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Preface

Pancreatic cancer is one of the most lethal solid organ tumors with a poor five-year 
survival rate despite current oncological advances. Pancreatic cancer may arise 
from the exocrine part of the gland (adenocarcinomas) or from the endocrine 
pancreas (pancreatic neuroendocrine tumors). The early and proper diagnosis 
of pancreatic cancer is of great importance for the improvement of the overall 
prognosis. Symptoms such as progressive weight loss, anorexia, abdominal pain, 
and jaundice appear late in the disease course and are nonspecific. Recent advances 
in and increasing sensitivity of diagnostic techniques such as multi-detector row 
computed tomography, magnetic resonance imaging, positron emission tomog-
raphy, and endoscopic ultrasound are promising for early detection, staging, and 
differentiation of pancreatic cancer from other pancreatic diseases. Prognosis and 
treatment depend on the stage of pancreatic cancer; treatment strategies include 
surgery, ablation, chemotherapy, radiation therapy, and palliative care. There is 
increasing interest in the tumor microenvironment and the potential of treatment 
options. This book includes six chapters covering the current challenges and states 
of pancreatic cancer and pancreatic neuroendocrine tumors, including information 
on diagnostic tools, treatment strategies, and mechanisms of pancreatic cancer 
therapy resistance. The book is an ideal reference for a wide audience interested in 
the different fields of pancreatology.

For their frankness and diligence in reviewing the proposed chapters, we would like 
to thank all the authors who have contributed to this book. We have incorporated 
many of their recommendations and the book is much improved as a consequence.

Special thanks go to the staff at IntechOpen, especially Author Service Managers 
Dolores Kuzelj, Rebekah Pribetic, and Nina Kalinic Babic, and Commissioning 
Editor Lucija Tomicic-Dromgool, for their dedicated support in the reviewing 
process and their suggestions for further improvements.

Mila Dimitrova Kovacheva-Slavova  
and Borislav Georgiev Vladimirov

Department of Gastroenterology,
University Hospital “Tsaritsa Ioanna-ISUL”,

Medical University of Sofia,
Sofia, Bulgaria
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Chapter 1

Introductory Chapter: Pancreatic 
Cancer
Mila Dimitrova Kovacheva-Slavova  
and Borislav Georgiev Vladimirov

1. Introduction

Pancreatic cancer remains one of the most lethal solid organ tumors with a poor 
5-year survival rate despite current oncological advances. The poor prognosis is 
related mostly to the late clinical manifestation. Patients usually are diagnosed in an 
unresectable stage when metastases are present [1]. 85% of the cases of pancreatic 
cancer are adenocarcinomas [2]. Pancreatic neuroendocrine tumors (NETs) are rare 
tumors with highly variable behaviors from nearly benign to extremely aggressive 
[3]. The early and proper diagnosis of pancreatic cancer is of a great importance for 
the improvement of the ovSerall prognosis. Symptoms are nonspecific and include 
progressive weight loss, anorexia, abdominal pain and jaundice. The recent advances 
and increasing sensitivity of the diagnostic techniques such as multi-detector-row 
computed tomography (MDCT), magnetic resonance imaging (MRI), positron 
emission tomography (PET) CT and endoscopic ultrasound (EUS) are promising for 
the early pancreatic cancer detection, staging and differentiation from other pancre-
atic diseases [4]. The resectability of the tumor depends on the possible infiltration 
of vessels and lymph nodes as well as distant metastases. The pancreastic cancer 
is resectable, borderline resectable, locally advanced or metastatic. Prognosis and 
treatment depend on the stage of pancreatic cancer as treatment strategies include 
surgery, ablation, chemotherapy, radiation therapy, and palliative care [5].

2. Challenging the pancreatic cancer

Less than 20% of the patients with pancreatic cancer are diagnosed in an early 
resectable stage, achieving a negative resection margin (R0) and a significant 
survival improvement [5, 6]. An adjuvant chemotherapy is mostly recommended 
after pancreatic resection [5]. A recent metaanalysis highlights the beneficial effect 
of neoadjuvant therapy in borderline and locally advanced pancreatic tumors, 
associated with a decreased tumor-stage, higher rates of R0-resections, lower rates 
of lymphnode invasion, decreased frequency of lymphatic vessel and perineural 
invasion [7]. After biopsy confirmation, chemotherapy is the treatment of choice 
for unresectable pancreatic cancer. Different regiments such as gemcitabine /
erlotinib, FOLFIRINOX, gemcitabine /NAB-paclitaxel, gemcitabine/capecitabine, 
and capecitabine/oxaliplatin (XELOX) are recommended according to the patient’s 
performance status [8]. Palliative care relieves symptoms and ensures optimal 
quality of life [5]. According to the complications of pancreatic cancer, patients 
might need endoscopic placement of stents for treating biliary obstruction, pancre-
atic enzyme replacement therapy for pancreatic exocrine insufficiency, insulin for 
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treating diabetes mellitus, gastrojejunostomy, enteral stent or PEG tube in case of 
gastric outlet obstruction, as well as pain management and nutritive support [8–11]. 
Increasing is the interest on the tumor microenvironment and the arising potential 
future treatment option. Current clinical trials investigate promising treatment 
strategies for advanced pancreatic cancer such as stroma modifying drugs, platinum 
chemotherapy, RAS-directed therapies, immunotherapy with pembrolizumab, 
immune checkpoint inhibitor combinations or natural killer cells [12–14].

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Advance in Pancreatic Cancer 
Diagnosis and Therapy
Xiaojie Cai, Jie Gao, Yanfang Liu, Ming Wang, Qiulian Ma, 
Aihua Gong, Dongqing Wang and Haitao Zhu

Abstract

Pancreatic carcinoma is the fourth leading cause of cancer death in the word 
wild. Although the advance in treatment this disease, the 5-years survival rate 
is still rather low. In the recent year, many new therapy and treatment avenues 
have been developed for pancreatic cancer. In this chapter, we mainly focus on the 
following aspect: 1) the treatment modality in pancreatic cancer, including chemo-
therapy, radiotherapy, and immunotherapy; 2) the mechanism of pancreatic cancer 
treatment resistance, especially in cancer stem cells and tumor microenvironment; 
3) the diagnosis tools in pancreatic cancer, including serum markers, imaging 
methods and endoscopic ultrasonography. Novel molecular probes based on the 
nanotechnology in the diagnosis of pancreatic cancer are also discussed.

Keywords: pancreatic carcinoma, immunotherapy, cancer stem cell, tumor 
microenvironment, nano-medicine

1. Introduction

Pancreatic cancer is currently the fourth leading cause of cancer-related 
death and is predicted to be the most common cause of cancer mortality by 2030 
[1]. Despite advances in the treatment of pancreatic cancer, prognosis remains 
extremely poor with 5-year survival of only 8% [2]. The low survival rate is 
attributed to several factors, such as asymptomatic until the disease develops to an 
advanced stage, early and extensive metastasis, and high resistance to treatment. 
Therefore, precision diagnosis and effective treatment is a critical clinical issue.

Currently, commonly employed treatments for pancreatic cancer include 
surgery, chemotherapy, and radiation therapy. Surgical resection is regarded as 
the only treatment for curing pancreatic cancer. However, only 15% of pancreatic 
cancer patients present with disease that are resectable upfront. Chemotherapy is 
the mainstream treatment for local, advanced and metastatic pancreatic cancer [3]. 
Among the traditional treatment, chemotherapy is the most advanced modality, 
especially the target therapy. The role of radiotherapy in pancreatic cancer is still 
controversial. Although the clinical trial results were disappointing, immuno-
therapy is the still greatly investigated approaches in pancreatic cancer. The deeper 
investigation of treatment resistance mechanism and novelty modality develop-
ment is urgently needed.
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2. Treatment modality of pancreatic cancer

At present, commonly employed treatment for pancreatic cancer include surgery, 
chemotherapy, and radiotherapy. The treatment options depend on the stage of 
pancreatic cancer. Some emerging therapeutic technologies have yet to mature, such 
as molecular targeted therapy and immunotherapy.

2.1 Surgical therapy

Surgical resection is regarded as the only treatment for cure and can result 
in significantly longer survival of pancreatic cancer. According to the diseased 
localization and extension, pancreatic cancer is divided into resectable, borderline 
resectable, or locally advanced. Resectable cases account for 15% of pancreatic 
cancer patients and this subpopulation is the only potential for cure. However, 
5-year survival is at best 20–25%. Borderline resectable cases account for another 
5–10%. For some patients with early recurrence or not have the complications of 
aggressive disease and latent metastasis, neoadjuvant therapy is one alternative 
measures to reduce the tumor burden and obtain better local control. The proper 
sequence of surgical therapy and neoadjuvant therapy is the determine factor. 
Delivering full-dose chemotherapy preoperative therapy may be more effective 
than postoperative therapy because the resected tumor bed is associated with 
poor drug delivery. In patients with borderline resectable pancreatic cancer after 
effective neoadjuvant therapies, the possibility for an R0 resection is higher, and 
survival of patients who underwent surgical resection is better than that of those 
who did not [4]. Approximately 30–40% of patients have locally advanced unre-
sectable pancreatic cancer (LAPC) in which tumor is involvement of neighboring 
blood vessels [5].

2.2 Chemotherapy

Chemotherapy is the mainstay treatment for advanced and metastatic pancre-
atic cancer. Fluorouracil and gemcitabine are the first line chemotherapy drugs. 
However, their clinic effective is still disappointing. In recent years, the National 
Comprehensive Cancer Network (NCCN) guidelines have recommended two 
options: one is the FOLFIRINOX regimen of four drug combination (fluorouracil + 
calcium folate + oxaliplatin + irinotecan), another is the AG regimen of a combina-
tion of paclitaxel and gemcitabine [6]. Although the four-drug combination scheme 
is effective to some extent, its toxicity and side effects are great. Considering the 
physical strength score of some patients, the application of this scheme is limited. 
The albumin paclitaxel regimen is relatively safe and has fewer adverse reactions. 
More and more researches recommend this regimen as the first-line treatment of 
pancreatic cancer in the future. The following subsets are specially suitable for 
the albumin paclitaxel treatment, such as neoadjuvant and salvage chemotherapy 
patients, postoperative adjuvant chemotherapy patients, and advanced chemo-
therapy patients [7].

2.3 Radiotherapy

Radiotherapy is always used as a curative treatment for localized cancer or 
lymph node metastasis, and as a palliative treatment in patients with widespread 
disease. Overall, nearly 50–60% of patients with cancer receive radiotherapy [8]. 
The role of radiotherapy in pancreatic cancer is controversial. Multiple clinical 
trials have been designed to access the role of radiology in pancreatic carcinoma 
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over the last 30 years and mixed results were acquired. According to the LAP-07 
trial, no benefit was found to the addition of radiotherapy to gemcitabine for locally 
advanced pancreatic cancer [9]. The American society of radiation oncology’s 
(ASTRO) guidelines recommended the clinical practice of radiotherapy for high-risk 
pancreatic cancer patients. It is recommended to conditionally undergo fractional 
radiotherapy or stereotactic body radiation therapy (SBRT) after chemotherapy in 
surgically resectable patients. The conditional provision of conventional fractional 
radiation is recommended in positive lymph nodes and margins were found during 
surgical resection. Neoadjuvant chemotherapy combined with radiotherapy is con-
ditionally recommended after systemic chemotherapy for patients with resectable 
boundaries. It is recommended to conditionally concurrent chemo or radiotherapy 
or SBRT as salvage radiotherapy after systemic chemotherapy in locally advanced 
patients who are not suitable for surgery. New radiotherapy technology, such as 
intensity modulated radiation therapy (IMRT), SBRT, with advances in motion 
management, target delineation, treatment planning, and image guidance, allows 
for reducing treatment-related toxicities, improving control of micro-metastatic 
disease and dose escalation, as well as possible synergy between radiation and other 
therapy. Therefore, there is great potential for radiation to improve future outcomes 
in pancreatic cancer [10].

2.4 Immunotherapy

Immunotherapy is a treatment that eliminates tumor cells by reactivating and 
enhancing the anti-tumor immune response of tumor patients. Much excitement 
has been generated immunotherapy in tumors that are refractory to traditional 
treatment, as well as resistance to traditional agents. Moreover, cancer immuno-
therapy has gone all the way from a promising preclinical application to a clinical 
reality. A variety of tumor associated antigens are high expression in pancreatic 
cancer, such as mucin1 (MUC-1), carcinoembryoni-cantigen (CEA), prostate stem 
cell antigen (PSCA), vascular endothelial growth factor (VEGF), mesoth-elin 
(MSLN) and K-ras mutation. Unfortunately, the use of immunotherapy alone 
has encountered disappointing results in clinical trials in pancreas cancer, with 
response rates only [10]. Immunotherapy includes the following methods:  
(1) Active immunotherapy. Active immunotherapy refers to immunizing tumor-
associated antigens to stimulate tumor-specific immune response of the body to 
eliminate tumors. Tumor associated antigens (TAAs) have been widely explored 
as cancer vaccines for treatment of pancreatic cancer in both mouse models and 
clinical trial [11]. Due to a variety of the tumor associated antigens expressing on 
the pancreatic cancer cells, several vaccines can be explored for the pancreatic 
cancer active immunotherapy, such as GVAX vaccine. K-ras gene has a high muta-
tion rate in pancreatic cancer and K-ras vaccine has become an important target for 
immunotherapy of pancreatic cancer. Studies have found that the cationic nano-
encapsulated K-ras peptide vaccine has a significant therapeutic effect on pan-
creatic cancer xenograft mice, and can significantly prolong the survival of mice 
[12]. In a I phase of clinical trial, following inoculated with MUC-1 peptide-loaded 
DC vaccine in 7 pancreatic cancer patients, the number of mature DC cells in 2 of 
them increased significantly and peripheral blood lymphocytes were activated and 
produced large amounts of IL-12p40 and IFN-γ [13]. (2) Passive immunotherapy. 
Passive immunotherapy refers to substances with immune effects are modified in 
vitro and then injected into human body to enhance anti-tumor immune response 
and eliminate tumors. At present, passive immunotherapeutic strategies used 
for pancreatic cancer including: 1) Antibody-mediated passive immunotherapy. 
Antibody-mediated passive immunotherapy involves targeting tumors using 
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monoclonal antibodies, antibody-drug conjugates, antibody fragments, or radio-
immunotherapy conjugates to inhibit oncogenic signaling, immune suppression, 
or immune checkpoints [11]. Combination anti-CD40 antibody with gemcitabine 
showed an effective tumor inhibition. 2) Passive T cell mediated immunotherapy. 
Passive T cell mediated immunotherapy includes adoptive T-cell transfer and 
chimeric antigen receptors (CAR) T-cells therapy. (3) Immune checkpoint block-
ing therapy. Immune checkpoint blocking therapy is an immunotherapy method 
that can reverse the immunosuppressive signal by blocking the immunoregula-
tory molecules and enhance the anti-tumor immune response. Pancreatic cancer 
tumor cells overexpress immunosuppressive ligands, such as B7-1, B7-2 and PD-L1, 
which bind to surface inhibitory receptors CTL-4 and PD-1 of T cells to suppress 
effector T cell activity and evade immune surveillance. In 2011, the FDA approved 
Ipilimumab, the first humanized monoclonal antibody targeting CTL-4, for the 
treatment of patients with advanced melanoma. Its effect on pancreatic cancer has 
entered the clinical trial stage. Studies have shown that Ipilimumab can promote 
the proliferation of T cells and the secretion of Th1 cytokines, and enhance the 
killing effect of CD8+ T cells on Colo356/FG pancreatic cancer cells [14]. Two 
PD-1 blocking antibodies pembrolizumab and nivolumab are FDA approved for 
use in the treatment of metastatic non-small cell lung cancer, melanoma, renal 
cell cancer, and head and neck cancer [15]. In mouse model of pancreatic cancer, 
anti-PD-1 or PD-L1 blocking treatment promoted the generation of CD8+ T cells to 
tumor invasion and anti-tumor immune response. In a number of clinical trials, no 
objective tumor remission was observed in pancreatic cancer patients treated with 
anti-PD-1 or anti-PD-L1 blocking alone, suggesting that PD-1 or PD-L1 blocking 
alone does not have a good therapeutic effect on pancreatic cancer. (4) CAR-T 
therapy. Chimeric antigen receptor (CAR) is composed of the single chain variable 
fragment (ScFv) of monoclonal antibody, the hinge region and the transmembrane 
region of TCR receptor, and the intracellular signal transduction region in series. 
They form the chimeric antigen receptor by viral infection or electrical transforma-
tion on the surface of T cells. CAR-T can recognize antigens on the surface of tumor 
cells directly without being restricted by HLA molecules. Therefore, CAR-T has 
a broader application prospect in tumor immunotherapy. Target specific CAR-T 
cells were designed to target the highly expressed tumor-associated antigens 
of pancreatic cancer, making the treatment more specific. Tn-MUC-1 CAR-T: 
Posey et al. designed CAR-T cells targeting the Tn/STn glycopeptide phenotype 
on MUC-1 [16]. When CEA + C15A3 pancreatic cancer cells were transfected to 
mice, the cancer cells were quickly cleared and serum levels of IL-1β and IL-5 were 
significantly increased [17]. PSCA CAR-T: PSCA is also a tumor-associated antigen 
highly expressed in pancreatic cancer, and CAR-T targeting PSCA has a significant 
anti-tumor effect on xenograft mice of human pancreatic cancer after treatment, 
in which 40% of the tumors in mice have completely subsided [18]. MSLN CAR-T: 
Hingorani et al. designed CD8+ CAR-T cells targeting MSLN, and found that MSLN 
CAR-T cells could specifically kill KPC tumor cells and produce a large amount of 
IFN-γ in vitro. The metastasis rate dropped from 64% to 46%, and overall survival 
increased from 54 days to 96 days [19].

Due to unique tumor microenvironment of pancreatic cancer, both traditional 
treatment and single immunotherapy is not ideal. Although tumor vaccine can 
induce the activation of effector T cells, the activation degree is very limited and 
only a few effector T cells and NK cells exist in the tumor microenvironment and 
peripheral blood of pancreatic cancer patients. Although immune checkpoint 
blocking therapy can block the inhibitory effect of effector T cells, there are still 
many soluble immunosuppressants inhibiting effector T cells in the tumor micro-
environment of pancreatic cancer. For CAR-T treatment, in addition to being 
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influenced by immunosuppressive factors in the tumor microenvironment, the 
fibrous stroma layer around pancreatic cancer cells can prevent the infiltration of 
CAR-T into the tumor and further its efficacy. Therefore, a deep understanding 
the characteristics of the immune microenvironment of pancreatic cancer and its 
impact on immunotherapy and/or other traditional treatment will greatly improve 
the treatment effect. The combination of immune checkpoint blocking therapy 
with radiotherapy, chemotherapy and tumor vaccines can enhance the function 
of tumor-specific T cells and promote lymphocyte infiltration into the tumor site. 
Anti-CD40 agonist can reverse the resistance of pancreatic cancer mice to PD-1 
and CTLA-4 blocking antibodies, and improve the therapeutic effect of blocking 
antibodies. Pembrolizumab (PD-1 blocking antibody) and nivolumab (CTLA-4 
blocking antibody) combined with radiotherapy can significantly prolong the 
survival of mice with pancreatic adenocarcinoma [20]. In order to design a reason-
able immunotherapy strategy according to the characteristics of pancreatic cancer 
microenvironment and improve the effect of pancreatic cancer immunotherapy, 
we should start from the following aspects: (1) destroy the fibrous matrix layer of 
pancreatic cancer and increase the infiltration of effector T cells into the tumor; (2) 
remove excessive immunosuppressive cells such as Tregs and MDSCs, and reverse 
the immunosuppressive microenvironment; (3) recruit more T cells to the tumor 
site to enhance the anti-tumor immune response of effector T cells; (4) enhance the 
targeting and killing of effector T cells.

3. Treatment resistance of pancreatic cancer

Radiotherapy and chemotherapy plays a central part in curing pancreatic 
cancer. The major cause of treatment failure with pancreatic cancer treatment 
strategies mainly focus on the cancer cell itself and their localized tumor microen-
vironment (TME). Some of the tumor cells are already resistant to the “achievable” 
of anticancer treatment, termed intrinsic resistance. Other tumor cells are initially 
sensitive but become resistant during the course of treatment, termed acquired 
resistance. Regardless of the intrinsic or acquired resistance mechanisms, cancer 
stem cells are thought to be the major cause of tumor treatment resistance. TME 
refers to the internal environment in which tumor cells interact with their sur-
rounding tissue components to form a complex and conducive to the biological 
behavior of tumor cells.

3.1 Tumor microenvironment

Tumor microenvironment is generally composed of three parts: (1) matrix 
components: extracellular matrix (ECM) and stromal cells; (2) cell components: 
including endothelial cells and immune cells; (3) soluble factors: including cyto-
kines and immunoregulatory molecules [21]. The components of the tumor micro-
environment are conducive to tumor proliferation, invasion, adhesion, angiogenesis 
and anti-radiation chemotherapy, and promote the generation of malignant tumors. 
Pancreatic tumor microenvironment has its own characteristics: (1) a rich of matrix 
components, such as pancreatic stellate cells (PSC), cancer associated fibroblasts 
(CAF), typeI collagen, hyaluronic acid and other extracellular matrix; (2) immune 
cells; (3) a large number of soluble immunosuppressive factors [22].

Pancreatic cancer cells secrete platelet-derived growth factor (PDGF), trans-
forming growth factor beta (TGF-β), AngiotensinII and other cytokines [23]. These 
cytokines can activate PSCs depending on several signaling pathways, such as 
extracellular signal-regulated kinase (ERK), c-jun nh2-terminal kinase (JNK), p38 
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mitogen-activated protein kinase (P38MAPK), Janus kinase-signal transducers and 
activators of transcription (JAK–STAT), and phosphatidylinositol 3 kinase (PI3K) 
[24, 25]. The activated PSCs secrete a variety of growth factors in paracrine manner, 
and further promote the growth and proliferation, inhibit apoptosis and enhance 
their invasion ability of pancreatic cancer cells, leading to the treatment resistance 
[26]. CAFs are the critical part of pancreatic cancer microenvironment and func-
tion in secreting extracellular matrix proteins and participating in the formation 
of tumor blood vessels. CAFs also secrete interferon-gamma (IFN-γ) and tumor 
necrosis factor-alpha (TNF-α), which further inhibits the function and infiltration 
of effector T cells and induces the immunotherapy failure [27]. A large amount of 
extracellular matrix, including collagen, fibronectin I, III, XI and hyaluronic acid 
exist around the pancreatic cancer cells. Extracellular matrix creates a favorable 
tumor microenvironment for the growth of pancreatic cancer cells [28]. Moreover, 
accumulated extracellular matrix leads to the collapse and occlusion of intratumoral 
blood vessels, making anti-tumor drugs and immune cells fail to reach the tumor, 
which is useful for the chemotherapy resistance and immune escape [29].

Immune cells are rich in the TME. In pancreatic cancer, the immunity is in a state 
of imbalance between immune cell number and function. The number of CD4 + T 
cells, CD8 + T cells, NK cells and DC cells is decreased and present in an inactive or 
immature phenotype and state. However, CD4+ regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSC), and tumor associated macrophages (TAMs) with 
immunosuppressive effect are active and abundant [30]. The “incapacity” state of 
effector cells, abundance of immunosuppressive cells and their released soluble 
immunosuppressive factors form the immunosuppressive microenvironment of 
pancreatic cancer [31].

Exist of soluble immunosuppressive factors in the microenvironment of pan-
creatic cancer is the important mechanism for tumor cells evading immune surveil-
lance. (1) Transforming growth factor-β (TGF-β): TGF-β is a well-studied cytokine 
that is secreted by various immune cells (Tregs, MDSCs and TAMs) and tumor cells 
[32]. TGF-β has a dual action in cancer, as a tumor suppressor and a tumor promoter. 
As a tumor promoter factor, TGF-β can affect both the adaptive and innate immune 
systems and contributes to the evasion of immune surveillance [32]. TGF-β directly 
inhibits CD8 + T cell cytotoxicity [33], stimulates the generation of Tregs and con-
tributes to exclusion of T cells from the tumor core [34]. TGF-β also inhibits NK cell 
proliferation and cytotoxic functions and affects myeloid cells (tumor-infiltrating 
macrophages and neutrophils) immunosuppressive activity [35]. In addition, TGF-β 
also promotes pancreatic cancer progression and metastasis depending on promot-
ing the growth of fibroblasts and the formation of tumor extracellular matrix, and 
inducing tumor cells to secrete VEGF and matrix metalloproteinase 2 (MMP2) 
[36]. (2) IL-10: IL-10 is mainly produced by Tregs and TAM and inhibits antigen 
presenting cell (APC) and effector T function [36]. (3) Indoleamine-2, 3-dioxy-
genase (IDO): IDO is mainly produced by MDSCs and pancreatic cancer cells. Its 
role is to catalyze the decomposition of tryptophan necessary for the activation of 
effector T cells into Kynurenine, thus inhibiting the activation of effector T cells 
[37]. Moreover, IL-10, IL-13 and IL-23 secreted by activated fibroblasts promote the 
transformation of CD4 + T cells into Th2 or Th17 helper T cells, which is help to the 
tumor immune promoter microenvironment [38]. CCL5, CCL22 and CCL17 recruit 
monocytes and Tregs cells to accumulate in the tumor site, which is useful for the 
tumor immunosuppressive microenvironment [39].

One of the most prominent features of pancreatic cancer is featured with the 
asymmetry distribution of nutrients, insufficient oxygenation (hypoxia), acidic 
pH (acidosis), and elevated levels of reactive oxygen species (ROS). Hypoxia is 
one of the hallmarks of pancreatic cancer and the major drivers of tumor radio and 
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chemo-resistance. Hypoxia induces radio- or chemo-resistance through a variety 
of mechanisms. Firstly, hypoxia protects cancer cells from DNA damages [40, 41]. 
Secondly, hypoxia drives treatment resistance by accumulating and stabilizing 
hypoxia-inducible factor-1α (HIF-1α)[40, 42]. HIF-1a induces excessive secretion 
of proangiogenic signals, such as vascular endothelial growth factor (VEGF), and 
results in rapid but abnormal tumor vessel formation, which reduce the chemo-
therapy drug accumulation in the tumor bed. HIF-1α activation also increases the 
expression of key enzymes that drive the accumulation of lactate and pyruvate as 
well as the antioxidants glutathione and NADPH. NADPH scavenge reactive oxygen 
species (ROS) generated by radiation exposure to limit DNA damage [41]. Lactate 
up-regulates the HIF-1α pathway creating a futile cycle of radio- and immune resis-
tance [42, 43]. In addition, radiation-induced vascular damage can enhance tumor 
hypoxia and trigger an immune response by increasing the production of cytokines/
chemokines, thereby inducing the replenishment of immune cells. Subsequent 
tumor revascularisation occurs via HIF-1α dependent and independent recruitment 
of bone marrow-derived cells [44, 45].

3.2 Cancer stem cells (CSCs)

CSCs are a very small subset of relatively quiescent cells in the tumor that are 
endowed with the ability to self-renew and differentiate into non-stem daughter 
cells that make the bulk of tumor. Epigenetics has been implicated in many aspects 
of CSC biology and its role has been extensively studied [46]. Molecular determi-
nants involved in various types of epigenetic modification, including DNA meth-
ylation, histone modification. Recent work has shown that miR-205 in combination 
with GEM was more efficient in reducing the proliferation of CSCs and resensitized 
GEM resistant pancreatic cancer cells to GEM [47].

Many signaling pathways are frequently deregulated in CSCs including Myc, 
Notch, Hedgehog (Hh), Wnt, FGF/FGFR, EGF/EGFR, NF-κB, MAPK, PTEN/PI3K, 
HER2, JAK/STAT and so on [48, 49]. Furthermore, altered cell cycle regulation can 
play a role in CSC quiescence, proliferation and apoptosis [50]. Cell cycle regula-
tors are frequently lost (p53, Rb, p16/CDKN2A, CDKN1B) or amplified (CCND1, 
CDK4,CCNE1) in pancreatic CSCs [51]. Altered cell cycle program in pancreatic 
CSCs help them resist therapy-induced apoptosis [50].

Aside from intrinsic factors, extrinsic factors also contribute to CSC treatment 
resistance biology. Like normal SCs, CSCs reside in and rely on specialized tumor 
microenvironments, called niche, to maintain a balance between self-renewal 
and differentiation and therapy resistance. The CSC niche in pancreatic cancer 
is composed of a variety of stoma cells including inflammatory cells, immune 
cells, vascular endothelial cells, fibroblasts, smooth muscle cells, mesenchymal 
cells, adipocytes, nerve fibers and neural cells, together with extracellular matrix 
(ECM)[52]. These various components collaboratively interact with each other via 
networks of cytokines, chemokines and growth factors to create a hypoxia inflam-
matory, and immunosuppressive environment that facilitates pancreatic cancer 
treatment resistance [52]. The special pancreatic CSC niches include the hypoxia 
niche and the perivascular niche. In pancreatic cancer, hypoxia has been shown to 
promote the CSC expansion [53]. Oxygen plays a crucial role in generating ROS 
that mediate the anticancer effects of radiotherapy and chemotherapy. The low 
oxygen tensions in the hypoxia area of the tumor contain low levels of ROS, reduc-
ing the risk for the cells being killed [54]. In addition to physically protecting of 
the niches, other components of tumor microenvironment including extracellular 
matrix (ECM), cancer associated fibroblasts, immune cells and inflammatory cells 
also play a role in protecting pancreatic CSCs from both chemotherapy and other 
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therapies [55]. They provide CSCs with resistant signaling stimuli through surface 
receptors to activate other lines of defense for CSCs. Stromal cells secrete high levels 
of HGF which makes co-cultured human pancreatic cancer cells acquire resistance 
to various anticancer drugs particularly RAF inhibitors [56]. Other growth factors 
or cytokines including interleukin 6 (IL-6), fibroblast growth factor (FGF) and 
neuregulin 1 are reported to help form the so-called ‘chemo-resistant niche’ of CSCs 
by activating various survival signaling pathways [57, 58].

In addition to the niches, CSC could activate the second line of defense under 
treatment stress, i.e., the drug efflux mechanisms that pump the drug out of the cell 
are another special defense for pancreatic CSC treatment. The transmembrane pro-
teins of the ABCT family are the main players of drug efflux and highly expressed 
on pancreatic CSCs [59], including multidrug resistance-associated protein 1 
(MRP1 or ABCC1) and breast cancer resistance protein (BCRP or ABCG2] [59].

In case of the drug efflux has failed and the drug has invaded the cytoplasm 
of CSCs, high levels of drug inactivating enzymes or low expression of the drug 
activating enzymes would make the cells resistant to the drugs. Thymidine phos-
phorylase converts capecitabine into 5-fluorouracil (5-FU)[60].

Unless unrepairable DNA damage occurs, DNA repair is another main reason 
for radio- or chemo-resistance of pancreatic CSCs [61, 62]. It has been shown that 
DNA damage checkpoint and repair proteins such as the ATM, Chk1/2,p53, BRCAs 
and XRCC5 are aberrantly overexpressed or over-activated in CSCs but not in non-
CSCs [63], and is further activated by DNA-damaging therapy such as radiation 
rendering delayed cell division and prolonged DNA repair time leading to resistance 
[64, 65]. Similar to normal stem cells, CSCs rely on specific signaling pathways for 
maintaining essential proliferation, survival and the balance between self-renewal 
and differentiation. In response to therapies, CSCs either over-activate pro-survival 
and anti-apoptotic signaling or down-regulate proapoptotic signaling as another 
mechanism of resistance to therapies [66]. For example, inhibition of NF-κB 
hinders the stemness of CSCs in pancreatic cancer.

Lastly, regeneration of CSCs by EMT is a likely mechanism for radio- or chemo-
resistance of cancer and relapse. EMT program has been linked to the acquisition 
of aggressive traits and treatment resistance in CSCs [67]. A set of pleiotropic EMT 
transcription factors (eg. Snail1/2, Zeb1/2, Twist) together with EMT inducers (eg. 
TGF-β) have been proven to contribute to CSCs treatment resistance [68]. Indeed, 
rapid repopulation of CSCs is believed to occur in human tumors during radiother-
apy [69], and redistribution of CSCs to the quiescent phase of the cell cycle makes 
the cells more resistant to radiotherapy.

4. Diagnosis of pancreatic cancer

Traditional methods of diagnosing early pancreatic cancer include serum markers, 
imaging methods and endoscopic ultrasonography. Emerging nanotechnology and 
advanced materials are becoming novel strategies for pancreatic cancer diagnosis. The 
application of multiple diagnostic methods can help to detect pancreatic cancer in the 
early stage, which is help to improve the survival rate.

4.1 Serological mark

During the development of pancreatic cancer, it can actively secrete certain 
substances, which have been preliminarily proved to be useful for the diagnosis and 
prognosis evaluation of pancreatic cancer. Carbohydrate antigen 19-9(CA19-9) is 
the most commonly used serological marker in diagnosis of pancreatic cancer [70]. 
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The sensitivity and specificity of CA19-9 in the diagnosis of pancreatic cancer are 
not high, which limits its clinical application. Combination CA19-9 with CA125 
significantly improve the sensitivity of pancreatic cancer detection and contribute 
to its early diagnosis [71]. Dj-1, a protein secreted by pancreatic adenocarcinoma 
cells, was found to be positive in 68.5% of pancreatic cancer samples and signifi-
cantly increased in the blood sample of pancreatic cancer patients [72]. Soluble 
complement iC3b was found to be able to detect tumor recurrence at the early stage 
and more sensitivity than imaging [73]. Recent studies have also suggested that 
tumor-associated antigen MUC-1 specific antibody, TAB004, may be useful in the 
diagnosis of pancreatic cancer [74]. In addition, combination CA19-9 with both 
REG4 and tumor necrosis factor-a family member, APRIL, significantly improve 
sensitivity to the diagnosis of pancreatic cancer [74, 75]. A recent study has shown 
that a serum protein biomarker panel consisting of CA125, CA19-9, and laminin γC 
(LAMC2) significantly improve performance in detecting pancreatic cancer than 
single serum marker [76].

In addition to traditional serum tumor markers, some novel circulating tumor 
markers has made great process. MicroRNAs are a group of small non-coding RNA, 
consisting of 19 to 25 nucleotides, which are involved in the growth, proliferation 
and differentiation of pancreatic cancer. Multiple studies have confirmed that 
abnormally expressed serum microRNAs, such as miR-21, miR-196a and miR-155, 
have certain significance in the diagnosis of pancreatic cancer. Moreover, the diag-
nostic value of microRNAs is higher than that of traditional serum tumor markers 
[77]. Exosome is a kind of extracellular vesicles (EV), with a size of 50 ~ 150 nm. 
Exosome can be secreted under physiological or pathological state. Exosome 
contains DNA, microRNA, protein or other signaling molecules, and plays the role 
of exchanging information between cells. Since tumor cells can secrete exosomes 
10 times more than normal cells, analysis of abnormal serum exosomes and their 
encapsulated molecules often has widely been application in the diagnosis for 
tumors [78]. With the ability to enter the peripheral circulatory system, circulatory 
tumor cells (CTC) vary in individual and express both epithelial and mesenchymal 
markers [79]. It has been reported that such cells can be detected in the peripheral 
blood of 40% ~ 100% of pancreatic cancer patients, which may be used for the early 
diagnosis of pancreatic cancer [80].

4.2 Imaging diagnosis

Multi-Detector Computed Tomography (MDCT) is now the most routinely 
performed for the diagnosis of suspicious pancreatic lesions, assessment of resect-
ability and vascular invasion, and detecting metastatic lesions [81]. The appear-
ances of pancreatic cancer in non-contrast CT scan include solid mass (84.2%), 
diffuse enlargement (13.3%) with a vague or uneven glandular appearance, usually 
of slightly lower or equal density. A pancreas-specific protocol with dual-phase 
or multi-phase dynamic contrast is usually used, including early arterial phase 
images, pancreatic phase images and portal venous phase images. Early arterial 
phase images are sensitivity in evaluating the tumor and peri-pancreatic arteries. 
Pancreatic phase images are sensitivity in evaluating pancreatic lesions, and portal 
venous phase images are sensitivity in evaluating the involvement of the portal 
vein, the superior mesenteric vein and other veins. Enhanced CT scan showed 
enhancement in the early stage, with a peak earlier than the liver, relative lack of 
blood, about 93% showed uneven low density, distal pancreatic atrophy and dilata-
tion of the pancreatic duct [81].

In addition to showing the anatomical features of pancreatic tumors, MRI can 
also supply information about the metastatic lesions in lymph nodes and liver. 
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The weighted expression of T1WI was low or slightly low signal, while T2WI was 
slightly high or mixed signal for the tumor mass. The enhancement scan showed 
significant enhancement of the normal pancreas and only slight enhancement of 
the tumor. Diffusion-weighted imaging (DWI) is an MRI technique based on the 
Brownian motion of water molecules in tissue [82], which is greatly useful in dif-
ferentiating mass-forming focal pancreatitis from pancreatic cancer [83, 84].

PET-CT can show the metabolic activity of the tumor, and has obvious advan-
tages in the detection of pancreatic metastasis and the evaluation of systemic 
tumor load. Combination of PET-CT with endoscopic ultrasonography is useful for 
suspected pancreatic cancer diagnosis because of the high sensitivity of PET-CT and 
the high specificity of endoscopic ultrasonography (EUS)[85].

EUS is considered the most sensitive method for detecting early neoplastic in the 
pancreas, which is superior to MDCT [86]. A meta-analysis of 20 studies showed 
that the performance of EUS in PDAC diagnosis depended on the T stage. The 
sensitivity and specificity was 72% and 90% for T1–2 stage cancers and 90% and 
72% for T3–4 stage cancer in EUS [87]. EUS can detect pancreas lesions as small 
as 2–3 mm [88]. In particular, EUS guided fine needle biopsy has become the most 
accurate method for the localization and qualitative diagnosis of pancreatic cancer.

4.3 Molecular imaging diagnosis

In 1999, Weissleder of Harvard University first proposed the concept of 
molecular imaging [89]. Molecular imaging is a biological process that can be 
observed, qualitatively and quantitatively analyzed in humans and other living 
organisms at the molecular or cellular level. It generally includes two-dimensional 
or three-dimensional images and quantitative maps of signals changing over time. 
The rise of molecular imaging has broken the limitation of traditional imaging 
in mainly reflecting the changes of anatomical structure, made modern medical 
imaging go deep into the microscopic level of living organisms, realized the exten-
sion of structural image to functional image, and provided an effective way for 
accurate medical disease diagnosis. Molecular imaging relies on advanced imaging 
equipment, highly sensitive and specific molecular imaging probes [89].

Several groups have investigated novel imaging agents that are coupled to 18F 
applied to PET own to its false positives (eg, benign causes of inflammation like 
pancreatitis) and false negatives (eg, non–18F fluorodeoxyglucose avid tumors). 
Other strategies to detect pancreatic cancer with molecular imaging agents include 
targeting proteins that are overexpressed by the cancer (eg, mesothelin), signaling 
pathways (eg, epidermal growth factor receptor), tumor stroma (eg, hedgehog 
signaling, vascular endothelial growth factor), and other targets that are associated 
with the disease (eg, plectin-1, MUC-1] [90]. Another molecular imaging method 
that is of interest for early detection is hyperpolarized MRI, which can identify 
metabolic aberrations in the pancreas that indicate precancerous lesions [91].

Researchers used PEG as shell, limiting Mn2+ calcium phosphate acid as nuclear 
build a lack of oxygen can be used in the tumor area imaging of molecular probes, 
after the probe enters the tumor, tumor area lower pH can cause lack of oxygen. The 
dissolution of calcium phosphate thus releases its limitations of Mn2+, causing local 
T1 relaxation rate increase significantly, thus successfully mapping the hypoxia 
zone in the tumor to improve clinical tumor treatment effect [92]. In addition, the 
design of introducing the disulfide bond into the probe and being interrupted by 
increased glutathione (GSH) in vivo successfully realized the molecular level imag-
ing (fluorescence, 19f-MRS, MRI, etc.) reflecting the redox state of the lesion area 
[93]. By introducing amino acid sequences that can be recognized and cut off by 
caspase-3, the probe can realize the aggregation of small molecule monomers under 
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the action of activated caspase-3, causing significant amplification of the imaging 
signal, and thus reflecting the occurrence of early apoptotic events in pancreatic 
carcinoma [94].

5. Conclusion

As one of the highest mortality cancer, pancreatic cancer is still a disaster 
disease. Novel diagnosis and therapy avenues should be developed to improve the 
survival rate of this disease.
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Chapter 3

KRas4BG12C/D/PDE6δ 
Heterodimeric Molecular 
Complex: A Target Molecular 
Multicomplex for the 
Identification and Evaluation 
of Nontoxic Pharmacological 
Compounds for the Treatment of 
Pancreatic Cancer
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Pedro Cruz-Nova, Martiniano Bello Ramirez,  
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and Miguel Ángel Vargas Mejía

Abstract

The search for new targeted therapies to improve the quality of life of patients 
with pancreatic cancer has taken about 30 years. Compounds that can inhibit the 
K-Ras4B oncoprotein signaling pathway have been sought. Taking into account that 
the interaction of KRas4B with PDE6δ is essential for its transport and subsequent 
activation in the plasma membrane, our working group identified and evaluated 
in vitro and in vivo small organic molecules that could act as molecular staples to 
stabilize the KRas4B/PDE6δ heterodimeric complex. From this group of molecules, 
38 compounds with high interaction energies on the structure of the crystallized 
molecular complex were selected, indicating that they efficiently stabilized the 
molecular complex. In vitro evaluation of compounds called D14, C22, and C19 
showed significant specific effects on the cell viability of pancreatic cancer cells 
(and not on normal cells), thus inducing death by apoptosis and significantly 
inhibiting the activation of the pathways, signaling AKT and ERK. In addition to 
these experimental findings, we were also able to detect that compounds D14 and 
C22 showed significant tumor growth inhibitory activity in pancreatic cancer cell-
induced subcutaneous xenograft models.

Keywords: KRas4B, PDE6, therapy
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1. Introduction

About 95% of the pancreatic ductal adenocarcinoma (PDAC) originates in the 
exocrine pancreas, and 5% is generated in the endocrine pancreas. There are several 
precursors for the development of PDAC; among them, noninfiltrating lesions, 
called pancreatic intraepithelial neoplasia or PanIN [1], are remarkable. The follow-
up of the PanIN toward an infiltrating lesion is given by the abnormal distribution 
inside the pancreas. These lesions can be located in the pancreatic parenchyma, 
which causes its infiltration. Currently, the development of a pancreatic adeno-
carcinoma is monitored by measuring the overexpression of EGFR, KRAS, MUC1, 
and MUC4 genes or the inactivation of INK4A, TP53, and BRCA2 genes, which are 
essential for proper cell functioning [1–4, 5–8].

The invasive ductal adenocarcinoma is the most common pancreatic neoplasm, 
as it occurs in 85% of the cases. Eighty percent of the patients with this type of 
neoplasm have an average survival of 3–6 months after the detection; that is why 
this adenocarcinoma has been proposed as one of the most deadly existing [1, 9–11]. 
The invasive micro ductal adenocarcinoma deforms the small pancreatic glands, 
infiltrates the stroma, and triggers a fibrous coating, where 98% of the cases 
present mutations in the KRas4B gene [2, 10]. One of the most important factors 
for the development, maintenance, and progression of this disease is the presence 
of mutations in the KRas4B oncoprotein, which is mutated in 99% of PDAC cases 
[12]. Kras4B is a small GTPase, which belongs to the RAS protein subfamily, and it 
has essential functions in the control and regulation of normal cell proliferation. 
Human tumors almost always express mutated KRas4B proteins, from 90 to 99% of 
cases; specific mutations of this protein occur in codons 12, 13, or 61, which leaves 
the KRas4B protein constitutively active [11]. The active state of KRas4B proteins 
contributes significantly to develop the malignant phenotype, such as the deregula-
tion of tumor cell growth, the evasion of programmed cell death, invasion, and 
angiogenesis [13]. There are three genes that code for RAS proteins in the mam-
malian genome: HRas, NRas, and KRas; four isoforms are obtained by alternative 
splicing: H-Ras, N-Ras, K-Ras4A, and K-Ras4B [14].

RAS subfamily proteins are also members of a broad class of proteins known as 
CAAX proteins [15] like this because the C-terminal end sequence has the CAAX 
amino acids (C: cysteine, A: aliphatic amino acid, and X: any amino acid), and this 
sequence is modified post-translationally in order to confer Ras protein affinity 
for the plasma membrane (for its subsequent activation). This process is regulated 
by three enzymes that work sequentially: first, the farnesyltransferase enzyme 
participates in the prenylation of the CAAX sequence; second, a protein called Ras-
converting enzyme (RCE1) cleaves the last two amino acids of the CAAX sequence; 
third, a methyltransferase (ICMT) allows adding a methyl group to the carboxyl of 
the cysteine terminal to finally generate the mature RTP GTPase [16]. Farnesylation 
in the 185 cysteine  terminal allows Ras proteins to increase their affinity for cell 
membranes and for many farnesyl group binding proteins that are analogous to 
RhoGDI transporters, such as phosphodiesterase 6 delta subunit (PDE6δ), which 
has been described as an indispensable molecule in the traffic of some GTPases of 
the Ras family [14, 17]. After the findings about the presence of KRas4B and its 
importance in the formation, maintenance, and progression of the most deadly 
neoplasms such as the PDAC [18, 19], studies have been conducted to discover and 
develop pharmacological inhibitors against oncogenic KRas4B. The approaches 
include: (a) finding small molecules that interact with KRas4B directly in order to 
prevent its activation [18, 19]; (b) finding enzyme inhibitors responsible for the 
post-translational modifications in order to prevent the transport of KRas4B to the 
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plasma membrane; (c) finding compounds that inhibit the KRas4B downstream 
signaling pathway, as well as autophagy inhibitors and inhibitors of neoplastic cell 
metabolism [18, 19].

Despite the enormous prevalence of Kras4B mutations in pancreatic cancer, an 
efficient targeted treatment against aberrant signaling of this oncoprotein has not 
been found. It is known that pancreatic cancer cells with mutated Kras4B exhibit 
a phenomenon called “oncogene addiction”, in which their survival becomes 
dependent on Kras4B signaling. Therefore, the inhibition of the Kras4B function 
promotes the inhibition of the viability of cancer cells; this eventually leads to 
cell death by apoptosis and the regression of the tumor [20, 21]. Therefore, it is 
necessary to find new strategies that allow us to inhibit the molecular mechanisms 
of activation and/or signaling of mutated Kras4B in pancreatic cancer. In this 
chapter, we describe new organic molecules that inhibit the dissociation of the 
heterodimeric molecular complex KRas4BG12C-D/PDE6δ; thus promoting that 
KRas4BG12C/D cannot bind to the plasma membrane, and consequently, it cannot 
be activated in pancreatic tumor cells.

2. Targeted drugs for the inhibition of KRas4B

The direct inhibition of KRas4B has been a difficult task. Sites susceptible 
to pharmacological interaction have been identified by means of bioinformatic 
programs; therefore, compounds such as SCH-53239 and its analogue SCH-54292, 
which presented low affinity with respect to KRas4B, have been identified. These 
compounds were designed to interact with the Switch II of KRas4B, competing 
with the GDP. These compounds have in their chemical structure a hydroxylamine, 
which is essential for their cytotoxic activity. These compounds present a high level 
of toxicity in murine models, so they are in the improvement phase [22]. In 2012, 
several research groups reported a compound called DCAI [22, 23], which interacts 
with KRas4B at the site located between the α2 helix and β4 loop; this compound was 
able to inhibit the interaction of SOS1 with KRas4B with an IC50 of 340 μM, having an 
EC50 of 15.8 μM; therefore, it is so far one of the compounds considered for the treat-
ment of PDAC [22, 23]. Also, different research teams have been working on 11,000 
analogues of the DCAI compound in silico, based on the nuclear magnetic resonance 
(NMR). One of the analogues called VU0460009, showed an IC50 of 240 μM; 
although the concentration of the mean inhibition decreased, this compound did not 
have a considerable effect in murine models, so it was not possible to consider it as a 
candidate for treatment of PDAC [22, 23]. In order to find an organic compound that 
was capable of inhibiting the activation of KRas4B, studies were conducted to direct a 
specific molecule to the location site of the KRas4BG12C mutation, which is the most 
frequent in lung cancer [22]. One of the compounds studied was the so-called SCH-
54292 [12], which is capable of binding to the α2 and α3 helices of KRas4B. This com-
pound showed activity only in the cell lines that present KRas4BG12C, and with this 
finding, the researchers have intended to identify and study the analogues of SCH-
54292 with the greatest effect on cancer cell lines [12]. Another group of researchers 
created a GDP analogue called SML-8-73-1, which could covalently bind to the cyste-
ine  of KRas4BG12C without taking into account the affinity of GDP with its binding 
site in KRas4B. These compounds did not show the expected effect on lung cancer 
cell lines, so they are in the improvement phase [22]. In recent years, several research 
groups have been trying to selectively inhibit mutated KRas activation and signaling. 
One way to prevent the activation of KRas and, therefore, its effector pathways, is 
through allosteric inhibition. Consequently, several research groups have developed 
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experimental models based on the in silico search for compounds that selectively bind 
and inhibit KRas. This strategy was carried out with an initial virtual coupling test of 
a library of compounds based on the reconstructed pocket structure of the switch I 
of RAS crystal, which resulted in an in silico coupling based on the pocket structure. 
The pocket consists of a hydrophilic part, which is composed of negatively charged 
residues such as Glu47, Asp48, and Asp 67, and a hydrophobic part, which consists of 
Leu66, Met77, and Tyr 81; on its surface, it is partially bordered by charged residues 
such as Lys15 and Asp67. These structural characteristics were used to establish a 
pharmacophore for the screening of charged residues, such as Asp67 (which corre-
sponds to Asp57 of Ras), located in the lower center of the hydrophilic pocket in order 
to ensure the specificity of binding and energy. After the coupling analysis, com-
pounds that in vitro effectively decreased the activation of Ras as well as its effectors 
were detected [21]. The development of small molecules that irreversibly bind to the 
oncogenic mutant KRasG12C allows the interruption of switch-1, and this alters the 
preference of native nucleotides in order to favor GDP over GTP and, consequently, 
this prevents its binding with the Raf effector. On the other hand, and using a similar 
strategy of in silico analysis and development of analogues with a favorable balance 
of ADME attributes (absorption, distribution, metabolism, and excretion), in vivo 
stability and specificity, in 2018, Janes and collaborators reported the design and 
characterization of switch-IIP inhibitors of KRasG12C with enhanced potency and 
pharmacological properties. Using tests based on liquid chromatography-tandem 
mass spectrometry (LC/MS-MS), compounds that covalently bound to Cys12 of 
K-Ras were measured directly and quantitatively. Pharmacological inhibition of 
KRasG12D with compound ARS-1620 suppressed the growth of cancer cells. ARS-
1620 exhibited excellent oral bioavailability in mice and sufficient blood stability and, 
importantly, induces tumor regression through a specific mechanism of action.

Another strategy, proposed by Zeng and collaborators in 2017, is the possibility 
of designing compounds that incorporate elements of both the switch-IIP and the 
guanosine pharmacophores, or through the development of bivalent compounds 
that could recruit ligases to promote the degradation of RAS mediated by ubiquiti-
nation. The compounds were prepared with fluorophenyl and piperazinyl substitu-
ents and an electrophilic acrylamide warhead attached to the piperazine in order 
to effectively bind to KRasG12C. Subsequently, the 1_AM analogue was developed 
with an amino amide substituent and showed a more complete binding with KRas. 
In addition, 1_AM was compared with its serial head [1], and its properties were 
examined in H358 cells. The 1_AM inhibitor decreased levels of KRas bound to GTP 
by ~80% compared to the performance of inhibitor 1, and likewise the decrease of 
the ERK effector phosphorylated.

An interesting strategy, which has been recently addressed, is the blocking 
of the interaction of RAS with its effector Raf. A cyclic peptide called cyclosarin 
9A5 blocked the RAS-RAF interaction. The amino acids present in cyclosarin such 
as nal, Fpa, Thr, norleucine (nle), and Trp are critical for binding with KRas. 
Cyclosarin 9A5 showed improved cell permeability and an affinity for KRas with 
an IC50 = 0.12 μM. Cyclosarin reduced the proliferation and induced cell death by 
apoptosis in tumor cells with mutated KRas [24].

Similarly, in 2019, MacCarthy and collaborators used a variety of computational 
approaches in order to describe four binding sites in K-Ras for allosteric ligands. 
The new inhibitors bind to the pocket p1 with submicromolar affinity and function 
primarily by directly inhibiting the interaction of KRas with its effector proteins. 
This potential inhibitor forms multiple favorable interactions with residues in 
the pocket p1 of nonmutated KRas (WT) and with residues of the mutants of 
K-RasG12D, G12C, and Q61H in the active state bound to GTP. In addition, the 
authors report that the inhibitor of KRas binding to its effectors decreases the 
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levels of phosphorylation of ERK and cRAF in BHK cells that express the mutant of 
KRasG12D and G12V, which suggests the inhibition of KRas signaling through the 
MAPK pathway. However, the problem of allosteric KRas inhibitors that prevent 
interaction with their effectors is that they do not exhibit selectivity toward a 
particular RAS isoform or KRas WT vs. mutated KRas, which raises the toxicity 
problem in cells and therefore in healthy organs when they are used in vivo.

Another approach to inhibit the interaction of KRas with its effectors is the 
search for macromolecules that selectively bind to KRas at an allosteric lobe site that 
encompasses histidine 95 residue at the interface between the helix α3/loop 7/helix 
α4. Designed ankyrine repeat proteins (DARPins) K13 and K219 inhibit the interac-
tions with the effectors and the nucleotide exchange of KRas. Similarly, K13 and 
K19 induce selective inhibition of the RAF/MEK/ERK signaling pathway in cells 
with the Kras4BG13D mutation but not in cells with other mutated isoforms such as 
HRasG12V and/or RAS WT. This suggests that K13 and K19 selectively inhibit the 
function of mutated KRas without affecting cancer cells with RAS WT; however, its 
toxicity in healthy cells has not been proven [25].

3. Targeted drugs for PDE6δ inhibition

Post-translational modifications are important for the recognition and transport 
of KRas4B to the plasma membrane; therefore, the study of molecules responsible 
for recognizing these post-translational modifications may be an important thera-
peutic target against PDAC [26]. One of the proteins responsible for recognizing 
the post-translational modification is phosphodiesterase 6δ (PDE6δ), which 
recognizes the farnesylation or geranyl-geranylation present in the cysteine  of the 
CAAX motif of Kras4B protein [27]. A group of German researchers identified and 
evaluated the compound called Deltarasin, which interacts with PDE6δ, with a Kd 
of 38 nM, prevents the recognition of the post-translational modification pres-
ent in KRas4B, arresting KRas4B in the cytosol, and consequently preventing its 
activation and tumor progression. This compound was named the first generation 
of PDE6δ inhibitors [26]. However, its evaluation in noncancerous pancreatic duct 
cell lines showed high cytotoxicity; this affected considerably the cell viability at 
low concentrations [28]. In 2016, the analogue of the compound Deltarasin (second 
generation of PDE6δ inhibitors) was reported, and it was called deltazinone. This 
analogue presented constant dissociation of Kd 38 nM to Kd 4 nM, thus showing to 
be a compound with better interaction energy than the analogue of first generation. 
Deltazinone showed cytotoxic effects on pancreatic cancer cell lines at a concentra-
tion of 24 μM, but it took about 8 h to have an anti-proliferative effect on pancreatic 
cancer cell lines. Conversely, Deltarasin, at a concentration of 5 μM showed the 
same effect in 1 hour. Considering these data, the first generation of PDE6δ inhibi-
tors have a better performance than the ones from the second generation [29, 
30]. In 2017, the third generation of specific PDE6δ inhibitors, which were called 
Deltasonamides, was reported. This new generation shows more interaction energy 
than the ones from the first generation and greater cytotoxic effects on pancreatic 
cancer cell lines at concentrations from 1 to 12 μM [31].

In early 2019, drugs based on triazoles arose. These compounds can be considered 
as the fourth generation of PDE6δ inhibitors since they used the structure of Deltarasin 
to be able to find the functional group with the highest interaction energy with PDE6δ. 
This fourth generation is still in in vitro studies in order to evaluate its cytotoxic 
effect [32]. At the beginning of 2020, the fifth generation of PDE6δ inhibitors, called 
Deltaflexin, arose; although they are analogues of Deltarasin, they do not have the 
same cytotoxic effects showed by the first generation of PDE6δ inhibitors [33].
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4. Drugs capable of stabilizing the KRas4B/PDE6δ protein complex

The search for new targeted therapies aimed at trying to improve the quality 
of life of patients with pancreatic cancer has taken about 30 years; along this time, 
researchers have looked for compounds that can inhibit the signaling pathway of 
the KRas4B oncoprotein. One of the most important mechanisms for the activation 
of KRas4B is the transport from the cytosol toward the plasma membrane by the 
PDE6δ, which recognize the farnesyl group of KRas4B present at carboxyl terminal 
(Figure 1a). It was believed that KRas4B/PDE6δ was transported as a dimer, and 
it is now known that it forms a cluster of 6–12 proteins or 3–6 dimers (Figure 1b). 
Because of this, our work group looked for a plate of the heterodimer using the 
crystal of the heterodimeric complex of the cluster of 6 proteins (Figure 1c) in 
order to identify small organic molecules capable of stabilizing the interaction of 
the molecular complex KRas4B/PDE6δ with the purpose of avoiding the activa-
tion of KRas4B as well as its signaling pathway dependent of this oncoprotein. An 
exhaustive search was carried out in public chemical libraries of organic compounds 

Figure 1. 
Types of interactions between KRas4B/PDE6δ heterodimeric complex crystallized. (A) Interaction 
between K-Ras4B (pink) and PDE6δ (aqua) proteins. (B) Cluster formation among K-Ras4B/PDE6δ in 
multiheterodimeric molecular complexes crystallized. (C) Template of K-Ras4B/PDE6δ heterodimeric complex 
in a cluster used to docking and drug identification. (D) Molecular docking of D14 (N-[(2H-1,3-benzodioxol-
5-yl)methyl]-2-[4-(5-chloro-6-oxo-1-phenyl-1,6-dihydropyridazin-4-yl)piperazin-1-yl]acetamide) and C22 
(3-(2-{[1-(4 chlorophenyl)ethyl]amino}acetamido)-N-cyclopropylbenzamide) compounds and using a cluster 
of the heterodimeric K-Ras4B/PDE6δ molecular complexes.
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with pharmacological potential, which could stabilize the KRas4B/PDE6δ com-
plex. The identification of the compounds that had an in silico interaction with the 
complex, in addition these compounds was selected considering that they complied 
with the Lipinsky rule, which states that (1) the compounds should not have more 
than five hydrogen bridge donors; (2) they must not contain more than 10 hydrogen 
bridge acceptors; (3) they must have a molecular weight of less than 500 g/mol; 
(4) the compounds must have an octanol/water partition coefficient of less than 
five (log P < 5). Compounds identified as D14 and C22 showed different in silico 
interaction energies on the KRas4B/PDE6δ and K-Ras4BG12C/PDE6δ heterocom-
plex crystals; these interaction energies ranged from −143 to −162 ΔG [28].

An in silico analysis on the prediction of absorption using the ADME software 
made it possible to identify that compounds D14 and C22 have good absorption at 
the intestinal level and have low uptake by the permeability glycoprotein proteins 
that belong to the ABC transporter family. Their values are very low compared with 
the absorption of Gemcitabine and Deltarasin, which indicates that compounds 
D14 and C22 have a low chemoresistance when they are used as a treatment for 
pancreatic cancer cells (Figure 2a). Additionally, it was possible to observe a 
metabolism of compounds D14 and C22 by cytochromes P450 (CYP450), which 
indicated rapid liver metabolism and low toxicity since these compounds are coated 
by these enzymes (Figure 2b). Furthermore, it was observed that these compounds 
may have low toxicity compared to that obtained with the treatment of choice for 
pancreatic cancer such as Gemcitabine and with the PDE6δ Deltarasin inhibitor 
(Figure 2c).

Once identified that compounds D14 and C22 do not have toxic effects, we 
assessed the presence of KRas4B and PDE6d in pancreatic cancer cell lines by 
immunofluorescence using different cell lines with KRas4B (BxPC3), KRas4BG12D 
(PANC-1), and KRas4BG12C (MIA PaCa-2); we observed a greater presence of 
these proteins in the KRas PANC-1 and MIA PaCa-2-dependent cell lines (Figure 3). 
Having identified the cell lines with the highest presence of KRas4B and PDE6d, we 
treated them with a concentration of 200 μM of compounds D14 and C22 comparing 
their effect with hTERT-HPNE, which is a noncancerous cell line, and with 5 μM of 
Deltarasin (Figure 4). The results showed that compound D14 had a greater cyto-
toxic effect on the PANC-1 and MIA PaCa-2 cell lines, while compound C22 had a 
greater cytotoxic effect on the MIA PaCa-2 cell line. The comparison of these results 
with the effect obtained from Deltarasin, where the normal hTERT-HPNE cell line 
of pancreas was affected, suggested that our compounds do not have cytotoxicity in 
noncancerous cell lines.

Taking into account the results described above, we carried out Ras activation 
assays using the MIA PaCa-2 cell line. We obtained a dose response curve during 
60 min, measuring Ras-GTP uptake by means of G-Lisa assays. Compounds D14 and 
C22 significantly decreased Ras activation over time; we obtained a 50% decrease 
in Ras activation at 60 min after treatment with the compounds (Figure 5a). As 
mentioned earlier during this chapter, the constitutive activation of KRas4B is 
essential for the development, progression, and maintenance of pancreatic cancer, 
and therefore, we performed subcutaneous xenograft tests by grafting 5 million cells 
of the MIA PaCa-2 cell line and administered via intraperitoneal 10 and 20 mg/kg 
of weight of compounds D14 and C22 for 15 days. The result was a 50% decrease in 
tumor growth in tumors treated with 20 mg/kg of weight of the two compounds, 
compared to the vehicle used as a control (Figure 5b and c).

Pancreatic ductal adenocarcinoma (PDAC) remains one of the leading causes of 
death by cancer, in addition to being one of the most aggressive types of cancer. The 
pancreatic cancer stem cell population (PCSCs) has been linked to this aggressive-
ness and poor prognosis. The cancer stem cell model proposes that tumor initiation, 
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maintenance, and growth are directed by the population of stem cancer cells (CSC) 
[34, 35], which have been identified in several types of cancer, e.g. breast, brain, 
head and neck, colon, and pancreas [36, 37]. CSCs are defined as those tumor cells 

Figure 2. 
Prediction of ADME processes of compounds D14 and C22. (A) Absorption of compounds D14 and C22 in 
epithelial barriers and their uptake by permeability glycoprotein proteins. (B) Metabolization of compounds 
D14 and C22 by means of cytochrome P450. (C) Toxicity of compounds D14 and C22.
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capable of self-renewal and production of heterogeneous lineages that comprise 
tumor volume [38]. In addition, several studies have reported evidence of the 
contribution of CSCs in resistance to conventional therapy, which causes metastasis 
and tumor recurrence [36, 39]. Different immunphenotypes have been reported 
for the identification of pancreatic cancer stem cells (PCSCs) [36, 37]. Due to the 
high fatality of PDAC, the importance of CSCs, and the participation of oncogenic 
KRas4B, we decided to evaluate the effect on the tumorigenicity of compounds D14 
and C22 in CSC of PDAC; in this sense, cancer steam cells from BxPC3, PANC-1, 
and MIA PaCa-2 pancreatic cancer cell lines, as well as in the hTERT-HPNE non-
cancerous cell line, were growing in nonadherent conditions, forming spheroids 
or pancreatospheres and selected with the immunophenotypes positive to CD44, 
CD24, and ESA markers, which indicates an enrichment of PCSC (Figure 6). These 

Figure 3. 
KRas4B and PDE6δ are present in pancreatic cancer cell lines with different mutations in K-Ras. Images taken 
by confocal microscopy.
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were treated with 49.65, 99.3, and 148.9 μM of compound D14, and with 494 nM of 
Gemcitabine. It was found that the treatment with compound D14 was able to break 
up the pancreatospheres formed by BxPC3 and MIA PaCa-2 more efficiently than 
the first-line treatment with Gemcitabine (Figure 7).

Figure 4. 
Morphological visualization of hTERT-HPNE, PANC-1, and MIA PaCa-2 cell lines treated with compounds 
D14 and C22 at 200 μM compared with the effect of Deltarasin.

Figure 5. 
Compounds D14 and C22 decrease the activation of Ras in the MIA PaCa-2 cell line promoting the decrease of 
tumor growth. (A) Ras activation decreases by more than 50% in the MIA PaCa-2 cell line treated with D14 
and C22. (B) and (C) Compounds D14 and C22 decrease tumor growth in subcutaneous xenograft models, 
using 20 mg/kg and 10 mg/kg intraperitoneally for 15 days.
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Figure 6. 
CD44, CD24, and ESA immunophenotype in 3D cultures of BxPC3, PANC-1, and MIA PaCa-2. The 
expression of these markers is crucial for the identification of the cancerous trunk population.

Figure 7. 
Morphological visualization of the effect of compound D14 on the viability of BxPC3 and MIA PaCa-2 in 2D 
and 3D; the result is better than with Gemcitabine, which is the first-line treatment for PDAC.
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5. Conclusion

The search for compounds that can stabilize the KRas4B/PDE6δ heterodimeric 
complex has provided a great pattern in the search for new and less toxic pharmaco-
logical alternatives for the treatment of pancreatic cancer and with fewer collateral 
effects due to their high specificity. Compounds D14 and C22 have shown great 
specific cytotoxic effects against pancreatic cancer cell lines as well as decreased 
tumor growth and, even better, in the possible reduction of the PCSC population. 
However, it is necessary to carry out additional experiments in order to identify the 
specific mechanisms of action of the cross-linking and stabilizing compounds of 
this protein multicomplex.
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Abstract

The insertion of ablation needles towards pancreatic tumors demands excellent 
anatomical knowledge and interdisciplinary skills from the medical professional. 
While the placement of a single needle next to the structures at risk surrounding 
the pancreas is considered a challenging task, irreversible electroporation requires 
multiple needles to be placed in parallel at a specific location. Minimally invasive 
procedures complicate the already ambitious procedure, yet the ablation method 
bears potential to increase the overall survival for patients with locally advanced 
pancreatic cancer. Current studies require more clinical evidence regarding the effi-
cacy of irreversible electroporation in pancreatic cancer by means of randomized 
controlled, multicenter trials. However, the ablation treatment is currently applied 
in expert centers only, which is due to the complex task of the needle placement. 
Computer-assisted surgery has shown its potential in different fields of applica-
tions to improve the targeting of diseased tissue and the confidence of the medical 
professional. The application of computer-assisted needle navigation for pancreatic 
cancer ablation holds the prospect to make the procedure more reproducible and 
safer.

Keywords: pancreatic cancer, needle guidance, irreversible electroporation, 
Computer-assisted surgery

1. Introduction

Pancreatic cancer is one of the most aggressive types of cancer in the abdominal 
cavity with poor survival rates below 10% [1]. The reasons for the poor prognosis 
range from late detection of the cancer, vascular invasion, and difficult access due 
to the surrounding structures at risk. Attributable to the late detection, 80% of 
patients are not eligible for resection as they are diagnosed with locally advanced 
(30%), or metastatic pancreatic cancer (50%) [2]. Patients with locally advanced 
pancreatic cancer can benefit from alternatives such as radiotherapy, high-intensity 
focused ultrasound (HIFU), or ablation as a complementary treatment. Over the 
last decade, local ablative techniques have been used more frequently in patients 
without metastatic disease. Several techniques, all of which were primarily 
introduced in order to ablate liver metastases are in clinical use. Radiofrequency 
or microwave ablation, the two most widely established techniques, use thermal 
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energy. However, high temperatures not only destroy tumor tissue but also increase 
morbidity if applied too close to structures such as bile duct, portal vein, superior 
mesenteric vein, celiac artery, or superior mesenteric artery, which all run in close 
proximity to the pancreas [3–5]. On the other hand, irreversible electroporation 
(IRE) leads to cell death by using high-voltage electrical pulses without destroy-
ing vascular collagen [6]. IRE, in contrast to thermal ablative techniques, always 
requires at least two needles, and metallic implants and cardiac arrhythmias are 
contraindications for this technique [6]. Possible morbidity arises either from 
needle tract injuries (bleeding, local infection due to intestinal puncture) or 
from energy application-associated thrombosis or necrotic tissue leading again to 
infection.

Local ablative techniques are generally used in the context of a multimodal treat-
ment. Preoperative chemotherapy has been established in the most recent years for 
the multimodal treatment of borderline resectable and locally advanced pancreatic 
cancer to increase resectability [7]. Neoadjuvant chemoradiation has also been 
increasingly performed with favorable long-term outcomes [8]. However, response 
to these treatments cannot be evaluated adequately using radiologic criteria so far, 
thus directing decision-making regarding resection [9]. Similarly, IRE for pan-
creatic cancer has been facing the same problems, lacking reliable radiologic and 
clinical markers for the detection of response. Nevertheless, current studies have 
indicated that the antitumoral efficacy of IRE may be identified using immunologi-
cal parameters supporting the oncological benefits of IRE, additional to the electro-
porative effects of this ablative method on tumor cells [10, 11].

Neoadjuvant treatment for borderline resectable or locally advanced pancreatic 
cancer may allow resection in up to 78% of selected patients [12]. In this case, 
R0 resection status has been previously described as essential to reduce local and 
systemic recurrence and prolong survival [13]. However, due to local extension of 
tumor to involve vascular structures, R0 resection is more difficult to be achieved in 
patients with advanced disease and positive resection margins have been frequently 
been underestimated [14]. Therefore, in advanced disease, multimodal treatment 
concepts including induction therapy, followed by resection and concomitant IRE 
at the surgical margins have been proposed [15]. Several studies have shown the 
safety and feasibility of margin accentuation with intraoperative IRE during resec-
tion for borderline resectable and locally advanced pancreatic cancer. According 
to this concept, intraoperative IRE before complete transection could accentuate 
the negative-margin dissection of the retroperitoneal margin and its surrounding 
perivascular soft tissue as well as the perineural and mesenteric tissue adjacent to 
critical vascular structures [16, 17].

Additionally, current studies have even provided most promising results in 
terms of reduced local and distant progression, and superior overall survival 
when pancreatic resection and IRE are combined [16, 17]. Careful selection of 
patients eligible for this strategy, together with modern systemic therapy regi-
mens, may increase resectability and improve oncological outcomes in the near 
future [18].

In patients with borderline resectable and locally advanced pancreatic cancer, 
IRE was also identified as a valuable tool to offer consolidative disease control and 
symptom relief such as pain control and to support eradiation of the malignant 
lesion [19]. However, only few studies have evaluated the quality of life following 
IRE for pancreatic cancer [20]. In a recent study, 84 patients undergoing IRE 
for locally advanced pancreatic cancer were enrolled. Quality of life assessment 
indicated that IRE therapy does not impair the quality of life in the short term. 
Adverse post-interventional events such as increased insomnia and constipation 
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at 3 months and diarrhea at 6 months after IRE are most probably related to 
other clinical factors such as chemotherapy-associated toxicity. Therefore, IRE 
is not expected to adversely affect long-term quality of life in this patient cohort 
[21]. Further studies are required to examine quality of life following IRE in the 
long term.

The latest numbers on published pancreatic IRE cases investigated by Moris 
et al. [22] counted a total of 498 treatments and accentuate the lack of clinical 
evidence as an indicator for low numbers in pancreatic IRE treatments compared to 
other fields of application. While the procedures were either conducted percutane-
ously (n = 232) or open (n = 262), the laparoscopic approach (n = 4) played only a 
minor role [22].

IRE application requires the user to place the needles within a certain distance 
and angle to each other [23]. This makes the use of the ablation technique very 
difficult, especially when navigating the needles close to structures at risk. With 
respect to the laparoscopic needle placement, the long needles and decreased field 
of view add additional complexity to this task.

2. Navigate the pancreas

The workflow for pancreatic IRE treatments is divided into a preoperative plan-
ning and intraoperative navigation phase.

2.1 Preoperative needle planning

Tomographic images are acquired to identify the structures at risk in proximity 
to the tumor. These structures include vessels, bile ducts, and organs as visualized in 
Figure 1.

To assess suitable patients for the IRE treatment, patients are screened to 
determine possible access windows and the needle configuration depending on the 
treatment approach [24]. In addition, 3D reconstructions derived from the original 
images enhance the spatial understanding during the planning of the trajectories. 

Figure 1. 
Axial computed tomography image of a patient with LAPC where the tumor encapsulates the celiac artery.
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However, information regarding the preoperative IRE planning phase remains 
sparse in current literature.

2.2 Intraoperative needle placement

While the surgical (open or laparoscopic) approach provides advantages to 
mobilize the structures at risk to gain a better access window for the needles, the 
review of all eligible studies until August 2018 identified a morbidity of 36% for the 
surgical approach (89/247) compared to 24.3% for the percutaneous IRE approach 
(56/230) [22].

Atraumatic needle placement is key for a successful treatment outcome; thus, 
the needles need to be monitored with computed tomography (CT), magnetic 
resonance imaging (MRI), fluoroscopy, or with live ultrasound (US) depending on 
the treatment approach. As of today, there is no comparative study investigating 
CT vs. US-guided IRE needle placement. Both modalities may be used to check 
for proper needle placement [19, 25, 26]. However, since preoperative planning is 
typically conducted on CT images, it may be considered as the primary modality 
for guiding needle placement during the percutaneous intervention. The main 
disadvantage of increased radiation can be considerably reduced by complement-
ing computer-assisted navigation, as will be discussed later [27]. In addition, 
CT-guided procedures are less dependent on the experience of the user and offer 
the possibility to check immediately for post-interventional complications such as 
bleeding or thrombosis [27, 28].

The flexibility of the needles represents an additional challenge to keep the 
needles on track during the insertion. Dedicated hardware tools provide additional 
support to guide the needle to the specific location by reducing bending artifacts. 
The most basic form of needle guidance is the usage of the needle spacer provided 
by AngioDynamics (Latham, New York) to achieve the desired interelectrode 
distance, yet it does not prevent the needle from bending during the insertion [29]. 
Martin et al. [30, 31] emphasize the usage of a needle guide attached to the biplanar 
US probe for more precise needle placement and to keep the needle in the ultra-
sound plane. However, this approach limits the spatial freedom of the ultrasound 
transducer due to the static properties of the guide and aggravates the monitoring 
of structures at risk.

3. The doctor’s opinion

To elaborate on the necessity of dedicated planning and navigation assistance, 
we conducted a questionnaire with eight medical doctors (MDs). The study 
population consisted of MDs with specialty in HPB surgery (n = 7) and surgical 
oncology (1) active in USA (1), India (1) Turkey (1), Germany (1), Austria (1), 
and Switzerland (3). The MDs performed between 30 and 120 pancreatic surgeries 
annually (average value of 70 surgeries per year). The yearly number of IREs was 
situated between 0 and 20 treatments with an average number of 4.5. All ques-
tioned doctors performed the preoperative planning of IRE cases solely on tomo-
graphic images and occasionally in combination with reconstructed 3D models. Due 
to the complex anatomy with varying patient-specific structures at risk, all MDs 
argue in favor of a preoperative IRE planning tool, which makes use of imaging 
data in combination with reconstructed 3D models to verify the feasibility of needle 
configurations. Most of the pancreas specialists see a need for minimally invasive 
pancreas IRE (87.5%) as well as for intraoperative needle navigation (100%) (illus-
trated in Figure 2) [32].
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4. Computer-assisted needle guidance

Computer-assisted surgery (also known as stereotactic surgery) is established in 
fields like orthopedics and neurosurgery and emerged from “being just around the 
corner” to clinical routine of abdominal surgery over the recent decade [33]. When it 
comes to needle guidance, Beerman et al. [34] have reported the experiences from 1000 
consecutive cases using computer-assisted image-guidance in liver ablations. The key 
message of this study is the necessity of navigation solutions with respect to reproduc-
ibility in percutaneous, laparoscopic, and open interventions [34]. Another report 
investigating the accuracy between guided and manual probe placement shows a signifi-
cant advantage for the guided approach [35]. Martin et al. [36] discuss the advantages 
of computer assistance in the placement of single needles during a liver phantom study 
demonstrating that 95% of the participants were able to hit the center of the tumor using 
the computer-assisted approach compared to 65% with ultrasound (US) only.

The system used in the above studies was designed by CAScination (Bern, 
Switzerland) and provides guidance for interventional and surgical liver procedures 
(see Figure 3).

With regard to minimally invasive applications the system discriminates 
between the percutaneous and laparoscopic approach in the following aspects:

4.1 Percutaneous ablation

The navigation system supports the clinician during percutaneous ablation, which 
is performed in the intervention suite using computed tomography (CT) or cone-
beam CT (CBCT) imaging. The patient is under general anesthesia with respiratory 
motion control and positioned on a vacuum mattress. Retroreflective single mark-
ers are attached to the patient’s skin using a dedicated marker template. The single 
markers are detectable by the optical tracking camera and in the tomographic images 
and build the foundation for virtual to physical space registration. Furthermore, 
their spatial position is used for monitoring of patient movement throughout the 
procedure. The needle trajectories are then planned, navigated, and verified using CT 
images, with the possibility of planning IRE needle configurations (Figure 4).  

Figure 2. 
Result from questionnaire where the need for dedicated tools is highlighted to assist the clinician in the 
perioperative procedure.



Challenges in Pancreatic Cancer

46

For the initial planning image, contrast-enhanced CT is the preferred choice to 
achieve a good discrimination between the structures of interest. To further enhance 
the planning procedure, a preoperative MRI image can be fused with the intraopera-
tive image data to visualize structures not traceable in the intraoperative CT.

Lachenmayer et al. [37] retrospectively analyzed the system in 174 percutaneous 
ablations of hepatocellular carcinoma (HCC) and reported a median lateral error 
of 3.2 (0.2–14.1) mm. They concluded that percutaneous, computer-assisted needle 
navigation is safe and efficient for treatment of HCC. Beyer et al. [38, 39] evaluated 
the system against manual, CT-fluoroscopically guided probe placement for IRE 
of liver tumors. The CAScination guidance (n = 10) was compared against manual 
guidance (n = 10) and they reported a significant decrease in planning time (55 vs. 
104 min, P < 0.001) and radiation exposure. The procedural accuracy, measured 
as the deviation of the IRE electrodes with respect to a defined reference electrode, 
was significantly higher for the navigated approach (2.2 vs. 3.3 mm mean deviation, 
P < 0.001) [39].

Figure 3. 
Setup for percutaneous needle insertion. Aiming device (A), touch monitors (B), optical tracking camera (C), 
patient markers (D).

Figure 4. 
Percutaneous workflow from left to right: Patient marker attachment, CT-based IRE trajectory planning, 
positioning of aiming device, and needle placement control.
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4.2 Laparoscopic ablation

The system for laparoscopic needle navigation relies on a surface landmark 
registration in which distinct points on the organ surface are sampled with tracked 
instruments and matched with the corresponding points from available patient 
image data. These data include preoperative CT images with optional 3D recon-
structions from structures of interest. Guidance is achieved by tracking of the 
ablation needle using retroreflective markers attached to the hand piece (Figure 5).

A major drawback for the surface landmark-based registration approach is organ 
deformation due to pneumoperitoneum, which downgrades navigation accuracy on 
preoperative image data. Intraoperative CT imaging would help to reduce deforma-
tion artifacts; however, this requires the availability of a hybrid OR [40]. Prevost et 
al. [41] investigated the laparoscopic guidance solution for liver resection and abla-
tion in 10 cases with the main conclusion being that the navigation system enhances 
the explorative phase, yet the registration accuracy was not sufficient for reliable 
tool navigation. Stillström et al. [42] pioneered in the application of computer 
assistance in laparoscopic pancreas IRE. They reported the feasibility of image-
guided navigation in the operating theater even though the system was mainly used 
for orientation purposes.

4.3 Needle guidance

The CAScination system distinguishes between two approaches for needle 
guidance, namely active and passive guidance. The active guidance (freehand 
approach) makes use of instrument calibration to determine the needle tip with 
respect to the marker shield attached to the hand piece of the needle, whereas 
passive guidance makes use of a tracked mechanical arm (aiming device approach) 
which is pre-calibrated due to known geometric properties. While the former 
provides the advantage of visualizing the needle tip during the insertion to obtain 
an active depth control, it is affected by errors resulting from the calibration and 
needle bending. The latter is not affected by the calibration error and reduces the 
bending artifacts by means of brackets guiding the needle along the oriented path. 
During needle insertion, the lateral deviation from the original plan is of high 
significance as it may require needle repositioning. Wallach et al. [43] compared 
the two approaches during a phantom study with 25 needle punctures on a nonrigid 
phantom. The resulting lateral error of the needle to the defined target was found to 
be significantly lower with the aiming device (2.3 ± 1.3 mm vs. 4.2 ± 2.0 mm) [43].

Figure 5. 
Laparoscopic workflow from left to right: preoperative image segmentation, optical instrument calibration, 
landmark-based registration, targeting with active depth control.
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4.4 Alternative navigation solutions

There are a number of navigation solutions for abdominal organs on the market. 
These devices share the same fundamental functional principles and provide a 
different range of functionalities, which can be used in the setting of IRE on the 
pancreas. Given the high accuracy requirements and the complexity in needles 
placement relative to a number of risk structures, we deem functionality for multi-
needle planning as well as accurate needle guidance as mandatory requirements for 
navigated IRE on the pancreas. The following paragraphs present different available 
navigation solutions and evaluate them with respect to these two requirements.

The IMACTIS® CT (Imactis SAS, La Tronche, France) solution is designed for 
percutaneous interventions using CT imaging and electromagnetic instrument 
tracking. The device was applied on different target organs and available literature 
includes an assessment of needle positioning accuracy and time requirements in 
a prospective randomized trial. The median Euclidean error [interquartile range] 
using the computer-assisted approach was found to be 4.1 mm [2.7–9.1 mm] 
compared to 8.9 mm [4.9–15.1 mm] for the non-navigated group for a total of 120 
patients [44]. This shows that IMACTIS® CT has the potential to reach sufficient 
accuracy for IRE needle placement. Its shortcoming with respect to the application 
of pancreatic IRE lies in the fact that the device has no functionality for needle plan-
ning and multi-needle treatments.

The MAXIO (Perfint Healthcare, Florence, Oregon, USA) is used in CT-guided, 
percutaneous interventions and includes a robotic arm for needle placement. The 
device comprises a planning software supporting single- as well as multi-needle 
planning for different needle types. Beyer et al. [38] investigated the MAXIO with 
respect to procedural accuracy in a retrospective study of 40 cases of liver IRE 
conducted by an experienced interventional radiologist. Out of these, 19 were con-
ducted using manual needle placement under CT fluoroscopy guidance and 21 with 
guidance of the robotic system. To calculate the procedural accuracy, an oblique 
slice was placed at the needle tip closest to the tumor with the normal pointing 
along the needle direction. Each needle tip was successively projected on the slice 
translated 3 cm from the tip toward the hand piece to calculate the distance to the 
needle center. The resulting accuracy was significantly improved when comparing 
the robotic approach to freehand needle placements (2.2 vs. 3.1 mm) [38].

The navigation system Explorer (Pathfinder) is designed for needle guidance 
in open liver surgery and is based on optical instrument tracking (same functional 
principle as CAS-One for the laparoscopic use case). A study by Bond et al. [45] 
investigated needle guidance accuracy and required time in a randomized con-
trolled trial of IRE for pancreatic cancer. The application of the Explorer device 
decreased time for needle placement from 20 to 11 min while reaching an accuracy 
of 3.4 mm in relative spacing between the needles. The accuracy of needle place-
ment with respect to the target anatomy is expected to be lower as the publication 
reports average fiducial registration errors of 10.8 mm. The authors conclude that 
the main benefit of the navigated approach is the increase of the surgeon’s confi-
dence to localize the needle using stereotactic navigation. The image to physical 
space registration is seen as the biggest obstacle to achieve a reliable overlay between 
the preoperative plan and the intraoperative scene.

Further guidance solutions for pancreatic IRE potentially include the use of 
ultrasound fusion devices such as those used in percutaneous ablation treatment on 
the liver. While providing needle guidance under real-time feedback, there are no 
devices providing multi-needle planning functionality together with ultrasound-
based needle navigation. To our knowledge, there are no reports on the usage of 
ultrasound-fusion and navigation devices in the setting of pancreatic IRE.
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5. Computer-assisted pancreas navigation

Existing computer-assisted navigation solutions address the needs of the pan-
creatic MDs to some extent, yet there remains room for improvement. The applica-
tion of IRE as a treatment for pancreatic cancer bears additional challenges, which 
are partially covered by existing solutions:

• The IRE needle configuration is dependent on the tumor size. The optimal 
spacing between two IRE probes shall be situated between 1.5 and 2.5 cm to 
achieve a successful treatment outcome [23].

• Multiple structures at risk surrounding the pancreas require the probes to be 
planned and placed according to safety criteria to reduce insertion related 
complications [22, 25].

• The flexible IRE needles increase the risk of deformation during the insertion 
process.

• A homogeneous ablation field along the active zone of the IRE needles is 
dependent on the parallelism of the inserted needles [46].

Low usage numbers of stereotactic needle guidance in the pancreatic use case 
highlights that not all problems have yet been addressed to support the complete 
perioperative procedure. A study recently published by He et al. [47] demon-
strated the feasibility of robot-assisted percutaneous IRE treatment of pancreatic 
head cancer in 9 cases. With respect to spatial accuracy, the stereotactic percu-
taneous navigation outperformed the stereotactic laparoscopic navigation in 
existing reporting. Therefore, stereotactic percutaneous needle guidance can be 
seen as the foundation to achieve reliable and reproducible navigation results. 
Yet, it only constructs one part of a dedicated computer-assisted pancreatic IRE 
workflow.

5.1 IRE planning tool

Preoperative image data are essential to generate a safe and feasible ablation plan 
with an optimal needle configuration to treat the tumor. We developed a dedicated 
preoperative planning tool, which makes use of CT/MRI image data in combination 
with 3D reconstructions to simulate IRE needle configurations. The tool allows the 
MD to define target and entry positions on multiplanar reconstructions (MPR) of 
the tomographic images with the possibility to select different needle configura-
tions (layout and spacing). Under consideration of IRE-related constraints (spacing 
and parallelism), the trajectories can be optimized to cover the region of interest. 
The segmentations are conducted by a radiologist using dedicated software and can 
be tailored upon the type of intervention. Unlike for the open approach, preopera-
tive segmentations for a percutaneous approach could include structures like the 
stomach, colon, or liver as well. This information is beneficial for the determination 
of the access window and to evaluate risk structures in the vicinity of the needles.

The planning tool was evaluated in the course of a clinical study of IRE in a 
laparotomy setting at the local hospital (Inselspital, Bern, Switzerland). Figure 6  
demonstrates the application of the planning tool to 1 out of 10 cases. During the 
surgery, the decision was to place the needles according to plan # 1 as the superior 
mesenteric vein was not mobilizable enough to obtain a window for the inferior 
right needle in #2. The 3D planning tool proved beneficial in both the preoperative 
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as well as intraoperative phase as it increased the MDs spatial understanding during 
the generation of the ablation plan.

5.2 Aiming for parallelism

To transfer the predefined ablation plan from theory to practice, a navigation 
system can take remedial action. Visual guidance information provided by the 
navigation system aids the clinician to position the ablation needle relative to the 
defined path. The computer-assisted navigation solutions proved to be advantageous 
for IRE needle guidance in terms of procedural accuracy compared to the manual, 
CT-fluoroscopically guided approach [38, 39]. Whereas these navigation systems 
make use of a mechanical guide, navigation systems such as the IMACTIS® CT 
require the user to actively align and insert the needle. This might cause a challenge 
for less experienced clinicians in needle guidance. We have therefore compared the 
two computer-assisted navigation approaches discussed in Section 4.3 by means of a 
phantom study with a similar setup as in [43]. Firstly, the needle was actively tracked 
(freehand approach), and secondly the mechanical arm (aiming device approach) 
was used. Seven participants were requested to place three needles (17 g, 15 cm) using 
each approach around a tumor encompassing the celiac artery in an artificial, flex-
ible phantom. Three trajectories were predefined on the navigation system and each 
user received an instructional training. The calibration procedure for the freehand 
approach was conducted upfront to minimize the calibration error. The starting 
sequence was randomized, the needle control scan was conducted with a mobile 
C-arm, and the validation again conducted with the CAScination system by means of 
image to image fusion.

The mean lateral error for the aiming-device approach (2.4 ± 0.7 mm) was found 
to be similar compared to the lateral error (2.3 ± 1.3 mm) obtained in [43]. The error 
for the freehand approach resulted in a larger mean error (6.7 ± 1.7 mm) compared 
to the results from [43] (4.2 ± 2.0 mm), which can be explained by the larger group 
of participants with varying experience in manual needle placement. Parallelism of 
the needles for both approaches was calculated according to the method used in [38] 
where an oblique slice was placed at the needle closest to the tumor with the normal 
pointing along the needle direction. Each needle tip was successively projected on the 
plane translated 3 cm from the tip toward the handpiece to calculate the distance to the 
needle center. With a total of 14 samples per approach, the resulting mean Euclidean 
error was significantly lower for the aiming device than for the freehand approach 
(1.5 ± 0.7 mm versus 2.4 ± 1.1 mm) with a p-value of 0.014 (see Figure 7). However, 

Figure 6. 
Preoperative plan on axial plane with segmentation overlay (left). Two IRE configurations with 3D 
reconstructions (middle). Image plane at needle tip in direction of the trajectory to visualize distances between 
the needles in millimeter (right).
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these results should not be compared with the findings by Beyer et al. [38, 39] due to 
the setup of the studies (phantom vs. in vivo), yet their reported decrease of the error 
using the computer-assisted navigation goes along with the findings by our group.

6. Future directions of IRE in pancreatic cancer

Given the severity and decreased overall survival of patients diagnosed with 
locally advanced pancreatic cancer, there is a driving need for treatment alternatives 
to conventional chemo/radiation therapy. The minimally invasive application of IRE 
shows potential regarding an increase of the progression-free survival time and quality 
of life [48]. However, these interventions require highly experienced medical profes-
sionals as needles need to be navigated close to multiple structures at risk. Computer 
assistance plays a major role in all types of procedures where spatial accuracy needs 
to be delivered in order to achieve a successful treatment outcome. As mentioned in 
Morris et al. [22] there is a need for multicenter, randomized, prospective trials to 
determine the efficacy of IRE treatment in the pancreatic use case. To conduct IRE 
treatments on the pancreas, computer assistance holds the potential to standardize the 
workflow and to enable highly accurate needle placement independent on outstanding 
multidisciplinary skills, which are typically found in high expert centers.

6.1 Patient screening

The evaluation of suitable patients for IRE is a crucial step to achieve a positive 
treatment outcome. The Miami Protocol lists patients’ criteria including among oth-
ers the performance status, lesion size, and access path [24]. An important criterion 
is stated by the access path, which requires an excellent radiological understanding 

Figure 7. 
Comparison of aiming device versus freehand for a specific participant. The top row visualizes the calculation 
of the Euclidean error between the aiming device (A) and freehand (B) approach. Volume rendering from 
control CT of aiming device (C) and freehand (D) guidance highlights the bending of the needle in the 
freehand approach.
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due to the difficulty of planning multiple trajectories solely on tomographic images. 
This coincides with the opinions of the MDs who consider conventional 2D plan-
ning to be insufficient. A dedicated planning tool would enhance the preoperative 
procedure as multiple access paths can be planned relative to the patient’s anatomy 
and structures at risk better identified. This requires precise anatomical segmenta-
tions from the radiological department, which is, especially for the pancreatic use 
case, a time-consuming task.

6.2 Artificial intelligence-driven segmentation

To plan multiple trajectories, especially in a percutaneous fashion, multiple 
organs surrounding the pancreas need to be considered. To obtain a good spatial 
understanding of the acquired tomographic images, 3D representations from the 
structures of interest help in the decision-making process. Where time may be 
sufficiently available in the preoperative phase, it is a valuable asset during the 
intraoperative phase. Therefore, a compromise between accuracy and processing 
time must be chosen to enable 3D reconstruction from intraoperative tomographic 
images. Deep learning-based segmentation has shown its potential in multiple 
fields including medical imaging tasks [49]. Segmentation of the pancreas is seen 
as a challenging task due to the dependency on good delineation of the organ to its 
adjacent structures in the abdominal cavity [50]. To segment the complete range of 
structure needed for pancreas IRE planning, Roth et al. [51] describe a multi-scale 
pyramid of 3D fully convolutional network. The reported network was trained 
and validated using 377 clinical CT datasets with annotated organs and vessels. 
The performance of the system was measured by means of the DICE score, which 
represents the similarity between the automatic segmentations from CT images not 
used for training and their manual annotations. The network was able to achieve a 
Dice score close to 90% on average, which holds promising aspects for automatic, 
intraoperative segmentation [51].

6.3 Automatic trajectory optimization

Based on the patient-specific data, automatic trajectories can be computed 
according to permitted access paths while securing a specific distance to structures 
at risk [52]. The optimization for the IRE use case would further depend on the 
needle configuration, interelectrode spacing, and parallelism constraints.

6.4 Ablation zone prediction

The application of IRE lacks the possibility of ablation validation as, in contrast 
to thermal ablation, the ablation zone cannot be monitored in real time. Therefore, 
the clinician must fully rely on the ablation zone prediction from the manufacturer, 
which is based on mathematical and ex vivo models. However, ultrasound elastog-
raphy has shown potential to distinct ablated tissue from normal liver parenchyma 
with respect to tissue stiffness, which peaked 4 hours post-ablation [53]. Based on 
the ultrasound characteristics at 2 hours post-ablation in combination with histo-
pathology findings, Bhutiani et al. [54] have shown the mismatch of current models 
with in vivo-generated ablation volumes in porcine liver and spleen.

6.5 From theory to practice

The placement of needles according to the defined trajectories is seen as a chal-
lenging task, especially for medical professionals who are not versatile in the art of 
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needle insertion. Therefore, navigation solutions are of great interest to empower 
these clinicians to conduct safe procedures with IRE in the pancreas. Needle naviga-
tion by means of software and hardware guidance is best applicable to improve the 
spatial accuracy and to spare structures at risk. Especially the aiming device has 
shown its value in the reduction of needle bending for inexperienced users. Further 
improvement toward parallel insertion of the electrodes is required since this is, 
next to the interelectrode spacing, an important aspect to achieve a homogeneous 
ablation volume.

7. Conclusion

Minimally invasive ablation treatment of locally advanced pancreatic cancer is 
a promising, yet challenging task. The application of the IRE as a treatment addi-
tion to conventional chemotherapy with optional radiotherapy has the potential to 
increase the overall survival, which needs further investigation upon its efficacy 
by means of randomized-controlled, multicenter studies. The percutaneous 
application of IRE demands a sophisticated workflow from preoperative screening 
of suitable patients to intraoperative implementation of the predefined ablation 
plan. Computer-assisted surgery systems can aid the clinician during these steps 
with dedicated software and hardware tools to achieve reproducible and effective 
treatments.
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Abstract

Metastatic and local advanced unresectable pancreatic cancers are lethal 
 conditions that always carry a poor prognosis with rare exceptions. Currently, the 
mainstay of therapy is cytotoxic chemotherapy plus best supportive care. First-line 
therapy for patients with a good performance status includes FOLFIRINOX or 
gemcitabine plus nab-paclitaxel regimens. Patients carrying a deleterious germline 
BRCA mutation can be treated with maintenance olaparib after FOLFIRINOX. 
Patients with a poor performance status, but still fit enough for chemotherapy, 
may be treated with single agent gemcitabine. Second-line therapy will depend 
on previous therapy and current performance status. Options for patients treated 
with gemcitabine-based regimens are 5-fluorouracil plus leucovorin plus either 
nanoliposomal irinotecan, irinotecan or oxaliplatin. Patients that were treated with 
first line FOLFIRINOX may benefit from a gemcitabine-based chemotherapy, but 
evidence from randomized trials is lacking. Other options like immunotherapy and 
targeted therapies yield benefit only in very selected cases, and it is still an area of 
research.

Keywords: metastatic pancreatic cancer, unresectable pancreatic cancer, 
local advanced pancreatic cancer, FOLFIRINOX, nab-paclitaxel, gemcitabine, 
nanoliposomal irinotecan, olaparib, BRCA pancreatic cancer

1. Introduction

Advanced exocrine pancreatic cancer (PC) is one of the most lethal malignan-
cies among all types of solid tumors. According to data from United States of 
America (USA) registries, 29% of the patients will debut with locally advanced 
disease, and 53% will have metastases at diagnosis [1]. Even in the cases when 
resection is feasible, long-term survival rates are among 3.9 and 9.3%, meanwhile 
5 years-overall survival for stage IV is lesser than 3% [1, 2]. The late stage at 
presentation and the particular microenvironment characterized by predominant 
desmoplastic tissue and immunosuppressive cells explain why PC poses such a 
challenge [3].

Historically, median overall survival (mOS) for advanced stages was around 
6 months when the patient was treated with gemcitabine or gemcitabine-based 
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combinations but new chemotherapy regimens and better understanding of the 
tumor biology has led to improved, yet still poor, survival [4].

Unlike other cancers, target therapy has yielded only modest benefit in PC. 
There are only two targeted agents than historically have got approval for metastatic 
or unresectable PC: erlotinib and olaparib. Erlotinib, a tyrosine kinase inhibitor 
(TKi) targeting the epidermal grow factor receptor (EGFR), in combination with 
gemcitabine, when compared with gemcitabine alone, showed a statistically signifi-
cant, but clinically modest benefit in OS [5]. Just recently, the US Food and Drug 
Administration (FDA) approved the PARP inhibitor olaparib for PC in patients 
with deleterious or suspected deleterious germline BRCA mutations [6], which are 
present only in approximately 5% of pancreatic cancer patients.

Immunotherapy has showed great advances in melanoma and lung cancer 
among others, has not yield any promising results in PC. The site agnostic FDA 
approval for checkpoint inhibitors for mismatch repair deficient tumors (dMMR) 
or tumors with high microsatellite instability (MSI-H) has modest impact in PC [7], 
given that those abnormalities are infrequent in pancreatic adenocarcinoma.

Current research is looking for development of new drugs with different mecha-
nisms of action in order to overcome chemotherapy resistance wishing to improve 
survival and quality of life in advanced PC patients.

Considering that pancreatic cancer is mainly a systemic disease we have focused 
this chapter in systemic treatments addressed to unrecoverable patients and we will 
not refer here to local treatments such as radiation therapy or chemoradiation that 
can be curative in a very small amount of patients but that do not have a real impact 
in survival in the metastatic or micrometastatic scenario.

2.  First steps: chemotherapy development in metastatic or unresectable 
pancreatic adenocarcinoma

Earlier tested in gastric cancer by the Southwest Oncology Group the combina-
tion of 5-Fluoruracil, Adriamycin and Mitomycin C (FAM) was later assessed 
in advanced PC patients and published in 1980. Smith et al. reported a 37% of 
partial responses (PR) and 11% of stable disease (SD) among 27 patients that were 
treated with this regimen and had measurable disease, with a median duration 
of response (mDOR) of 9 months. Patients with better performance status were 
more likely to response (55%) and patients with Performance Status (PS)2–3 
only achieved a 29% of response rate (RR) (p < 0.15). Median OS was higher 
in patients that responded (12 months) when compared with nonresponders 
(3.5 months) (p < 0.01). Myelosuppression was the most relevant toxicity 
reported in this trial [8].

In 1985, a multicenter phase 3 clinical trial that compared 5-Fluoruracil 
(5FU) alone or in combination with Adriamycin (FA) or in combination with 
Adriamycin plus Mitomycin C (FAM) in treating advanced pancreatic and gastric 
carcinoma was published. This trial that included 144 PC patients from 11 centers 
of the United States with advanced or metastatic adenocarcinoma of the pan-
creas, did not show any benefit of both combination arms when compared with 
5-FU alone in terms of median OS, median time to progression (TTP), objective 
response rate (ORR) and parameters of palliation, however, the reported hema-
tological and nonhematological toxicities were higher in the FA and FAM arms 
when compared with 5 FU alone [9]. This clinical trial led to a decreasing use of 
FAM regimen and for the increasing need to look for new treatments for these 
population of patients.
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3. Gemcitabine: a new era for pancreatic cancer

One decade later, gemcitabine, a nucleoside analogue that exhibits antitumor 
activity, started to show promising results in PC patients.

Conducted as a phase 2 trial by former concepts, Casper et al. reported their 
experience of treating 44 PC patients, all of them with confirmed adenocarcinoma, 
not amenable to curative surgical treatment, performance status 0–1, and measur-
able disease (32 patients with metastatic disease and 12 patients with local advanced 
PC). The initial dose of gemcitabine was 800 mg/m2 weekly for 3 weeks and 1 week 
off. Thirty-five patients received two or more cycles of Gemcitabine. Median TTP 
was 16 weeks. Five patients (11%) achieved a major response according to the radio-
logical criteria used in the trial, the median duration of response for those patients 
was 13 months but only 5.6 months for all the treated population. Reported one-
year survival was 23%. Most of the patients presented mild toxicity to gemcitabine 
including hematological, cutaneous toxicity, alopecia, nausea, vomiting and 
diarrhea. Some of these patients were treated with increasing doses of Gemcitabine, 
1000 mg/m2 then 1250 mg/m2 and 2 patients up to 1500 mg/m2; however, those last 
patients needed a reduction of their doses due to flu-like syndrome [4].

In a phase 3 randomized clinical trial Gemcitabine was compared head to head 
with 5 FU. This study included 126 patients from Canada and the United States 
with locally-advanced-unresectable or metastatic PC. Despite the known limited 
benefit of 5-FU in PC the investigators that designed the trial decided to use it 
as control arm instead of a placebo arm. The primary end point for this trial was 
“Clinical Benefit” (considering analgesic consumption, pain intensity, performance 
status and weight); secondary end points included response rate, time to disease 
progression and survival. Gemcitabine was given as a 1000 mg/m2 intravenous 
regimen weekly for 7 weeks and 1 week of rest, followed by 1000 mg/m2 weekly 
during 3 weeks with 1 week of rest during the rest of the treatment. 5-FU was given 
weekly in a fixed dose of 600 mg/m2 intravenously. Primary end point was met, and 
this resulted in a positive trial achieving a clinical benefit of 23.8% in the gem-
citabine arm and only 4.8% in the 5 FU arm. Median OS and TTP were 5.6 months 
and 9 weeks for gemcitabine arm versus 4.4 months and 4 weeks for 5FU arm, 
reported 12-months survival was 18 and 2% for gemcitabine and 5FU respectively 
(p = 0.0025). Among gemcitabine treated patients only a 5.4% achieved a radio-
logical response but none from the 5 FU arm did, 39 and 19% of SD was reported 
for both arms. When compared responders versus nonresponder median OS was 
10.7 months versus 4.8 months regardless of the treatment arm. Grade 3–4 neutro-
penia was higher in the gemcitabine arm (25.9% versus 4.9% for 5-FU, p < 0.001), 
No severe infections were reported in either arms but grade 3 and 4 anemia was 
9.7% in gemcitabine arm and 0% in 5 FU arm, grade 1–2 fever was higher in gem-
citabine arm 30.1% versus 16% for 5-FU, rashes 23.8 versus 12.9%, grade 3–4 nausea 
vomiting 9.5 and 3.2% versus 4.8 and 0% respectively. For both arms there were 
no survivors after 19 months since starting treatment [10]. This trial led to FDA 
to approve Gemcitabine as a first line of treatment for unresectable or metastatic 
pancreatic cancer in 1996.

Due to the positive results of gemcitabine in patients with advanced PC many 
combinations of gemcitabine-based treatments were tested looking to improve OS 
and progression free survival (PFS), most of them did not show improvement in 
overall survival as shown in HU’s meta-analysis [11]: gemcitabine—5-FU combi-
nation (conducted by J. D. Berlin); gemcitabine—irinotecan combination (trials 
conducted by G. Rocha Lima and by G.P. Stathopoulos); gemcitabine—oxaliplatin 
(trials conducted by C. Louvet and by E. Poplin); gemcitabine—pemetrexed 
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(conducted by H Oettle); gemcitabine—exatecan (conducted by G. Abou-Alfa); 
gemcitabine—cisplatin (trials conducted by V. Heinemann and by G. Colucci); 
gemcitabine—capecitabine (conducted by D. Cunningham); gemcitabine—beva-
cizumab (conducted by H. Kindler); gemcitabine—cetuximab (conducted by P. 
Philip); gemcitabine—axitinib (conducted by H. Kindler). Gemcitabine—sorafenib 
combination also resulted in negative trials in terms of overall survival [12].

Despite those several negative clinical trials, a meta-analysis conducted by Ciliberto 
aimed to evaluate the role of gemcitabine-based combination therapy when compared 
with gemcitabine alone. Including more than 10.600 patients from 34 randomized 
trials, the combination treatments showed marginal superiority in terms of survival, 
overall response, and disease control rate but with higher toxicity rates mainly diar-
rhea, nausea, neutropenia, thrombocytopenia. One of the interpretations of the 
authors was that combination regimens gemcitabine-based should be reserved only for 
well selected patient populations [13]. In an Asiatic population study, a 3-arms clinical 
trial was conducted to compare gemcitabine alone, gemcitabine plus S-1 combination 
or S-1 alone in local advanced and in metastatic pancreatic patients. The combination 
arm did not show superiority when compared with gemcitabine alone, however, S-1 
showed noninferiority against gemcitabine with a good tolerability profile [14].

From PC biopsies Fjallskog et al. found and reported that 55% of tumor samples 
studied stained positive for Epidermal Growth Factor Receptor (EGFR) [15]. In 
a murine model of pancreatic adenocarcinoma adding erlotinib highly inhibited 
gemcitabine-induced MAP kinase signaling regardless of the activation of KRAS 
by maintaining high levels of ERBB2 protein [16]. A multicenter phase 3 double 
blind international trial assessed gemcitabine plus erlotinib combination versus 
gemcitabine plus placebo [5]. About 569 patients with unresectable or metastatic 
adenocarcinoma of the pancreas, ECOG 0–2 were randomized in a 1:1 ratio to 
receive either gemcitabine alone or gemcitabine plus erlotinib. Gemcitabine was 
given intravenously 1000 mg/m2 weekly for 7 weeks and 1 week off, then 1000 mg/
m2 weekly for 3 weeks and 1 week off during the next cycles (28 days cycle). 
Erlotinib was orally given in a 100 mg dose and increased to 150 mg in a Canadian 
cohort. The primary end point was OS, secondary end points included PFS, ORR, 
duration of response, correlation of EGFR expression with outcomes, quality of life 
and toxicity. Reported median survival and one-year survival were 6.24 months 
and 23% for the gemcitabine—erlotinib arm versus 5.9 months and 17% for the 
gemcitabine-placebo arm. PFS was improved in the combination arm. Despite these 
positive results in statistical terms, the clinical value was marginal and the reported 
toxicity significantly higher in the combination arm, including 6 deaths protocol-
related all of them in patients in the gemcitabine-erlotinib arm including interstitial 
pneumonitis, sepsis, stroke and neutropenic sepsis. Immunohistochemical analysis 
and correlation with response did not show any improvement among EGFR positive 
patients. Interestingly, patients that developed skin rash grade 2 or higher lived lon-
ger when compared with whom did not (10.5 months for grade 2 versus 5.8 months 
and 5.3 months for grade 1 and 0 respectively), 1-year survival was 16% for rash 
grade, 0, 9% for rash grade 1 and 43% for rash grade 2 or higher (p < 0.001).

A German trial that compared erlotinib in combination with either capecitabine 
or gemcitabine as the front-line treatment for advanced pancreatic cancer patients 
allowing cross over after failure showed a low toxicity rate for both arms and not 
deaths treatment-related [17].

Despite that gemcitabine-erlotinib combination got FDA approval for metastatic 
or unresectable PC, considering its minimal benefit in terms of survival when com-
pared with gemcitabine alone and also due to the higher toxicity profile of the com-
bination, it is not considered as a “first option of treatment” in advanced pancreatic 
adenocarcinoma patient by different authors and international guidelines [18, 19].
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4.  2020: current first-line options for the treatment of metastatic and 
or unresectable adenocarcinoma of the pancreas and their historical 
development

Based on the knowledge from preclinical assays and clinical studies that had 
showed synergist activity of irinotecan, oxaliplatin and 5-FU combination, a phase 
1 trial assessed a regimen that combined 5-FU, leucovorin. Irinotecan and oxalipla-
tin [20]. This trial included 34 patients with different malignancies, 6 of them with 
pancreatic advanced cancer. Among pancreatic cancer patients one partial response 
and one complete response were achieved. For all the patients treated main grade 
3–4 toxicities included 78% neutropenia (12% febrile neutropenia), 41% asthenia, 
37% peripheral neuropathy, 27% diarrhea and 24% nausea and vomiting, 6% 
thrombocytopenia and 5% anemia. 51% of the patients required granulocyte colony 
stimulating factor (G-CSF).

FOLFIRINOX regimen (oxaliplatin 85 mg/m2 + Irinotecan 180 mg/
m2 + Leucovorin 400 mg/m2 + 5-FU 400 mg/m2 in bolus and 5-FU 2400 mg/m2 in 
46 hours in continuous infusion) every 2 weeks was evaluated in a phase 2 French 
clinical trial that included 46 patients with advanced or metastatic pancreatic 
adenocarcinoma that had not received previous treatment (chemotherapy, radio-
therapy or chemoradiation), with ages between 18 and 70 years, performance status 
0–1, adequate bone marrow function, total bilirubin not superior than 1.5 times the 
upper normal level (UNL), AST – ALT and alkaline phosphatases <3 ULN (5 < ULN 
in patients with liver metastasis) and an adequate renal function were some of the 
selection criteria [21]. Patients with brain or leptomeningeal disease were excluded. 
Primary end point of the trial was response rate end according to former WHO 
criteria; secondary end points included safety, quality of life and clinical benefit 
assessment. Treatment was given until progression of disease or unacceptable toxic-
ity for up to 6 months of chemotherapy in case of benefit. According to protocol 
atropine was allowed to be administered to diminish the risk of severe cholinergic 
syndrome in patients that presented it in a previous cycle. Antiemetic prophylaxis 
treatment was permitted at investigator’s discretion. Loperamide was allowed for 
patients with delayed diarrhea and oral fluroquinolones in case that diarrhea lasted 
more than 2 days. After cycle 1 of treatment G-CSFs were also allowed to be used in 
case of need. The median of age of patients was 56 years, 65% were male and 76% 
stage IV B, doses reductions were indicated in the 14% of the total of cycles for all 
the patients. Most of delays for new cycles were due to hematological toxicities. By 
investigators assessment and after a median follow up of 33 months, the overall 
response rate was 26% (all partial responses) and 39% of patients achieved stable 
disease, the median duration of response was 10.4 months, PFS was 5.6 months, 
median OS was 10.2 months (9.5 months for metastatic patients and 15.7 months 
for locally advanced disease), 1-year survival was 43%. Grade 3–4 neutropenia 
occurred in the 52% of patients but only 4% of febrile neutropenia was reported, 
8% of treated patients need hospitalization due to diarrhea, grade 3 and 4 vomiting 
was 20 and 17%, grade 3 and 4 asthenia was 20 and 21%, grade 2 and 3 peripheral 
neuropathy was 13 and 15% respectively and 7 patients were discontinued of 
treatment for this last toxicity. Concerning quality of life 18% of patients reported 
worsening and 37% reported improvement in quality of life.

By those days, the standard of care for advanced PC gemcitabine was compared 
head to head against FOLFIRINOX regimen in a first line of treatment, multicenter 
phase 2–3 clinical trial designed by the same French group [22]. About 342 patients 
were randomized in a 1:1 ratio to receive either FOLFIRINOX every 2 weeks at the 
same doses than in the phase 2 trial or gemcitabine that was given intravenously 
1000 mg/m2 weekly during 7 weeks and 1 week off, then 1000 mg/m2 weekly 
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during 3 weeks and 1 week of rest. Main inclusion criteria were age 18 years or 
older, histologically or cytologically confirmed adenocarcinoma of the pancreas, 
measurable disease, ECOG 0–1 and adequate hepatic, renal and bone marrow func-
tion. Exclusion criteria included but were not limited to an age older than 76 years, 
previous radiotherapy for measurable lesions, brain metastases and others.

OS was the primary end point of this trial. Secondary end points included 
PFS, tumor response, safety and quality of life. The median number of cycles 
was 10 for FOLFIRINOX arm (range 1–47) and 6 for Gemcitabine (range 1–26) 
(p < 0.001). With a median follow up of 26 months median OS was 11.1 months 
for FOLFIRINOX arm and 6.8 months for Gemcitabine arm (HR 0.57; p < 0.001). 
Reported survival rates at 6–12-18 months were 57.6–20.6% and 6% for gemcitabine 
arm and 75.9, 48.4, 18.6% for FOLFIRINOX arm. According to RECIST criteria 
there was a 31.6% of responses among the FOLFIRINOX treated patients includ-
ing 1 complete response but also 38.6% of stable disease as the best response. For 
the gemcitabine arm it was reported a 41.5% of stable disease and only a 9.4% of 
partial responses. Median PFS was 6.4 months and 3.3 months for FOLFIRINOX 
and Gemcitabine arms respectively (HR 0.47; p < 0.001). Patients that received 
a second line of therapy had a median OS de 4.4 months in each group since new 
treatment started. Grade 3 and 4 toxicities were more frequent in the FOLFIRINOX 
arm including neutropenia, febrile neutropenia, thrombocytopenia, diarrhea, 
peripheral neuropathy and also grade 2 alopecia. ALT elevations were significatively 
higher among gemcitabine treated patients. 42% of the FOLFIRINOX-treated 
patients required G-CSF but only 5% of the patients of the gemcitabine arm. At a 
6 months period 66% of gemcitabine treated patients and 31% in the FOLFIRINOX 
arm had a decrease in the scores of quality of life (HR 0.47; p < 0.01). Later reports 
from the same group remarked about the risk of worsening in quality of life among 
patients treated with FOLFIRINOX regimen when compared with gemcitabine-
treated patients [23].

Based on the results of this French trial, FOLFIRINOX has shown to be superior 
in terms of OS, PFS and ORR, and it is currently worldwide accepted as a first line 
option of treatment for patients with advanced PC, however, it is necessary to 
remember that this regimen was approved in patients younger of 76 years old and it 
was assessed only in French population.

Some authors have reported their experiences in patients using some modi-
fications of the FOLFIRINOX regimen (known as modified FOLFIRINOX or 
mFOLFIRINOX). Considering a significant dispersion of results among them, some 
retrospective analysis and meta- analysis showed similar results in terms of sur-
vival but with less toxicity when compared with the results from the pivotal study 
mentioned above [24]. Avoiding 5-FU bolus and using hematopoietic growth fac-
tors also seems to be safe in mFOLFIRINOX regimen when it is used in metastatic 
pancreatic cancer [25].

Before FOLFIRINOX was recognized as the first option of treatment for 
advanced disease the standard of treatment was gemcitabine. Gemcitabine has 
lower efficacy but a better toxicity profile when compared with FOLFIRINOX and it 
can still be used in the first line of treatment among patients that are not amenable 
to receive FOLFIRINOX or gemcitabine-nab paclitaxel combination. Nab-paclitaxel 
is a derivate, solvent-free, albumin bound form of paclitaxel with some relevant 
advantages over paclitaxel including a significant lower hypersensitivity reac-
tions profile and a shorter infusion time. Its formulation with albumin also allows 
nab-paclitaxel to reach the tumor microenvironment by using endogenous albumin 
transport pathways [26]. A glycoprotein that has been related in the carcinogenesis 
of several solid tumors, SPARC (secreted protein acidic and rich in cysteine), 
has been found in high levels in the tumor stroma of pancreatic cancer, mainly in 
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peritumoral fibroblasts and it has been linked with bad prognosis. In complete 
resected patients 5-year survival has been reported to be worse among pancreatic 
cancer patients that express stromal SPARC and it might be considered as a prog-
nostic marker [27]. Tumor stroma’s SPARC seems to facilitate that nab-paclitaxel 
penetrates the tumor microenvironment hypothesizing that this drug may have a 
significant potential role in the pancreatic cancer control [28].

As earlier mentioned in this chapter, gemcitabine was combined with several 
other drugs looking to improve survival and quality of life in advanced PC, unfortu-
nately those trials` outcomes were mostly negative. One exception was gemcitabine 
plus Nab-paclitaxel combination that is currently another recommended first-line 
treatment option in the metastatic setting of patients harboring adenocarcinoma 
of the pancreas. Comparing nab-paclitaxel with other chemotherapy agents, there 
is evidence of synergism in a mouse model when gemcitabine was combined with 
nab-paclitaxel by reducing cytidine deaminase levels that involves gemcitabine’s 
metabolism [29].

A phase 1–2 clinical trial was conducted to define the maximum tolerated dose 
(MTD) of gemcitabine plus Nab-paclitaxel combination in previously untreated 
metastatic PC patients. The regimen was then finally defined as gemcitabine 
1000 mg/m2 plus nab paclitaxel 125 mg/m2 weekly for 3 weeks every 28 days. 
Reported dose limiting toxicities were mainly neutropenia and sepsis. Outcomes 
from patients treated with the MTD showed a 1-year survival of 48%, with a 
median OS of 12.2 months and a response rate of 48%. Interestingly, as part of 
this trial FDG PET CT response was also assessed and showed that patients with 
complete metabolic response had a longer overall survival of 20.1 months ver-
sus 10.3 months in patients that did not achieve a metabolic complete response 
(p = 0.01) [30].

Von Hoff et al., following the previous phase 1–2 trial, designed an interna-
tional multicenter open label phase 3 clinical trial to compare gemcitabine plus 
nab-paclitaxel combination with gemcitabine alone in patients with advanced PC 
(MPACT trial) [31]. The study arm used the same doses of gemcitabine and nab-
paclitaxel suggested by the previous phase1–2 trial. The control arm, gemcitabine 
alone was given in a dose of 1000 mg/m2 weekly for 7 weeks in an 8 weeks cycle 
(defines as protocol as cycle 1) and then 1000 mg/m2 weekly for 3 weeks every 
4 weeks. The primary end point was OS and secondary end points included PFS 
and ORR. Inclusion criteria included patients with a confirmed metastatic adeno-
carcinoma of the pancreas with measurable disease by RECIST 1.0, Karnofsky 
score of 70–100, chemotherapy naive (patients that received previous gemcitabine 
or 5-FU as radiosensitizers were allowed to participate in the trial), adequate 
renal, bone marrow and liver function as defined by protocol. Patients that had 
received adjuvant chemotherapy and patients with locally advance disease were 
excluded. Stratification was according to Karfnofsky score, presence or not of liver 
metastases and geographical region. Randomization was performed in a 1:1 ratio 
and the trial included 861 patients (63% from North America, 15% from Eastern 
Europe, 14% from Australia and 9% from western Europe). 10% of patients were 
older than 75 years and 8% of patients had ECOG 2. The primary end point of the 
trial was met, median OS was 8.5 months for the combination arm and 6>7 months 
for the gemcitabine alone group (HR 0.72; p < 0.001). 1 and 2-year survival were 
higher for the gemcitabine plus nab-paclitaxel combination arm (35 and 9%) arm 
when compared with gemcitabine alone (9 and 4%). Patients that underwent a 
second line of treatment lived longer if they had been treated with the combination 
 treatment (9.4 months for gemcitabine-nab paclitaxel versus 6.8 months for gem-
citabine alone, HR 0.68; p < 0.001). PFS, ORR and disease control rate (DCR)  
were also higher in the combination arm: PFS 5.5 months versus 3.7 months  
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(HR 0.69, p < 0.001), ORR 23% versus 7% (p < 0.001) and DCR of-16 weeks-or-
longer 48% versus 33% respectively (p < 0.001). In addition, patients that had a 
decrease in basal CA 19–9 of 90% or more irrespective of the treatment arm live 
longer when compared with patients that reached a decrease of this biomarker lower 
than 90% (13.5 months versus 8.2 months, HR 0.53; p < 0.001). 15% of patients 
from gemcitabine arm and 32% of the combination arm received at least 6 months 
of treatment. Reported grade 3–4 toxicities were higher among gemcitabine-nab 
paclitaxel arm (neutropenia 38 vs. 27%, leukopenia 31 vs. 16%, fatigue 17 vs. 7%, 
peripheral neuropathy 17 vs. 1%, diarrhea 6 vs. 1%). Discontinuation of nab pacli-
taxel due to peripheral neuropathy grade 1–3 was 8% and no grade 4 neuropathy was 
reported. 3% of patients in the combination arm developed febrile neutropenia and 
26% receipted G-CSF versus 1 and 15% for gemcitabine arm respectively. There was 
a 4% of fatal events in each group but sepsis and pneumonitis related deaths were 
more frequent among gemcitabine plus nab paclitaxel treated patients.

Un update of the long-term survival of this trial was later published [32]. The 
median OS for the gemcitabine-nab paclitaxel combination was 8.7 months versus 
6.6 months for the gemcitabine arm (HR 0.72; p < 0.001). Patients that lived 3 years 
or longer was only a 4% and they all had been treated with the combination treat-
ment. Higher CA 19–9 and neutrophil to lymphocyte ratio > 5 were associated 
with worse survival and there was a trend for more benefit in those poor prognosis 
subgroups.

The phase 2 multicenter, international, single arm LAPACT trial was addressed 
to assess the efficacy and safety of gemcitabine plus Nab-paclitaxel combination in 
patients with locally advanced, unresectable nonmetastatic, previously untreated 
pancreatic cancer [33]. Primary end point was time to treatment failure (TTF). 
This study was designed for all the patients to be treated in a “induction phase” 
with gemcitabine 1000 mg/m2 plus nab-paclitaxel 125 mg/m2 weekly for 3 weeks in 
a 28 days cycle for a total of 6 cycles. After this induction period, patients without 
disease progression, by investigator choice, were treated with the same chemo-
therapy regimen or chemoradiation or surgery (patients with responses before this 
6 cycles period could undergo surgery without have to end the complete all pre-
programmed chemotherapy treatment). Only ECOG 0–1 patients were allowed to 
be enrolled. A total of 106 patients were evaluable. Median TTF was 8.6 months and 
PFS 10.2 months. Main reasons for discontinuing treatment were adverse events 
(18%) and progressive disease (7%). Grade 3 or higher toxicity reported included 
42% neutropenia, 11% anemia, 10% fatigue and 4% of peripheral neuropathy. 
Respecting to efficacy to treatment 32.7% of patients had a partial response and 
57.9% stable disease as the best reported response. 43% of patients continue treat-
ment with gemcitabine plus nab paclitaxel after induction treatment, 16% under-
went chemoradiation and 15% of patients underwent surgery (n 16). Of the 16 
patients that underwent surgery, 7 patients achieved a R0 resection and 9 patients a 
R1 resection.

This chemotherapy regimen, gemcitabine plus nab-paclitaxel combination, is 
currently also an option to consider for unresectable patients, with a very low cura-
tive option, in tumors that have a real minor chance to undergo a R0 resection, as it 
has already been already described for FOLFIRINOX and chemoradiation [34, 35].

No phase 3 clinical trial has compared the efficacy of FOLFIRINOX and gem-
citabine plus nab-paclitaxel combination, for this reason selection of patients 
for either treatment must consider the differences between both phase 3 pivotal 
trials. The phase 2 trial LAPACT also provide us some information for unresect-
able patients that underwent gemcitabine- nab paclitaxel treatment looking for a 
neoadjuvant option considering that phase 3 trial MPACT only enrolled metastatic 
patients. MPACT trial allowed the inclusion of patients older than 75 years (10%) 
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and poorer performance status (8% ECOG 2), in the FOLFIRINOX phase 3 trial 
patients older than 75 years were not allowed and ECOG was limited to <2. Despite 
that FOLFIRINOX trial was a multicenter only included French sites, however, 
MPACT included patients from North America, Europe, and Australia.

A systematic meta-analysis aimed to answer if there is superiority of 
FOLFIRINOX or gemcitabine-nab paclitaxel combination in the first line of treat-
ment for metastatic or advanced PC. Based on 16 retrospective studies that included 
2123 gemcitabine plus nab-paclitaxel treated patients and 1690 FOLFIRINOX 
treated patients, no statistical significantly differences were found in terms of 
overall risk of death, PFS and RR. Toxicity was in line of the pivotal trials [36]. 
These results may help to conclude that despite of the numerically superiority in OS 
of the phase 3 FOLFIRINOX trial when it is compared with MPACT trial, and in the 
absence of a comparative head to head phase 3 trial for these 2 regimens, clinicians 
may use any of those according with their experience but also taking account of the 
medical conditions and biography of each patient to be treated.

BRCA 1–2 mutations have been found between the 5% and 12.8% of pancre-
atic cancer patients among different patient populations [6]. In a retrospective 
observational study that analyzed the outcomes in 71 PC patients harboring BRCA 
1–2 germline mutations, OS was statistically higher among stage 3–4 patients that 
were treated with platinum-based chemotherapy when compared with patients 
that did not use platin compounds as part of their treatment (22 versus 9 months, 
p = 0.039) [37].

Recently published, the POLO study (Pancreas Cancer Olaparib Ongoing) was 
a phase 3 multicenter doble blinded in patients with metastatic PC and BRCA1–2 
germline mutations that had received at least 16 weeks of a platinum-based pal-
liative chemotherapy and had no disease progression during the treatment, then 
patients were assigned to receive olaparib (300 mg twice daily) or placebo in a 2:1 
ratio [38]. The primary end point of the trial was PFS by a blinded independent 
central review. 154 patients were randomized (3315 patients screened). 86% of the 
olaparib group and 81% of the placebo group had been treated with FOLFIRINOX 
regimen and 2 and 5% with gemcitabine cisplatin combination, respectively. 
Primary end point, PFS was met showing longer median PFS among patients 
treated with olaparib versus placebo (7.4 versus 3.8 months, HR 0.53, p = 0.004), 
however, no benefit in overall survival was found for 18.9 months in olaparib 
arm and 18.1 months in placebo arm (p = 0.68). 23% of patients olaparib-treated 
had response (including 2 patients that achieved a complete response) vs. 12% in 
the placebo arm by blinded independent central review, with a median duration 
of response of 24.9 versus 3.7 months respectively. Considering that POLO trial 
resulted in a positive trial achieving to meet its primary end point PFS, FDA in 
December 2019 got the approval for the use of olaparib for the maintenance treat-
ment of adult patients with germline BRCA-mutated metastatic adenocarcinoma 
of the pancreas without disease progression on at least 16 weeks of a first-line 
platinum-based chemotherapy regimen such as FOLFIRINOX and cisplatin-based 
chemotherapy. This way, olaparib became the first drug to be approved as a main-
tenance treatment for pancreatic cancer and currently is a new weapon to improve 
PFS among BRCA-mutated PC patients.

5.  Second-line systemic therapy for metastatic or local advanced 
unresectable adenocarcinoma of the pancreas

After progression to a first-line therapy, subsequent treatment will depend 
greatly on the patient performance status and which drugs were or not given before. 
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Other factors to take in account are molecular abnormalities like dMMR/MSI-H or 
mutations that can be targeted (druggable mutations).

Patient that received gemcitabine-based chemotherapy as the first-line therapy 
can be treated with a combination of 5-FU and nanoliposomal irinotecan (nal-IRI). 
The phase III Napoli-1 trial showed an overall survival difference of 1.9 months (6.1 
versus 4.2) when compared with 5-fluorouracil monotherapy (HR 0.67) [39]. 45% 
of the patients had received 5-FU treatment as a previous line, but only 10% of the 
patients had received irinotecan previously. A subgroup analysis showed that the 
benefit was maintained in patients that had received 5-FU but not in those previ-
ously treated with irinotecan. A recent update of this trial showed an estimated 
1-year survival of 26% for nanoliposomal irinotecan plus 5-FU combination versus 
16% for 5 FU alone [40].

Nanoliposomal irinotecan is not yet widely available. Phase two trials have 
shown than irinotecan plus 5-fluorouracil and leucovorin (FOLFIRI) has modest 
activity, but comparable to nal-Iri, in patients previously treated with gemcitabine, 
with an overall response rate of 15% and 35% of stable disease, time to progression 
3.7 months and median OS of 6 months [41, 42]. The 2018 American Society of 
Clinical Oncology (ASCO) guidelines for treatment of metastatic PC endorses the 
use of FOLFIRI in countries were nal-Iri is not available [43].

Oxaliplatin-containing regimens such as FOLFOX or oxaliplatin plus 5-FU have 
yielded mixed results as a second line in this setting, with poor accrual and modest 
benefit. The multicenter German phase III Conko-003 trial compared OFF regi-
men (oxaliplatin, folinic acid and fluorouracil) against fluorouracil and folinic acid 
(FF) in patients that had disease progression after gemcitabine treatment. This trial 
resulted positive in terms of overall survival (median overall survival 5.9 months 
for OFF regimen and 3.3 months for FF regimen, HR 0.66 p = 0.01) and in terms 
of time to progression (2.9 months for OFF and 2.0 months for FF respectively, HR 
0.68, p = 0.19). Reported neurotoxicity grade 1–2 was higher among OFF- treated 
patients (38% versus 7% in FF group) [44]. Conversely, the phase III PANCREOX 
trial failed to show benefit for FOLFOX as second line therapy as compared to 5FU 
single therapy [45]. With those results, oxaliplatin based regimens are less preferred 
than nal-Iri or irinotecan-based regimens, but still an option in patients who cannot 
receive the latter for any circumstances and are still fit and willing to pursue further 
therapy.

When the combination of irinotecan, oxaliplatin, leucovorin and 5FU 
(FOLFIRINOX) regimen is given as a first line therapy, patient in good shape could 
be treated with a gemcitabine-based regimen. Reports have shown feasibility of this 
regimen [46, 47], but there are no phase III trials supporting this recommendation. 
As a result, from first line chemotherapy toxicity and declined performance status, 
it is advisable to use an attenuated regimen in this situation, reducing doses or 
changing schedules to biweekly administration [48].

Patients with poor performance status, but still fit enough and willing to receive 
further therapy, should not receive multiagent regimens. Gemcitabine or 5-FU 
single drug could represent an option for those patients, given the toxicities associ-
ated with more intense regimens and modest benefit.

An analysis that included 1503 patients from 34 trials for the second line of 
treatment for pancreatic cancer showed a median overall survival of 6 months 
among treated patients and 2.8 months for patients that underwent best supportive 
care but no chemotherapy (p = 0.013). Patients treated with either gemcitabine or 
platinum-based chemotherapy showed better outcomes when compared with other 
regimens, reported progression free survival was 4 months versus 1.6 months  
(p 0.059) and reported median overall survival was 6 months versus 5.3 months  
(p = 0.1), respectively [49].
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Immunotherapy may represent an option in a very selected group of patients. 
A phase II trial showed promising activity of pembrolizumab, a PD-1 blocking 
antibody, in gastrointestinal cancers with deficiency of mismatch repair (dMMR) or 
high microsatellite instability (MSI-H) [50]. These finding lead to the site agnostic 
FDA approval for checkpoint inhibitors for dMMR/MSI-H tumors. ASCO 2018 
guidelines for metastatic pancreatic cancer recommends dMMR/MSI-H testing to 
all patients with metastatic PC seeking for second line therapy, although this has 
modest real impact in PC, given that those abnormalities are present in only percent 
less than one percent of the patients [7].

Multiple gene testing with next generation sequencing test can lead to the identi-
fication of potentially target therapy that can be helpful for patients with metastatic 
PC, but there is no trial showing clear benefit of using this strategy. There are 
ongoing randomize trials exploring these options, making it a better option when 
available.

Stromal-depleting agents such as PEGPH20 have shown promising results in a 
phase 2 trial in untreated patients when combining with gemcitabine-Nab-pacli-
taxel in high hyaluronic acid population. These results have not been reproduced 
when PEGPH20 has been combined with FOLFIRINOX [51].

6. Conclusions

Pancreatic cancer is one of the most lethal malignancies among solid tumors 
and unfortunately most of the times it is diagnosed as a metastatic or unresectable 
disease with null chances of cure.

First systemic treatments for advanced pancreatic carcinoma were controversial 
in results and poor outcomes were historically reported.

In the 90’s decade gemcitabine became the standard of care for advanced 
disease, with a mild improve in survival and in response rates. Looking to improve 
survival, response rate and quality of life several gemcitabine-based chemotherapy 
combinations were assessed in clinical trials but most of them failed in their pri-
mary end points. Despite, gemcitabine- erlotinib combination resulted in a positive 
trial in statistical terms when compared with gemcitabine alone, allowing to get 
FDA approval, the clinical significance was poor and currently it is not a recom-
mended treatment as a first option.

No relevant advances were reported until 2011 when a phase 3 French clinical 
trial in advanced PC showed that FOLFIRINOX when compared with gemcitabine 
improved OS and response rate in advanced PC but with higher toxicity. 2 years 
later, in 2013, the publication of another phase clinical trial showed that gem-
citabine plus nab-paclitaxel combination was superior than gemcitabine in terms 
of survival and responses, including patients older than 75 years and with worse 
performance status (0–2) than the French trial (0–1). Nevertheless, no phase 3 
clinical trials have been conducted in order to answer which treatment is better than 
the other. Meta-analysis that have included both treatments show that apparently 
both regimens are similar in efficacy.

A recent publication showed that among BRCA-mutated advanced-PC adding 
olaparib as a maintenance treatment, in patients without disease progression after 
FOLFIRINOX, improves progression free survival but until now no benefit in 
overall survival has been reported.

Second-line therapy will depend on previous therapy and current performance 
status. Options for patients treated with gemcitabine-based regimens are 5-fluo-
rouracil plus leucovorin plus either nanoliposomal irinotecan, irinotecan or oxali-
platin. Patients that were treated with first line FOLFIRINOX may benefit from a 
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gemcitabine-based chemotherapy, but evidence from randomized trials is lacking. 
Other options like immunotherapy and targeted therapies yield benefit only in very 
selected cases, and it is still an area of research.
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Chapter 6

An Overview of Pancreatic 
Neuroendocrine Tumors
Neha Sharma and Deepti Sharma

Abstract

Pancreatic neuroendocrine tumors are a group of endocrine tumors that  
constitute 7% of all pancreatic neoplasms. They can be benign or malignant. Their 
presentation can vary from slow growing, non infiltrative, indolent masses to 
rapidly progressing, highly aggressive, metastasizing tumors. In the past, there 
was paucity of scientific data available about the diagnosis and treatment strategy 
of these neoplasms but in recent years, ongoing research has inferred much data 
regarding classification, prognostic stratification and therapy of pancreatic neuro-
endocrine tumors. In this chapter we will discuss epidemiology, clinical presenta-
tion and classification, diagnosis and management of these tumors. We will also 
deliberate about the latest developments in treatment of pancreatic neuroendocrine 
tumors with focus on recent studies done on this topic.

Keywords: pancreatic neuroendocrine tumors, pancreatic NET, GEP-NET, 
Gastroenteropancreatic tumor

1. Introduction

Neuro-endocrine tumors constitute 0.5% of all malignancies [1]. Gastro-
entero-pancreatic neuro-endocrine tumors (GEP-NET) originate from 
neuro-endocrine cells of the embryological gut and they constitute a group of 
heterogeneous tumors that demonstrate divergent tumor biology, different diag-
nostic behavior, management principles and tumor-patient outcomes [2].

2. Incidence and epidemiology

GEP-NET comprises 2% of all gastrointestinal tumors [3]. Pancreatic neuroen-
docrine tumors (PNETs) are one of the most common neuroendocrine tumors [4]. 
But they are relatively rare tumors and comprise about 7% of all cancers that occur 
in the pancreas [5]. According to The American Cancer Society’s estimates for 2020, 
about 4,032 people in the United States will be diagnosed with pancreatic NET.8

With better imaging modalities coming into play, the incidence of pancreatic 
NETs is increasing over the years as they are often found incidentally when radio-
logical tests such as CT or MRI scans are done for other diseases. There has also 
been increased sensitivity of lab tests that have escalated the ability to distinguish 
these tumors from other malignancies. The increased prevalence over the past few 
decades, is attributed to multifactorial causes mainly as a consequence of increased 
awareness and improved diagnostic technique [6]. It is estimated that nowadays 
almost 50% of PNET diagnoses are incidentalomas [7]. An aging population and 
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heightened awareness of the disease have also contributed to an increase in the 
detection of incidentalomas [8].

Majority of pNET are sporadic, i.e. non inherited while 10–30% pNET are 
associated with a genetic syndrome like multiple endocrine neoplasia (MEN) type 1, 
which is most commonly associated with it [9]. Other rare genetic conditions include 
MEN4, Von Hippel–Lindau disease, neurofibromatosis 1 (von Recklinghausen’s 
syndrome), and tuberous sclerosis, which are linked to genetic type pNET [10].

There is no gender predilection for pNET although some studies have sug-
gested a slight preponderance for men. These tumors can present at any age but the 
incidence of sporadic tumors rises from fifth decade and peaks around 80s [11].

3. Classification and staging

In the past NETs were classified based upon the site of origin in embryological 
gut as foregut, midgut and hindgut tumors. It has been rather challenging to clas-
sify these tumors due to their heterogeneity, difference in their morphology, clinical 
presentation, molecular biology, hormone profile and treatment response.

Clinically these tumors have been classified as functioning and non functioning 
tumors. In 2007 WHO introduced a new classification system for neuroendocrine 
tumors which categorized them according to tumor’s proliferation indices like mitotic 
index or Ki67 score as well differentiated tumors and poorly differentiated carcinomas 
[12]. In 2010 it also included histopathological features as a criteria for classification 
apart from proliferation indices, which lead to revision of the existing guidelines 
and NETs were further divided into three grades based upon ENETS classification 
(Table 1) [14]. Well differentiated tumors comprised of grade 1 and grade 2 NET, 
while poorly differentiated tumors were grade 3 NET also described as neuroendocrine 
carcinoma (NEC). The difference between the two has been illustrated in Table 2 [14].

In 2017, the classification was re-revised to include NET grade1, 2 and 3 in the  
well differentiated category and the poorly differentiated category was NEC grade 3. 
See Table 3 [15].

European neuroendocrine society has also devised a staging for GEP-NET. 
American cancer society has included tumor resectability as classification criteria 
(Figure 1) [17].

Mixed adenoneuroendocrine carcinoma (MANEC) of pancreas are a group of 
extremely rare tumors, with incidence approximately 0.2% and only a few cases are 
reported in literature [18]. They have both adenocarcinoma and neuroendocrine 
components with each component accounting for more than 30% of the tumor [19]. 
Due to rarity of this, tumor the clinical behavior is not studied much. It has been 
proposed that the treatment should depend on the aggressiveness of the cell type 
of the tumor [20]. In various cases studied, surgery has been considered as the first 
line of treatment for resectable tumors. Post operative treatment includes adjuvant 
chemotherapy and/or radiotherapy [21].

Well differentiated net Ki67 index Mitotic index

NET G1 <=2% <2/hpf

NET G2 3–20% 2–20/hpf

Poorly differentiated net

NEC >20% >20/hpf

Table 1. 
Who classification 2010 [13].
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Characteristics NET G3 NEC

Pathological differentiation Well differentiated Poorly differentiated

Ki 67 index >20% (usually 30–55%) >20%(usually 50%)

Mitotic index >20/hpf >20/hpf

necrosis Rare present

Genetic syndrome MEN1, VHL occasionally rare

Functionality occasionally rare

Neuroendocrine marker expression positive weak

Somatostatin receptor scintigraphy uptake strong weak

Loss of ATR x and DAXX protein expression present rare

Abnormal p53, SMAD4 and Rb expression rare present

Response to platinum agents worse better

Prognosis Relatively good poor

Table 2. 
The difference between NET Grade3 and NEC grade3 [15].

Well differentiated net Ki67 index Mitotic index

NET G1 <3% <2/hpf

NET G2 3–20% 2–20/hpf

NET G3 >20% >20/hpf

Poorly differentiated net

NEC >20% >20/hpf

Table 3. 
Who classification 2017 [13].

Figure 1. 
Comparison of TNM classification of pancreatic NENs according to ENETS versus UICC/AJCC (TNM 
classification) [16].
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4. Etiopathogenesis

4.1 Cellular biology of net

As such pNETs were classically thought to arise from pancreatic islet cells or the 
islets of Langerhans, hence the term islet cell tumors was coined [22]. Islet cells are 
the endocrine cells of the pancreas and they constitute 1–2% of total pancreatic 
mass. They are therefore distinct from the exocrine cells, from which pancreatic 
ductal adenocarcinomas arise. They are composed of various cell types and respon-
sible for secretion of hormones like beta cells (insulin), alpha cells (glucagon), delta 
cells (somatostatin), and PP cells (pancreatic polypeptide) [23]. However, current 
theory says that pNETs in fact arise from the APUD (amine precursor uptake and 
decarboxylation) cells [24]. The presence of neurosecretory granules is the char-
acteristic feature of APUD cells and these neurosecretory granules have autocrine, 
paracrine and neuromodulatory functions, in addition to the endocrine property. 
These cells are thought to originate in the embryologic neural crest, but more recent 
research suggests that they originate in the embryologic endoderm [25].

The most common genes involved in pancreatic neuroendocrine tumors are 
mentioned in Table 4.

Other specific genes suggested to be implicated in the etiopathogenesis of NETs 
include BIN1, Serpine 10, BST2, IGFBP3, LCK, MET, fibronectin, PDGF, IGF- 1, fibro-
blast growth factor, TGF-alpha and–beta, EGFR, and stem cell factor receptor [27].

Multiple studies have elucidated the underlying genetic mechanism regarding 
molecular development and progression of these tumors but still much remains 
unexplored in this area. Loss of chromosomes 3q, 6pq, and 10 pq, and gains of 5q, 
12a, 18q, and 20q is associated with malignant behavior in these tumors [28]. In 
tumors less than 2 cm in size, it has been observed that Chromosome 1 and 11q loss 
with gain of 9q is associated with genetic instability [29].

4.2 Olecular pathology of PNET and its role in prognosis

Most recent advancements in assessment of pancreatic NET is the development 
of microRNA profiling which corresponds to various proliferation indices and also 
propensity of tumor to cause local spread and distant metastasis [30]. MicroRNA 
are non-coding RNA sequences having length of 21–25 nucleotides. They regulate 
genes at post translational level [31]. They can act as oncogenes or tumor suppressor 
genes and play a significant role in proliferation of tumors or their dissemination 
[32]. They can act as diagnostic as well as a prognostic marker.

There is very limited data available regarding microRNA profiling of pNET. 
In one large study done on pancreatic NET, 28 different miRs have been shown to 

Gene Prevalence in PNET Prevalence in PDAC

MEN1 44% 0%

ATRX/DAXX 43% 0%

mTOR 15% 0.8%

TP53 3% 85%

KRAS 0% 100%

CDKN2A 0% 25%

TGFBR1/SMAD3/SMAD4 0% 38%

Table 4. 
Common genes in pancreatic neuroendocrine tumors vs. pancreatic adenocarcinoma [26, 27].
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be differentially expressed with 18 of them being higher expressed and 10 lower 
expressed as compared to healthy pancreatic tissue [33]. There is a higher expres-
sion of miR-103, miR-107 and miR-193b and lower expression of let-7 miR and 
miR-155 in pancreatic neuroendocrine neoplasias [34]. Tumor proliferation is 
denoted by expression levels of miR-196a, miR-21 and miR-642 while miR-210 and 
miR-21 seem to correlate with metastatic disease and tumor recurrence is predicted 
by expression of both miR-196a and miR-27b [35, 36].

Circulating tumor cell count also plays an important role in delineating the 
prognostic value of pNETs, especially before and during the treatment. Liquid 
biopsy is emerging as a newer and more profound biomarker test which provides 
valid cytochemical, morphological, pathological and molecular information 
regarding response of anti tumor therapy for pNET [37]. Circulating tumor cells 
(CTC) are shed from the primary or metastatic component of the tumor and they 
are evaluated by liquid biopsy [38]. CTC are considered as prognosticators in many 
solid malignancies but their role in neuroendocrine tumors was highlighted first 
by Khan et al. in 2011 [39] patients with advanced NETs who were starting either 
systemic or local therapy were enrolled. It was found that patients with one or more 
circulating tumor cells (CTC) were more likely to have worse progression free and 
overall survival.

Further placental growth factor (PIGF) is also evaluated as a prospective 
biomarker in NET. pIGF is a derivative of VEGF, which shows increased expression 
in NETs. It was found that PlGF levels were elevated in pNET samples and serum 
as compared to control pancreatic tissue and control serum. It was concluded that 
elevated PIGF levels are seen in pNET and it has also been projected that increase 
PIGF levels correlate with shorter time to progression [40].

5. Clinical presentation

Since non functional pNET represent up to 90% of PanNETs, they present  
with high hormone levels without symptoms. However, upto 60% of these 
patients have a metastatic disease at diagnosis, while 21% present with a locally 
advanced disease [41].

Non specific symptoms of pNET include abdominal pain, weight loss, or mass 
effect related to the pancreatic tumor or to the distant spread. Less frequently it is 
associated with complaints of jaundice, hemorrhage from tumors, and a palpable 
mass. Symptoms often do not appear until metastases develop [42].

Usually endocrine tumors of the pancreas present with typical symptoms due to 
hormonal hypersecretion, such as insulinoma, gastrinoma, VIP-oma, glucagonoma 
and somatostatinoma. In upto 40%-50, cases may present as non-functioning 
tumors or secrete pancreatic polypeptide (PP) and neurotensin [43]. The various 
pancreatic NET subtypes with their incidence, clinical presentation and survival are 
mentioned below (Table 5).

6. Diagnosis

6.1 Biochemical

Chromogranin A is a secretory glycoprotein present in neurosecretory granules 
of pancreatic NET. Majority of pNET show elevated chromogranin A levels. The 
sensitivity depends upon the tumor burden and the levels of chromogranin A 
are directly correlated with the prognosis of the patient. In insulinomas elevated 
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chromogranin A levels are rare. Other serologic markers include neuronal serum 
enolase, human chorionic gonadotropin, and pancreatic polypeptide, which are 
elevated in 20–40% of PNETs. (See Table 6) [52].

When any NET is suspected then fasting gut hormones such as chromogranin 
B, pancreatic polypeptide and urinary 5HIAA (a breakdown product of serotonin) 
are also useful baseline tests. False positive chromogranin A levels are caused due to 
treatment with a proton pump inhibitor, Parkinson’s disease, hypertension, glu-
cocorticoids, renal failure and atrophic gastritis, while various dietary factors and 
drugs can cause an elevated urinary 5HIAA [53].

Additional blood tests for secreted peptides can be useful if a clinical syndrome 
is suspected and calcium, prolactin and parathyroid hormones should be tested in 
possible MEN1 cases. For Nonfunctioning pNETs, pancreatic polypeptide is a useful 
test. For insulinomas the gold standard diagnostic tool is supervised fasting with 
serial blood glucose analysis. Diagnosis requires the fulfillment of Whipple’s triad of 
hypoglycemia, symptoms and correction of symptoms with glucose, in the presence 
of non-suppressed insulin levels. Factitious hypoglycemia due to administration of 
insulin or sulfonylureas must be ruled out [54].

6.2 Radiological

Cross sectional imaging plays an important role in the workup of PNETs by 
characterizing the primary tumor and determining the extent of disease. Location 
of the tumor and its spread can be delineated by the use of multimodality imaging 
which includes computed tomography (CT), MRI and various nuclear medicine 
scans. Endoscopic ultrasound (EUS), digital subtraction angiography and venous 
sampling can also be used [55]. The sensitivity of CT and MRI is more than 80% for 
the detection of PNETs which is more sensitive than an octreotide-based scinti-
graphic scans [56].

EUS acts as an indispensable accompaniment to CT or MRI and has superior 
resolution. For tumors with size as small as 2 mm, EUS shows sensitivity of 
more than 90% and when combined with cross sectional imaging the sensitiv-
ity reaches upto 100%. Addition of EUS is recommended when cross-sectional 
imaging fails to define the pancreatic mass, when the location of primary cannot 
be delineated or biopsy is needed to confirm the diagnosis before commencing 
the treatment [57].

Syndrome Test Result

Gastrinoma Fasting gastrin
Gastrin secretion studies

Raised basal serum gastrin,
High gastric acid secretion

Insulinoma Fasting Insulin, Glucose, C peptide 
(sulfonyl urea screen negative)

Raised fasting insulin/glucose ratio, 
proinsulin or c peptide

Glucagonoma Fasting gut hormones, ski biopsy Raised serum pancreatic glucagons 
and enteroglucagon

VIPoma Fasting gut hormone Raised fasting VIP

Ppoma Fasting gut hormone Raised fasting pancreatic polypeptide

Somatostatinoma Fasting gut hormone Raised fasting somatostatin

All NET Serum chromogranin Raised chromogranin A

Ectopic hormones GHRH, ACTH, HCG-alpha and beta Raised but low incidence

Table 6. 
Biochemical tests for pNET [33, 51].
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Since NETs have high levels of somatostatin receptor 2 (SSTR2) expression, 
Functional imaging comes into play in these tumors. For tumors lacking SSTR2, 
like insulinomas and poorly differentiated tumors, it is less useful [58]. It is used 
to detect primary tumors or metastatic disease which is not readily seen on cross-
sectional imaging. Also, the uptake can predict response to octreotide analogs [59].

Indium-111 (111In) pentetreotide scan (Octreoscan) is a readily available nuclear 
scan that is effective at identifying nonfunctional PNETs, glucagonomas, and 
gastrinomas [60]. Although High-resolution positron emission tomography (PET) 
in combination with CT is superior in detecting small tumors and identifying occult 
metastases as compared to 111In pentetreotide. For identifying well-differentiated 
NETs, Octreoscan appears more sensitive than (18) FDG-PET, whereas (18) FDG-
PET demonstrates superior sensitivity for poorly-differentiated NETs [61].

Somatostatin receptors are overexpressed in a proportion of NETs and 
Somatostatin receptor scintigraphy (SSRS) is useful in detecting these tumors. 
There are five subtypes of SSTR and 80% of pNETs, excluding insulinomas, express 
SSTR-2. Less than half of insulinomas express SSRT-2, therefore Single-photon 
emission computed tomography (SPECT) has sensitivity of 50% when combined 
with SSRS. In gastrinomas, VIPomas, glucagonomas and nonfunctional tumors 
SSRS combined with SPECT has a diagnostic sensitivity of 75% [20].

Currently both 18F-FDG PET/CT and 68Gallium (Ga)-labeled somatostatin 
analog PET/CTs such as 68Ga-DOTATOC or 68Ga-DOTATATE PET/CTs are used. 
FDGPET use is limited to poorly differentiated NETs, as well differentiated NETs 
are not FDG avid. It may also be used to demonstrate aggressive behavior or het-
erogeneity between lesions in a single patient. 68Ga-labeled somatostatin analog 
PETs have been shown to be superior to CT or SSRS in sensitivity and specificity, for 
detecting an unknown primary, staging at diagnosis, and for follow-up [62].

6.3 Histopathology

They can be classified as well differentiated and poorly differentiated NET. the 
major differences are elaborated further (Table 7).

7. DIfferential diagnosis

• Acinar cell carcinoma: It can be differentiated from pNET as it has 
granular PAS positive cytoplasm, BCL10, trypsin, chymotrypsin positive, 
Synaptophysin and chromogranin positivity <25% while pNET is PAS negative, 

Well Differentiated Net [63] Poorly Differentiated Net [64]

• “organoid” arrangements of the tumor cells

• solid, nested, trabecular, or ribbon-like/gyriform, tubulo-
acinar/pseudoglandular and mixed pattern

• Uniform cells with round to oval nuclei, coarsely granular, 
‘salt and pepper’ chromatin

• pale to moderately eosinophilic cytoplasm

• Has neurosecretory granules

• Necrosis absent

• Sheets or nests of atypical cells

• pleomorphic, hyperchromatic nuclei 
and abundant mitotic figures

• ‘Salt and pepper’ appearance of 
chromatin is absent

• Necrosis often present

• small cell (molding nuclei, scant 
cytoplasm) or large cell (abundant 
amphophilic cytoplasm

Table 7. 
Histopathological features of well and poorly differentiated tumors.
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BCL10, trypsin, chymotrypsin negative and Synaptophysin or chromogranin 
positivity over 25% [65].

• Solid-pseudopapillary neoplasm: It has pseudopapillary architecture, 
Chromogranin focal to negative, Galectin 3,Vimentin, CD10, Nuclear 
beta catenin positive while pNET has no pseudopapillary architecture, 
Chromogranin strongly positive, Galectin 3,Vimentin, CD10, Nuclear beta 
catenin negative [65].

• Pancreatoblastoma: It shows Trypsin, chymotrypsin positive, Chromogranin, 
synaptophysin scattered positive, Islet polypeptide markers negative or very 
focal while Trypsin, chymotrypsin negative, Chromogranin or synaptophysin 
widespread staining, Islet polypeptide markers frequently positive in pNET [65]

Insulinoma [27]: the differential diagnosis includes conditions with increased 
insulin levels in blood

• Persistent hyperinsulinemic hypoglycemia of infancy (PHHI)

• Sulfonylurea-induced hypoglycemia

• Insulin autoimmune hypoglycemia

• Post-gastric bypass hypoglycemia

• Noninsulinoma pancreatogenous hypoglycemia syndrome (NIPHS)

• Non-islet-cell tumors that secrete insulin-like growth factors (IGF)

• Factitious use of insulin

Glucagonoma [66].

• Acrodermatitis Enteropathica

• Bacteremia

• Cirrhosis

• Non functioning neuroendocrine tumor

• Paraneoplastic Syndromes

• Pediatric Pellagra

• Psoriasis

• Type 1 and 2 Diabetes Mellitus

8. Management

Multidisciplinary teams (MDTs) have an important role in deciding the treat-
ment of these tumors as they are slightly rare.
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Treatment options range from curative surgery to palliation with medical thera-
pies including somatostatin analogs, chemotherapy and targeted treatments [67].

Conservative management is indicated for incidentalomas, i.e. the tumors which 
are small, non functional and asymptomatic [68]. Although it is a controversy 
whether small nonfunctional tumors of under 2 cm should be resected, when they 
are likely to have less metastatic potential, but a more aggressive surgical approach 
is recommended for tumors over 2 cm [69].

8.1 Surgery

Surgery is the only curative treatment option and should be considered in all 
patients with localized disease as it not only cures the mass related symptoms but 
also the hormone related effects. Such patients should have their surgery carried out 
at specialist hepatopancreatobiliary centers. Surgery can be done for curative treat-
ment like radical excision or palliative treatment that aims for symptomatic relief. It 
can also be used for surgical treatment of complications. The 5-year overall survival 
rate of resected PNETs is significantly greater than unresected ones, ranging from 
77% to 46% [70]. Unfortunately, pancreatic surgery shows significant mortality, 
ranging from 1% to 10% [71] and morbidity. The perioperative and long-term 
complications include diabetes, pancreatic exocrine impairment in up to 50–60% 
patients, even in high volume centers [72, 73].

Careful observation and wait and watch policy can be employed for small non 
functioning pNET which helps in not only avoiding the pancreatic surgery but also 
helps curb the operation related complications, as most of the small NF-PanNETs 
are indolent despite a chance of 10% of nodal involvement [74, 75].

According to the updated ENET guidelines patients having NF-PanNETs ≤2 cm 
can be safely managed conservatively.

Indications of non operative approach:

• the presence of G1-low G2 tumor

• Tumor localized to pancreatic head

• no signs of malignancy at imaging.

In patients with G2 NF-PanNETs greater than or equal to 2 cm, surgery should 
be recommended. Other factors to be taken into consideration include patient’s age, 
comorbidities, surgical risk, the tumor site, and desire for surgical intervention.

In cases of surveillance, EUS and MRI should be mandatory and to be repeated 
every 6 months (12 months if no changes are discovered). If an increase of 0.5 cm 
(or more) in the size of the lesion is seen on the imaging then the patient should be 
reevaluated for surgery [9].

The studies comparing observation with surgery in pNET are as 
follows:(Table 8).

In contrast to the ENETS guidelines, the American National Comprehensive 
Cancer Network (NCCN) guidelines recommend surgery to be done in a pNET 
bigger than 1 cm. Observation is indicated incidentally discovered, low-grade 
NF-PanNETs smaller than 1 cm. Additional factors for conservative management 
include the surgical risk, the tumor site, and the patient comorbidities, especially 
when dealing with small asymptomatic tumor [80]. NCCN states that more aggres-
sive approach (routine surgery) is recommended in tumors greater than 1 cm as 
some small (<2 cm) high-grade tumors demonstrate frankly malignant behavior 
(9% to 39%) [81].
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8.2 Systemic therapy

In patients with resectable PanNETs, surgery with curative intent (that is, R0 or 
margins that are microscopically free of tumor) remains the treatment of choice. 
Unfortunately, as the majority of patients with PanNETs either present with meta-
static disease or have disease recurrence within 2 years of surgery, effective systemic 
therapies are also needed [82].

8.3 Somatostatin analogs

Somatostatin analogs remain the cornerstone in treatment of advanced neuroen-
docrine tumors.

Long acting octrotide, lanreotide which bind both SSTR2 and SSTR5 and pasire-
otide which binds to SSTR1, 3, and 5 are currently approved for clinical use [83].

Trials studying the role of somatostatin analogues (Table 9).

Study No. of patients Protocol Result

Sadot et al. [76] Incidentally 
discovered, sporadic, 
small (<3 cm), stage 
I–II PanNET
464 patients

Observation 
104 patients 
vs. surgery 77 
patients

No diff in os in both groups

Rosenberg et al. [77] Incidentally 
discovered non 
functional pNET

Observation 
15 patients 
vs. surgery 20 
patients

Incidentally discovered NF-PNETs 
<2 cm in size can be observed safely 
with serial imaging.

Regenet et al. [78] 80 patients
Non functional 
pNET

Observation 66 
patients vs. 10 
surgery

Tumor size has great impact on 
malignancy. he cutoff of 2 cm 
of malignancy used for small 
NF-PNETs could be decreased 
to 1.7 cm to select patients more 
accurately.

Zhang et al. [79] Small non 
functioning pNET
249 patients`

Observation 56 
vs. surgery 193

Resection of nonfunctioning PNETs 
over 1.5 cm is independently and 
significantly associated with a 
longer survival

Table 8. 
Studies comparing observation versus surgery in small pNET.

Study No. of patients Protocol Result

PROMID 
TRIAL [84]

85 patients with well-
differentiated NETs

long-acting 
octreotide (n = 42)
vs. placebo (n = 43)

Octreotide LAR 
significantly lengthens 
time to tumor progression 
compared with placebo.
Ttp octreotide 14.3 month 
vs. placebo 6 month

CLARINET 
TRIAL [85]

204 patients with advanced, 
G1/G2 differentiated, 
nonfunctioning, 
somatostatin receptor–
positive NETs

Lanreotide(n = 101) 
vs. placebo(n = 103)

Better PFS with lanreotide
Median PFS 
lanreotide(32.8 month) vs. 
placebo(18 month)

Table 9. 
Studies showing role of somatostatin analogues in pNET.
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The use of pasireotide, a somatostatin analog was evaluated in a phase III 
randomized trial targeting SSTR5, in octreotide-resistant patients. It demonstrated 
no difference in the response rate (RR) compared with long-acting octreotide. The 
trial was stopped prematurely [86].

Chan et al., studied 1022 patients in 18 trials using more than 30 mg octreotide 
or 120 mg lanreotide over 28 days in a meta-analysis in 2017 [87]. Pasireotide 
has shown a more potent antiproliferative effect as compared to octreotide in 
preclinical data from NCI-H727 cells and from pancreatic NET primary cell 
cultures [88].

A similar study conducted by Cives et al. recently showed that pasireotide 
LAR provides better tumor control efficacy (PFS 11 months), when used as 
first-line therapy in patients with advanced NET [89]. Further, in patients with 
functionally active advanced GEP-NETs, pasireotide provided an improved 
tumor control rate at 6 months compared to octreotide [50]. In 160 patients 
with progressive grade 1 through 2 pancreatic NETs, the COOPERATE-2 trial 
tested the combination of everolimus and pasireotide vs. everolimus. It was 
seen that both overall and progression-free survival were similar in both arms 
(16.8 months vs. 16.6 months), although response rates were higher in the 
experimental arm [90].

Study 
Design

No of patients protocol Result

Kulke et al. 
2008 [91]
Phase 2

Out of 109 
patients,

pancreatic 
endocrine tumor, 

n = 66

oral sunitinib ORR) in pancreatic endocrine tumor 
patients was 16.7%

SD68%
MEDIAN PFS 81% (1-year survival)

Raymond 
et al. [92]
Phase 3

171 patients Placebo (n = 85) vs. 
sunitinib(n = 86)

Median PFS was 11.4 months in the 
sunitinib group as compared with 
5.5 months in the placebo group.

objective response rate was 9.3% in 
the sunitinib group versus 0% in the 

placebo group

Yao et al. [93]
Phase 2

200 patients Everolimus(n = 115)
Everolimus 
+ octreotide 
LAR(n = 85)

Median PFS 9.6 months
Median PFS 16.7 mo.

Yao et al. 
[94]
Phase 2

30 patients Everolimus + 
octreotide LAR

Median PFS 12.5 mo.

Yao et al. [95]
Phase 3

410 patients Everolimus (n = 207) 
vs. placebo (n = 203)

Median PFS 11 mo vs. 4.6 mo.

Duran et al. 
[96]
Phase 2

15 patients temsirolimus median TTP 6 months and 1-year OS 
rate 71.5%

Hobday et al. 
[97]
Phase 2

43 patients sorafenib Median PFS 6 month

Phan et al. 
[98]
Phase 2

29 patients Pazopanib + octreotide 
LAR

Median PFS 11.7 months

Table 10. 
Studies showing the role of targeted therapy in treatment of pNET.
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8.4 Targeted therapy

Molecular targeted therapies have emerged as a promising treatment modality 
for patients with well-differentiated PNETs in which disease progression is seen on 
a somatostatin analog or who are on best supportive care. Randomized studies have 
shown an improvement in PFS but not OS. Currently, sunitinib and everolimus are 
approved for use in PNETs (Table 10).

8.5 Cytotoxic chemotherapies

Much of the focus on treatment over the past half century has been on the use of 
conventional cytotoxic agents such as streptozocin [99] and temozolomide [100]. 
Sunitinib and everolimus are approved for use in PNETs (Table 11).

8.6 Peptide receptor radionuclide therapy (PRRT)

Majority of neuroendocrine tumors show increased level expression of soma-
tostatin receptors (SSRs) 2 and 5 on the tumor cell surface and it forms the basis 

Study Design No of patients protocol Result

Broder et al. [63]
Phase 2

52 streptozocin A significant increase in 
1-year survival rate and 

a doubling of median 
survival were shown for the 

responders as compared 
with the nonresponders

Moertel et al. [101]
Phase 3

84 Streptozocin (n = 42) vs. 
streptozocin plus 5FU 

(n = 86)

Median OS was 26.5 months 
in the streptozocin plus 
5FU group as compared 
with 16.5 months in the 

streptozocin group

Moertel et al. [102]
Phase 3

105 Streptozocin/Doxo(n = 38)
Streptozocin +5FU(n = 34)

Chlorozotocin (n = 33)

Median OS 26.4 months
Median OS 16.8 mo.

Median OS 18 mo

Moertel et al. [103]
Phase 2

14 Cisplatin + etoposide

Turner et al. [104]
Phase 2

47 Cisplatin/5-FU/
streptozocin

Ramanathan et al. 
[105]

50 Dacarbazine median OS 19.3 months

Bajetta et al. [106] 27 Capecitabine/oxaliplatin

Kulke et al. [107]
Phase 2

11 Temozolomide/thalidomide Median OS 24 months

Chan et al. [108] 15 Bevacizumab Plus 
Temozolomide

median overall survival was 
41.7 months for pancreatic 

NETs

Chan et al. [109] 43 Temozolamide and 
everolimus

the median progression-
free survival duration was 

15.4 months. Median overall 
survival was not reached

BETTER trial [110] 34 Bevacizumab with 5-FU/
streptozocin

Median PFS 23.7 months
OS rate at 24 months was 

88%.

Table 11. 
Studies showing role of cytotoxic chemotherapy in pNET.



Challenges in Pancreatic Cancer

92

of not only functional imaging but also tumor directed therapies like somatostatin 
analogues [111]. Beyond somatostatin analogues, PRRT, which is described as 
peptide receptor radioligand therapy or targeted radiotherapy using radiolabeled 
somatostatin analogs is emerging as an effective treatment modality in metastatic, 
well-differentiated, grade 1 and 2 GEP-NET [112]. Yttrium, a high-energy β particle 
emitter and Lutetium, a β and γ particle emitter with lower tissue penetration are 
most commonly studied radioligands [113] (Table 12).

131I-metaiodobenzylguanidine (131I-MIBG) therapy has shown promise in 
in MIBG positive metastatic neuroendocrine tumors, in addition to radiolabeled 
somatostatin analogs [121].

The toxicities associated with PRRT include myelosuppression and nephrotoxic-
ity, both of which are reversible, acute pain due to radiation edema and nausea and 
vomiting, associated with the use of amino acids to reduce the risk of nephrotoxic-
ity and very rarely myelodysplastic syndrome.

9. Prognosis

Depends upon Metastatic spread, large tumor size, and hormonal hypersecre-
tion as well as gender, age, and histopathological high-grade, Ki67 (Table 13).

10. Conclusion

Pancreatic neuroendocrine tumors are a distinct group of tumors from other 
pancreatic malignancies. They present with vastly different spectrum of clinical 

Study No. of Patients Radioligand Result

Valkema et al. [114] 58 90Y-DOTATOC PFS 29 months
OS 17 months

Kwekkeboom et al. [115] 310 177Lu-DOTATATE PFS 33 months
OS 46 months

Bushnell et al. [116] 90 90Y-DOTATOC PFS 16 months
OS 27 months

Cwikla et al. [117] 58 90Y-DOTATATE PFS 17 months
OS 22 months

Pfeifer et al. [118] 53 90Y-DOTATOC PFS 29 months
OS - months

Bodei et al. [119] 39 177Lu-DOTATATE PFS 36 months
OS - months

Ezziddin et al. [120] 74 177Lu-DOTATATE PFS 26 months
OS 55 months

Table 12. 
Various retrospective studies have been conducted on PRRT.

SEER Stage 5-year Relative Survival Rate

Localized 93%

Regional 77%

Distant 27%

All SEER stages combined 54%

Table 13. 
5-year relative survival rates for pancreatic NET [8].
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features ranging from asymptomatic incidentalomas to symptoms related to hor-
mone hypersecretion or due to mass effect. Due to rarity of these tumors and as the 
biological potential of these tumors remain unexplored, the management is largely 
consensus based and is still under a lot of research. Although surgery is the main 
modality of treatment but conservative management is also indicated in small non 
functioning tumors. Advanced pNET can be treated with chemotherapy or targeted 
agents. In this context, prospective studies with the creation of a large multi-center 
trials and an international registry are future recommendations.
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