIRINOX regimen (attenuation of irinotecan and 5-FU bolus) showed that such regimen improved tolerability with no significant reduction in efficacy[107]. Furthermore, in an attempt to ameliorate the toxicities, a prospective study was conducted using a modified FOLFIRINOX regimen (no bolus 5-FU and addition of hematopoietic growth factor)[108]. This study enrolled a total of 60 PDAC patients, 24 (40%) with non-metastatic and 36 (60%) with metastatic PDAC. It was found that the modified FOLFIRINOX regimen maintained efficacy, whereas the safety profile was improved with significantly less grade 3-4 toxicities. Additional studies should help improve safety and efficacy of FOLFIRINOX by further refinement of regimens.

Another important issue is related to the eligibility criteria for FOLFIRINOX therapy. In a retrospective study reviewing 100 consecutive cases of metastatic PDAC it was found that only 26 patients fulfilled the ACCORD study eligibility criteria, being the most frequent reasons for FOLFIRINOX exclusion ECOG score of 2 or greater (64%), age (≥ 76 years) (22%) and liver and/or renal dysfunction (28%)[109].

Emergent Therapies

Treatment of PDAC has been restricted for the most part to chemotherapy (cytotoxic) drugs. A number of agents targeting specific proteins in tumor or stroma cells to interfere with their function have shown promise in preclinical studies over the last decade. Of these, only erlotinib (EGFR inhibitor) reached regulatory approval on the basis of some benefit shown for its combination with gemcitabine in a phase Ⅲ trial (see above under Management). Reasons for the slow progress in this field might be the complex genetic mechanisms taking place in the pancreatic tumor cells, which favor resistance to cytotoxic as well as targeted agents, and the intricate tumor microenvironment that seems to protect the tumor through a discrete vessel network and a hypoxic milieu. Likewise, immunotherapy approaches may find difficulty in entering the stroma and reaching the tumor cells.

Inhibitors

PARP inhibitors: PDAC tumors harboring germline mutations in the BRCA1 or BRCA2 genes are highly sensitive to Poly[ADP-ribose] polymerase (PARP) inhibitors[110]. Several PARP inhibitors, such as olaparib, are being tested in clinical trials. A recent multicenter phase Ⅱ study enrolled 298 patients with recurrent ovarian, breast, pancreatic or prostate cancer, harboring a germline BRCA1/2 mutation, who were treated with olaparib (400 mg twice per day)[111]. The overall response rate was 26.2% (78 of 298) and in the subgroup of PDAC patients (treated previously with gemcitabine) the response rate was 21.7 (5 of 23) and stable disease for 8 or more weeks was observed in 35% of the PDAC patients. Adverse events of grade 3 or higher were reported for 35% of patients, the most frequent being anemia (17%). Nine patients died as a result of adverse events. This was a single arm study and, therefore, it is not possible to compare with other therapies. Ongoing studies will determine whether treatment with olaparib or other PARP inhibitors may be an alternative to FOLFIRINOX in patients with germline BRCA1/2 mutations.
Inhibitors of MMP: Tumor growth and metastasis involve the breakdown of tissue stroma. MMPs are a family of about 30 zinc-dependent proteinases that for the most part degrade the extracellular matrix, thereby facilitating tumor growth and metastasis. This was the rationale to investigate the efficacy of MMP inhibitors in cancer therapy. An oral MMP inhibitor, marimastat, was compared with gemcitabine in a randomized study enrolling 414 patients with unresectable pancreatic cancer[112]. The survival rate for patients receiving marimastat 25 mg was similar to that of patients receiving gemcitabine. In a parallel study, 239 patients with unresectable pancreatic cancer were randomized to receive gemcitabine plus either marimastat 10 mg b.i.d or placebo[113]. There was no significant difference in overall survival between ge mcitabine plus marimastat and gemcitabine plus placebo (p = 0.95). These studies provided little support to the utility of MMP inhibitors in therapy of advanced PDAC and, therefore, were discontinued.
Inhibitors of VEGF: Several studies demonstrated a close correlation between vascular endothelial growth factor (VEGF) expression and microvessel density (MDV) in PDAC[114,115]. In addition, VEGF appeared to have predictive value for liver metastasis and poor prognosis[115], and also for early recurrence after curative resection[114]. An oral inhibitor of VEGF receptors, axitinib, was tested in a randomized, placebo-controlled phase Ⅱ study enrolling 103 patients with unresectable or metastatic PDAC. The patients were divided into two groups for treatment with gemcitabine with or without axitinib. Median overall survival was 6.9 and 5.6 mo, respectively[116]. The study was continued with a phase Ⅲ trial including 632 patients[117]. However, an interim analysis con​cluded that the study was unsuccessful and it was terminated abruptly.
Hedgehog inhibitors: The hedgehog (Hh) pathway is thought to contribute to the growth of a number of tumors of endodermal origin, including PDAC. In a mouse model of PDAC the use of saridegib, an inhibitor of the Hh pathway, in combination with gemcitabine resulted in depletion of desmoplastic stroma, in​creased delivery of gemcitabine to tumor cells and a statistically significant survival improvement of tumor-bearing mice[118]. A randomized, double-blind, placebo controlled phase Ⅱ trial showed worse median survival for the saridegib plus gemcitabine arm compared to the gemcitabine plus placebo arm, and the study was discontinued[119]. In a randomized, placebo controlled, phase Ⅰb/Ⅱ trial vismodegib, another Hh pathway inhibitor, administered with gemcitabine failed to improve progression-free or overall survival rates compared to gemcitabine alone[120]. At least five more trials are ongoing.
Other inhibitors: Masitinib, an inhibitor of c-kit and platelet-derived growth factor receptor (PDGFR) kinases, was tested in combination with gemcitabine in a phase Ⅱ trial enrolling 22 patients with unresectable locally advanced or metastatic PDAC. The median overall survival was 8.4 and 6.8 mo for locally advanced or metastatic patients, respectively[121]. A phase Ⅲ of this study comparing gemcitabine plus masitinib with gemcitabine plus placebo, showed no improvement in overall survival. Rigosertib, a phosphatidylinositol-3-kinase (PI3K) inhibitor, showed certain activity in a phase Ⅰ trial and is under study in a multicenter, randomized phase Ⅱ trial (NCT01360853).
Immunotherapies

Advances in the understanding of the mechanisms regulating cellular immune responses and immuno​surveillance are leading to improved immunotherapy approaches applicable to cancer treatment. Immuno​therapy approaches have the potential to assist the patient’s immune system to eliminate metastatic tumor cells and residual tumor after pancreatic res​ection. Some of these have shown success in early clinical trials in PDAC patients. A representative list of immunotherapy approaches currently under study in clinical trials is summarized in table 3 distributed into the following major groups: monoclonal antibodies (as checkpoint immunomodulators, inhibitors of signaling pathways or as cytotoxicity inducers), adoptive T cell therapy, vaccines, cytokines and adjuvants. 

Monoclonal antibodies as checkpoint immuno​modulators, signaling pathway inhibitors or cytotoxicity inducers: The incorporation of mono​clonal antibodies to the therapeutic regimens of certain types of cancer has become established over the past two decades. The therapeutic activity of monoclonal antibodies can result from: (1) their ability to activate cellular immune responses against tumor antigens; (2) through agonist or antagonist effects on their target proteins; or (3) conjugated to cytotoxic agents, killing selectively tumor cells[122].
Activation, proliferation and differentiation of T cells in response to antigens is regulated by co-stimulatory and co-inhibitory receptors and their ligands, which modulate the signaling pathways triggered by the interaction of T cell receptors with the major histocompatibility complex (MHC)[123]. The immune system uses co-inhibitory signals to maintain self-tolerance and impair deleterious immune reactions by inducing T cell exhaustion or apoptosis. Some co-inhibitory molecules of particular relevance are programmed cell death protein-1 (PD-1), PD-1 ligands 1 and 2 (PD-L1 and 2), cytotoxic T lymphocyte antigen-4 (CTLA-4) and lymphocyte-activation gene 3 (LAG-3). It has become apparent that tumors develop mechanisms to interfere with some immune checkpoint pathways and thus escape from cytotoxic T cell responses triggered by tumor antigens[124]. Monoclonal antibodies targeting PD-1, PD-L1 and CTLA-4 (so called checkpoint blockade, reviewed by Postow et al[125]) have been shown in recent clinical trials to promote endogenous antitumor immune activity[126-128]. Table 3 summarizes ongoing clinical trials including patients with advanced PDAC to test PD-1, PD-L1, CTLA-4 and LAG-3. Some of these studies investigate the potential synergistic effects of combining immune checkpoint inhibitors among them and with other therapeutic agents (table 3). An additional study targets 4-1BB/CD137, a member of the TNF receptor superfamily, which is a potent CD8+ T cell co-stimulatory molecule. There is compelling evidence indicating that anti-4-1BB monoclonal antibodies have antitumor properties[129].

Monoclonal antibodies targeting ERBB family members (e.g., EGFR) and VEGF (vascular endothelial growth factor) and VEGFR (VEGF receptor) have been most successful in patients with solid tumors. However, the application of some of these antibodies to patients with advanced PDAC has been disappointing. In a phase Ⅲ study enrolling 745 patients with advanced or metastatic PDAC, cetuximab, a monoclonal antibody against the ligand-binding domain of EGFR, was administered combined with gemcitabine in comparison with single-agent gemcitabine. No significant difference in median overall survival was observed between both arms (6.3 mo vs 5.9 mo, respectively)[130]. Likewise, the combination of cetuximab with gemcitabine in the adjuvant treatment of 73 patients with resected (R0-R1) PDAC was reported recently not to improve overall survival[131]. A study in patients with advanced solid tumors including PDAC is currently recruiting patients for testing a combination of three anti-EGFR (ERBB1) monoclonal antibodies, and another trial with an anti-ERBB2 antibody combined with cetuximab is also open (table 3). 

Bevacizumab (anti-VEGF) was tested in 52 patients with previously untreated advanced PDAC in a single arm, multicenter phase Ⅱ trial. The antibody was administered after gemcitabine treatment. Median overall survival was 8.8 mo and partial responses were observed in 21% of cases[132]. Although the results were not significantly better than those previously reported for gemcitabine, the study moved on to a phase Ⅲ trial of gemcitabine/bevacizumab vs gemcitabine/placebo in 535 advanced pancreatic cancer patients. No difference in median overall survival (5.8 and 5.9 mo) was observed[89]. These results were congruent with the lack of effect reported for axitinib (see above Inhibitors).

In addition, new studies have been initiated to test monoclonal antibodies against Notch, tissue factor (TF, CD142), tumor endothelial marker 1 (TEM1, endosialin) and human growth factor receptor (HGFR), which also include PDAC patients (table 3). Furthermore, ongoing studies will determine the benefit in advanced PDAC patients of antibodies against MUC5AC, which has been shown to inhibit TRAIL-induced apoptosis in PDAC cells[133], MUC1, overexpressed in over 60% of PDAC and inducer of drug resistance in PDAC cells[134].

Therapeutic vaccines: Therapeutic vaccines are designed to stimulate the immune system to react against tumor-specific antigens, essentially by inducing specific cytotoxic T cells. These vaccines may be made of whole cells, proteins, peptides or DNA encoding tumor antigens. Several vaccines have been tested in early clinical studies during the last years and some of them have shown discrete improvement in survival. Clinical trials with vaccines currently in progress are summarized in table 3.
Algenpantucel-L is a vaccine designed to treat PDAC that has reached phase Ⅲ. It consists of 2 irradiated allogeneic pancreatic cancer cell lines (HAPa-1 and HAPa-2) transfected to express murine -1,3-galactosyltransferase. These cells carry -1,3-galactosyl (-gal) carbohydrates on cell surface glycoproteins and glycolipids, which trigger a rejection of the vaccine cell allograft, to which also contributes the fact that they are recognized by pre-existing anti--gal antibodies (naturally occurring against gut flora), resulting in opsonization and lysis of the vaccine cells and hence processing and presentation of tumor antigens by host antigen presenting cells. It follows a T cell response against endogenous tumor cells. This vaccine was tested in a phase Ⅱ trial (multicenter, open-label) enrolling 70 patients with resected (R0-1) PDAC who received Algenpantucel-L in addition to standard adjuvant gemcitabine chemotherapy and chemoradiation[135]. Median follow-up was 21 mo, 1-year median overall survival was 86% and disease-free survival was 62% in the same period. It was concluded that the vaccine added to the adjuvant setting may improve survival and a phase Ⅲ trial is ongoing (table 3). 

Another whole-cell vaccine consisting of irra​diated cells stably transfected to express GM-CSF (granulocyte-macrophage colony-stimulating factor) was tested in a phase Ⅱ trial in 60 patients with resected PDAC in combination with 5-FU-based chemoradiation therapy, with four additional immu​nizations[136]. The vaccine was well tolerated, median disease-free survival was 17.3 mo and 1-year overall survival was 85%, close to published data for resected PDAC treated with standard adjuvant therapy. The vaccine induced mesothelin-specific CD8+ T cells in HLA-A1 and HLA-A2 patients, correlating with longer disease-free survival. The GVAX-pancreas vaccine (GM-CSF-secreting allogenic pancreatic tumor cells) was tested recently in 90 patients with metastatic PDAC. GVAX was administered with low-dose cyclopho​sphamide (Cy/GVAX) to inhibit regulatory T cells and was combined or not with CRS-207, a live-attenuated Listeria monocytogenes expressing mesothelin, in a prime/boost vaccination setting: Cy/GVAX followed by CRS-207 (arm A) compared with Cy/GVAX alone (arm B)[137]. Overall survival was 6.1 mo in arm A and 3.9 mo in arm B (p = 0.02). Patients who received 3 or more doses of vaccine survived longer (9.7 and 4.6 mo for arms A and B, respectively). Higher mesothelin-specific CD8+ T-cell responses were associated with longer overall survival. 

G17DT is an immunogen that induces neutralizing antibodies against the hormone gastrin-17. It was first tested in a randomized, double-blind, placebo controlled multicenter trial in 154 patients with advanced PDAC unsuitable for or unwilling to take chemotherapy[138]. The patients received five doses of the vaccine. The primary end point was survival. Patients who developed anti-G17DT survived longer (median survival 151 d) than non-responders (63 d) or those on placebo (83 d) (p = 0.03). The studies with this vaccine in PDAC patients were discontinued, although a phase Ⅲ trial was registered (NCT02118077), and a recent phase Ⅱ study in colorectal cancer patients has been published[139].

Peptide vaccines, although well tolerated, appear to be less promising. A peptide vaccine against mutant KRAS (codon 12) was tested in 24 positive of 62 patients with resected PDAC analyzed for mutations in codon 12 of KRAS[140]. Only 9 patients were evaluable for immunologic responses, and of these only one showed specific response to the patient’s KRAS mutation (assessed by delayed-type hypersensitivity). Median recurrence free survival time was 8.6 mo. No relationship was observed between immune response and clinical outcome. A personalized peptide vaccine administered to advanced PDAC patients in combination with standard gemcitabine[141] induced IgG responses in 14 of 36 patients. Median overall survival was 7.9 mo and 1-year overall survival rate was 26.8%. These results show a low benefit of the vaccine.

Adoptive T cell therapies: Adoptive cell transfer (ACT) therapies are designed to provide the patient with a highly amplified number of autologous tumor-specific cytotoxic T cells. To this end, tumor-specific T lymphocytes are isolated from the patient, expanded ex vivo and infused back into the patient’s bloodstream. There are several forms of anti-tumor ACT. One is based on the isolation and culture of tumor infiltrating lymphocytes (TIL) followed by selection of tumor-specific T cell clones and their expansion to obtain large numbers of cells that are infused back to the patient together with interleukin-2 (IL-2) (Aldesleukin) to stimulate their proliferation. Because the immune system and the tumor microenvironment contain regulatory CD4+ T cells that may prevent the transferred cells from functioning effectively, the patients are treated with chemotherapy agents, frequently with cyclophosphamide. The method can be improved by isolating T cells from the blood of patients that have received previously a cancer vaccine, which facilitates the expansion of tumor-reacting T cells.
However, in general the number of tumor-specific T cells in the TIL population results insufficient for therapeutic purposes. One strategy to overcome this problem involves transducing TIL isolated from a patient’s tumor with a retroviral vector to express a tumor-targeting T cell receptor (TCR) and expanding them in culture before re-infusing the cells back to the patient. This strategy has been shown to shrink tumors in patients with melanoma and synovial cell sarcoma in patients refractory to standard treatment[142]. The pre-condition for the treatment is that the TCR must be genetically matched to the patient’s immune type.

Another approach is based on chimeric antigen receptors (CAR)[143]. A CAR is an artificial molecule engineered to contain three pieces: an extracellular antibody-derived domain that binds a tumor surface antigen, the intracellular domain of the CD3  chain (signal transmitter of endogenous TCR) and, linked to it, one or more stimulatory domains. The main advantage of this approach is the high affinity inter​action of the CAR with the tumor antigen, which is independent of the MHC[144].

Table 3 shows a representative list of ongoing clinical studies applying ACT therapies using TIL and CAR approaches designed for advanced solid tumors including PDAC. In most cases, ACT is combined with chemotherapy, except in the RWH111-32 study, which uses only a bispecific antibody (anti-CD-3 and anti-EGFR).
CONCLUSION
In spite of the large number of preclinical and clinical studies focused on the improvement of existing therapies and the development of new therapeutic strategies, pancreatic adenocarcinoma remains an incurable lethal disease. After two decades of gemcitabine as standard reference, recent improve​ments in the chemotherapy of advanced disease have set a new standard, which is being evaluated also in patients with resectable and locally advanced tumors. In parallel, new developments in the immunotherapy field, in particular those based on antibodies or adoptive cell transfer, are already showing promising results in early phase clinical trials, in general in combination with chemotherapy. Furthermore, improvement in the understanding of the genetic and epigenetic changes taking place in tumor cells and stroma during progression to advanced PDAC, and their effects on tumor metabolism and immunoediting, may be of great value to identify better biomarkers that help in earlier detection of tumors and also in therapeutic decisions, in particular in adjuvant and neoadjuvant treatments. New developments in the fields of inhibitors, monoclonal antibodies and adoptive T cell transfer are expected to have a high impact in the treatment of pancreatic adenocarcinoma in coming years.
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Figure Legends
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Figure 1  Anatomy of the pancreas and its location in the abdominal cavity. The inset shows the different regions the pancreas is divided into (with permission from Terese Winslow LLC Medical Illustration, for the National Cancer Institute © 2009 Terese Winslow US Gov. has certain rights).
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Table 3  Summary of major ongoing clinical trials evaluating immunotherapy approaches in patients with solid tumors including advanced or metastatic pancreatic adenocarcinoma


Study ID


�
Sponsor(s)


�
Therapeutic products


�
Phase


�
ClinicalTrials.gov Identifier


�
�
Monoclonal antibodies as checkpoint immunomodulators


�
�
   CD-ON-MEDI4736-1108


�
MedImmune LLC


�
MEDI4736 (monoclonal antibody anti-B7 homolog1; PD-L1)


�
Ⅰ/Ⅱ


�
NCT01693562


�
�
   GO27831


�
Genentech Inc.


�
MPDL3280A (human, Fc optimized monoclonal anti-PD-L1 antibody)


�
Ⅰ


�
NCT01375842


�
�
   3475-028


�
Merck Sharp and Dohme Corp


�
Pembrolizumab (humanized monoclonal anti-PD-1 antibody)


�
ⅠB


�
NCT02054806


�
�
   GP28328


�
Genentech, Inc.


�
MPDL3280A (human, Fc optimized monoclonal anti-PD-L1 antibody) plus bevacizumab (anti-VEGF antibody) and/or chemotherapy


�
Ⅰ


�
NCT01633970


�
�
   11-C-0100


�
Georgia Regents University Cancer Center


�
CT-011 (pidilizumab, humanized monoclonal antibody anti-PD-1) plus gemcitabine


�
Ⅱ


�
NCT01313416


�
�
   CA209-032


�
Bristol-Myers Squibb


�
Nivolumab (fully human monoclonal anti-PD-1 antibody) plus ipilimumab (anti-CTLA-4 monoclonal antibody)


�
Ⅰ/Ⅱ


�
NCT01928394


�
�
   CA223-001


�
Bristol-Myers Squibb


�
Lirilumab (fully humanized monoclonal anti-KIR2DL1/2L3 antibody) plus nivolumab (anti-PD-1 antibody)


�
Ⅰ


�
NCT01714739


�
�
   NU 10I02


�
Northwestern University and Robert H. Lurie Cancer Center


�
Ipilimumab (anti-CTLA-4 monoclonal antibody) plus gemcitabine


�
Ⅰ


�
NCT01473940


�
�
   NCI-2013-00030


�
M.D. Anderson Cancer Center


�
Ipilimumab (anti-CTLA-4 monoclonal antibody) plus imatinib


�
Ⅰ


�
NCT01738139


�
�
   CA224-020


�
Bristol-Myers Squibb


�
BMS-986016 (anti-LAG-3 antibody) with or without nivolumab (anti-PD-1 antibody)


�
Ⅰ


�
NCT01968109


�
�
   CA186-011


�
Bristol-Myers Squibb


�
Urelumab (BMS-663513, humanized agonistic monoclonal anti-4-1BB/CD137)


�
Ⅰ


�
NCT01471210


�
�
   B1641001


�
Pfizer


�
PF-05082566 (4-1BB humanized agonist monoclonal antibody) plus rituximab (anti-CD20)


�
Ⅰ


�
NCT01307267


�
�
Monoclonal antibodies as signaling pathway inhibitors


�
�
   59R5-002


�
OncoMed Pharmaceuticals, Inc.


�
OMP-59R5 (anti-Notch2/3) plus chemotherapy


�
Ⅰ/Ⅱ


�
NCT01647828


�
�
   52M51-002


�
OncoMed Pharmaceuticals, Inc. and GlaxoSmithKline


�
OMP-52M51 (anti-Notch 1 monoclonal antibody)


�
Ⅰ


�
NCT01778439


�
�
   MORAb-066-001


�
Morphotek and SCRI Development Innovations, LLC


�
MORAb-066: anti-human TF (tissue factor, CD142) monoclonal antibody


�
Ⅰ


�
NCT01761240


�
�
   NCI-2012-01702


�
Morphotek and National Cancer Institute (NCI)


�
Ontuxizumab (MORAb-004): monoclonal antibody anti-endosialin/TEM1 (CD248)


�
Ⅰ


�
NCT01748721


�
�
   R1400-ST-1113


�
Regeneron Pharmaceuticals


�
REGN1400 (anti-ErbB3) with or without erlotinib or cetuximab


�
Ⅰ


�
NCT01727869


�
�
   MM-151-01-01-01


�
Merrimack Pharmaceuticals


�
MM-151 [oligoclonal antibody composed of three fully human monoclonal antibodies anti-EGFR (ErbB1)] alone and with irinotecan


�
Ⅰ


�
NCT01520389


�
�
   M12-375


�
AbbVie (prior sponsor, Abbott)


�
ABT-700 [monoclonal antibody anti-c-Met human growth factor receptor (HGFR) as monotherapy, or with chemotherapy (FOLFIR/cetuximab) or with erlotinib


�
Ⅰ


�
NCT01472016


�
�
   UPCC-04206


�
University of Pennsylvania and NCI


�
Gemcitabine, oxaliplatin and bevacizumab followed by 5-fluorouracil, oxaliplatin, bevacizumab and radiotherapy in patients with locally advanced pancreatic cancer


�
Ⅱ


�
NCT00602602


�
�
Monoclonal antibodies as cytotoxicity inducers


�
�
   Neogenix 0901


�
Precision Biologics, Inc


�
Ensituximab (NPC-1C/NEO-102) (anti-MUC5AC-related antigen)


�
Ⅰ/Ⅱ


�
NCT01040000


�
�
   CEP-37250/KHK2804-001


�
Kyowa Hakko Kirin Pharma, Inc.


�
CEP-37250/KHK2804 (monoclonal antibody targeting glycolipids on the surface of tumor cells)


�
Ⅰ


�
NCT01447732


�
�
   IMMU-107-04


�
Immunomedics, Inc.


�
IMMU-107: radioimmunoconjugate of the humanized monoclonal antibody HuPAM4 (anti-MUC1), plus a chelating agent (DOTA) and radiolabeled with Yttrium Y90


�
Ⅲ


�
NCT01956812


�
�
Therapeutic vaccines


�
�
   NLG0505


�
NewLink Genetics Corporation


�
Algenpantucel-L Immunotherapy: 2 pancreatic cancer cell lines (HAPa-1 and HAPa-2) expressing murine alpha-gal carbohydrates on cell surface molecules, in combination with standard therapy, compared with standard therapy.


�
Ⅲ


�
NCT01836432


�
�
   11-C-0148


�
NCI


�
Epigenetically modified autologous tumor cells with ISCOMATRIX Adjuvant plus chemotherapy 


�
Ⅰ


�
NCT01341496


�
�
   ADU-CL-04


�
Aduro BioTech, Inc.


�
GVAX (allogeneic GM-CSF transfected pancreatic tumor vaccine) plus CRS-207 (attenuated L. monocytogenes expressing mesothelin)


�
Ⅱ


�
NCT02004262


�
�
   J13108


�
Sidney Kimmel CCC


�
GVAX (allogeneic GM-CSF transfected pancreatic tumor vaccine) plus ipilimumab compared with FOLFIRINOX


�
Ⅱ


�
NCT01896869


�
�
   JHOC-J0810


�
Sidney Kimmel CCC and NCI


�
GVAX (allogeneic GM-CSF transfected pancreatic tumor vaccine) plus cyclophosphamide


�
NP


�
NCT00727441


�
�
   NCI-2012-01548


�
Jonsson Comprehensive Cancer Center


�
NY-ESO-1 (cancer-testis antigen) reactive TCR retroviral vector transduced autologous PBL


�
Ⅱ


�
NCT01697527


�
�
   NWBio 050012


�
Northwest Biotherapeutics


�
DCVax-Direct (autologous activated dendritic cells)


�
Ⅰ/Ⅱ


�
NCT01882946


�
�
   ONT-10-001


�
Oncothyreon Inc.


�
ONT-10 (liposomal MUC1 cancer vaccine)


�
Ⅰ


�
NCT01556789


�
�
   J1179


�
Sidney Kimmel Comprehensive Cancer Center


�
PANC 10.05 pcDNA-1/GM-Neo and PANC 6.03 pcDNA-1/GM-Neo vaccine, plus cyclophosphamide followed by SBRT (fractionated stereotactic body radiation therapy) and FOLFIRINOX chemotherapy


�
NP


�
NCT01595321


�
�
   101778


�
Medical University of South Carolina


�
Poly-ICLC (ligand for toll like receptor) and dendritic cells, plus standard chemotherapy


�
0


�
NCT01677962


�
�
   I 191511


�
Roswell Park Cancer Institute


�
DEC-205-NY-ESO-1 (cancer-testis antigen) fusion protein vaccine


�
Ⅰ


�
NCT01522820


�
�
Adoptive T cell therapy


�
�
   UPCC 08212


�
Abramson Cancer Center of the University of Pennsylvania


�
Autologous T cells transfected with chimeric anti-mesothelin immunoreceptor SS1, plus chemotherapy


�
Ⅰ


�
NCT01897415


�
�
   UPCC 31213


�
Abramson Cancer Center of the University of Pennsylvania


�
CART-meso (autologous T cells lentivirally transduced with chimeric anti-mesothelin immunoreceptor SS1 fused to the 4-1BB and CD3 signaling domains)


�
Ⅰ


�
NCT02159716


�
�
   12-C-0111


�
NCI


�
Anti-mesothelin CAR plus chemotherapy and aldesleukin


�
Ⅰ/Ⅱ


�
NCT01583686


�
�
   10-C-0166


�
NCI


�
Young tumor infiltrating lymphocytes (TILs), plus chemotherapy and aldesleukin


�
Ⅱ


�
NCT01174121


�
�
   13-C-0214


�
NCI


�
Anti-NY ESO-1 mTCR PBL (autologous white blood cells genetically modified with a retrovirus expressing the gene for anti-ESO-1), plus chemotherapy and aldesleukin


�
Ⅱ


�
NCT01967823


�
�
   14-C-0052


�
NCI


�
Anti-MAGE-A3-DP4 TCR (autologous T cells genetically modified with a retrovirus expressing the gene for anti-MAGE-A3-DP0401/0402), plus chemotherapy and aldesleukin


�
Ⅰ/Ⅱ


�
NCT02111850


�
�
   11-C-0013


�
NCI


�
Anti-VEGFR2 CAR: Autologous CD8+ T cells genetically modified with a retrovirus expressing the gene for anti-VEGFR2, plus chemotherapy and aldesleukin


�
Ⅰ/Ⅱ


�
NCT01218867


�
�
   RWH 111-32


�
Roger Williams Medical Center


�
EGFRBi-armed autologous activated T cells, loaded with a bispecific antibody produced by heteroconjugation of anti-CD3 and anti-EGFR monoclonal antibodies


�
Ⅰ


�
NCT01081808


�
�
Adjuvant immunotherapies and cytokines


�
�
   NCI-2011-03565


�
Roswell Park Cancer Institute, NCI and Cleveland BioLabs Inc.


�
Entolimod (CBLB502, recombinant Toll-like receptor 5 agonist)


�
Ⅰ


�
NCT01527136


�
�
   AM0010-001


�
ARMO BioSciences


�
AM0010 (pegylated recombinant human interleukin-10) in combination with chemotherapy


�
Ⅰ


�
NCT02009449


�
�






Table 2  Controlled trials in adjuvant chemotherapy for pancreatic ductal adenocarcinoma


Study name


�
No. of patients enrolled


�
Regimen


�
Survival rate


�
P value


�
Ref.


�
�
CONKO-001


�
  368


�
Gemcitabine


�
20.7% (5 yr)


�
0.01


�
[145]


�
�
�
�
Observation


�
10.4% (5 yr)


�
�
�
�
ESPAC-3


�
1088


�
Gemcitabine


�
23.6 mo


�
0.39


�
[146]


�
�
�
�
5-FU + Leucovorin


�
23.0 mo


�
�
�
�
JASPAC 01


�
  385


�
Gemcitabine


�
53%


�
    0.0001


�
[64]


�
�
�
�
S-1


�
70%


�
�
�
�
CONKO-001: Charité Onkologie 001; ESPAC-3: European Study Group for Pancreatic Cancer 3; JASPAC 01: Japan Adjuvant Study Group of Pancreatic Cancer 01; 5-FU: 5-fluoruracil.





Table 1  Controlled trials in adjuvant chemoradiotherapy for pancreatic ductal adenocarcinoma


Study name


�
No. of patients enrolled


�
Regimen


�
Survival rate


�
P value


�
Ref.


�
�
EORTC


�
207


�
5-FU + radiotherapy


�
34% (2 yr)


�
0.099


�
[72]


�
�
�
�
Observation


�
26% (2 yr)


�
�
�
�
ESPAC-1


�
289


�
5-FU + radiotherapy


�
10% (5 yr)


�
-


�
[73]


�
�
�
�
Observation or 5-FU only


�
20% (5 yr)


�
�
�
�
RTOG 9704


�
451


�
Gemcitabine + radiotherapy


�
18% (5 yr)


�
0.120


�
[147]


�
�
�
�
5-FU + radiotherapy


�
22% (5 yr)


�
�
�
�
EORTC: European Organization for Research and Treatment of Cancer; ESPAC-1: European Study Group for Pancreatic Cancer 1; RTOG 9704: Radiation Therapy Oncology Group 9704; 5-FU: 5-fluoruracil.








