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Preface

Despite the progress in pancreatic cancer (PC) chemo/radiotherapies, immunothera-
pies, and novel targeted therapies, as well as the improvement in its perioperative
management policies, it is still a deadly and challenging catastrophic tumor with a
high mortality rate, even after radical resection. It has a notable bad prognosis in
comparison to other malignant tumors due to its high degree of malignancy, gradual
onset, typical symptoms defect, delayed discovery, difficult anatomical location,
early neural and vascular invasions, early micro-metastatic spread, tumor heteroge-
neities, unique desmoplastic stroma and tumor microenvironment (TME), high rate
of chemo/radiotherapy resistance, lower rate of curative resection, and its tendency
to recur after resection. Globally, PC is the seventh leading cause of cancer-related
mortality.

The most common cancer of the pancreas is pancreatic duct adenocarcinoma
(PDAC), which accounts for more than 90% of all cancers. Both the occurrence

and progression of PDAC come from changes in some genes (i.e., KRAS oncogene
mutational activation, inactivation of tumor suppressor genes (CDKN2A, TP53 and
SMAD4), and/or mutations in other genes involved in the cell cycle and apoptosis).
Other risk factors include lifestyle factors (i.e., tobacco use, alcohol, obesity, diabe-
tes, chronic pancreatitis, etc.) as well as some precancerous lesions (i.e., pancreatic
intraepithelial neoplasia (PanIN), intra-ductal papillary mucinous neoplasm (IPMN),
mucinous cystic neoplasms (MCN), etc.)

Besides PDAC, there are other pathological types of pancreatic cancers, such as acinar
cell carcinoma, small cell carcinoma, cystadenocarcinoma, pancreatoblastoma,
pancreatic neuroendocrine tumor (PNET), and others.

PC can be diagnosed clinically (i.e., jaundice, dark urine, clay stool, abdominal

pain, unexplained weight loss, etc.), by laboratory measures (i.e., carbohydrate
antigen (CA19-9), etc.), by imaging (endoscopic ultrasonography (EUS), abdominal
magnetic resonance imaging (MRI) and/or multi-detector computed tomography
(MDCT) with pancreatic protocols, etc.), and by pathological detection (pancreatic

biopsy).

Understanding tumor pathogenesis at the detailed genetic/epigenetic/metabolic/
molecular levels as well as studying the tumor risk factors and its known precancerous
lesions is required for successful treatment. In addition, early diagnosis and treatment
by a multidisciplinary team of surgeons, gastroenterologists/interventional upper
endoscopists, medical/radiation oncologists, diagnostic/intervention radiologists,
and pathologists at high-volume centers is important for better outcomes. Moreover,
surgical resection with a negative margin (RO) is the only cure for PC.

According to tumor stage; resectable cancers are treated by surgical resection fol-
lowed by adjuvant therapy. On the other hand; borderline resectable tumors are



treated by neoadjuvant therapy followed by surgical resection. However, for patients
with locally advanced or distant metastatic pancreatic cancers, FOLFIRINOX (fluoro-
uracil (5-FU), leucovorin, irinotecan and oxaliplatin) and/or gemcitabine (a nucleo-
tide analogue) plus albumin-bound paclitaxel (nab-paclitaxel) have been approved
for use with high success. Lastly, future targeted therapies depending upon molecular
pathways, tumor gene mutations, and modulation of the tumor microenvironment
(TME) are currently being studied in clinical trials.

This book discusses PC, focusing on its pathogenesis, risk factors, pathology, diag-
nosis, and treatment. It is organized into four sections. The first section includes an
introductory chapter about PC prevention, screening, and detection. The second
section examines the pathogenesis and risk factors of PC. The third section discusses
cancer pathogenesis, pathology, and management. Finally, the fourth section presents
pancreatitis in children.

Overall, the book provides updated knowledge about the pathogenesis, prevention,
screening, detection, and treatment of this catastrophic cancer.

Emad Hamdy Gad, MBChB, MD, MSc, Doctor, Professor, Surgeon
Professor of Hepatobiliary Surgery,

National Liver Institute,

Menoufia University,

Menoufia, Egypt
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Chapter1

Introductory Chapter: Pancreatic
Cancer — How to Prevent, Screen,
and Detect?

Emad Hamdy Gad

1. Introduction

Pancreatic cancer is a very rapidly invasive/metastatic tumor having a poor
response to the standard therapies. It has a very poor prognosis; moreover, pancreatic
ductal adenocarcinoma (PDAC), the most common and aggressive type of pancreatic
cancer (PC), has the lowest 5-year survival rate among all known cancers globally.
This poor prognosis comes from cancer late presentation due to non-specific symp-
toms (i.e., weight loss, abdominal pain, nausea, fatigue) leading to its discovery at
late advanced/metastatic stages (i.e., around 80% of patients have distant metastases
when diagnosed) precluding its effective curative surgical resection resulting in its
catastrophic bad outcome [1]. So, it is fundamental to have new tools for prevention,
screening, and proper early detection of this challenging cancer for improving its
outcome.

PC is classified pathologically into adenocarcinomas (>90%), cystadenocarci-
nomas, mucinous tumors, and lastly, the neuroendocrine tumors (NET) that have
the best prognosis [1]. It can be diagnosed clinically (i.e., jaundice, dark urine,
clay stool, abdominal pain, unexplained weight loss), by laboratory measures
(i.e., carbohydrate antigen (CA19-9)), imaging (endoscopic ultrasonography (EUS),
abdominal magnetic resonance imaging (MRI), and/or multi-detector computed
tomography (MDCT) with pancreatic protocols), and pathological detection
(pancreatic biopsy) [2].

Our book discusses some recent issues related to pancreatic cancer with stress on its
pathogenesis, risk factors, pathology, diagnosis, and treatment, where we sorted it into
four sectors; the first sector includes an introductory chapter about pancreatic cancer
prevention, screening, and detection, the second sector contains pathogenesis and risk
factors of cancer, while the third sector includes cancer pathogenesis, pathology, and
management, and finally, the fourth sector is about miscellaneous pancreatic topics.

This introductory chapter gives some recent hints about the updated data on the
prevention, screening, and detection of this catastrophic cancer.

2. Prevention

PC can be prevented by lifestyle modification and by acting on and modulating
its modifiable risk factors (i.e., smoking, obesity, physical inactivity, diabetes
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mellitus (DM), alcohol abuse) [3, 4]; moreover, it can be prevented by high veg-
etables/fruits/nuts/whole grain diets as well as by low fat/calory diets [5]. Regarding
chemoprevention of PC, metformin is a good example as it acts on different organs/
tissues in diabetic and/or obese patients (i.e., liver, gut, skeletal muscle, fat) lead-
ing to decreased levels of blood glucose, insulin and insulin growth factor (IGF),
reduced food intake, weight loss, as well as changes in the gut microbiome (micro-
biota having a role in PC pathogenesis), as a sequence, leading to prevention of
PDAC development. Furthermore, phytochemicals like curcumin may have a role in
its prevention [6].

3. Screening and surveillance

Selective screening of the non-symptomatic persons at high risk for cancer
pancreas is required for early discovery of the high-grade precancerous lesions (e.g.,
pancreatic intraepithelial neoplasia (PanIN-3) or cystic lesions (intra-ductal papil-
lary mucinous neoplasm (IPMN)/mucinous cystic neoplasm (MCN) with high-grade
dysplasia) or the early stage cancer that can be resected with a high survival rate.
Moreover, screening is associated with better cures/survivals and lower unnecessary/
overtreatments if performed using better diagnostic tools, and through multidisci-
plinary teams qualified in pancreatic surgery, radiology, endoscopy, pathology, as
well as genetics. Also, it has a positive effect on personal quality of life (QOL), cancer
worry, and psychological distress [2, 7, 8].

The high-risk PC patients that should undergo screening are first-degree relatives
(FDRs) of familial pancreatic cancer (FPC)patients, patients with Peutz-Jeghers
syndrome (P]S) or Familial atypical multiple-mole melanoma syndrome (FAMMM)
irrespective of family history of PC, carriers of breast cancer susceptibility (BRCA2,
BRCA1), partner and localizer of BRCA2(PALB2), and ataxia telangiectasia mutated
(ATM) gene mutation with >1 affected FDR, carriers of mismatch repair(MMR) gene
mutation with >1 affected FDR, as well as incidentally discovered pancreatic cystic
lesions [2, 7, 8].

The screening should start at 35-40 years of age in PJS and FAMMM cases,
at 45 years in other detected mutations of hereditary pancreatic cancer (HPC)
syndromes(i.e., mutations of BRCA2, BRCA1, PALB2, ATM genes) and at 50 years of
age or 10 years younger than the earliest age of PC in FPC cases. Moreover, it should
be performed twice a year. EUS + fine needle aspiration cytology/biopsy (FNAC/B)
and MRI/magnetic resonance cholangiopancreatography (MRCP) are the recently
advised initial screening tools. However, other non-common screening tools are
MDCT, positron emission tomography (PET)/CT, and endoscopic retrograde cholan-
giopancreatography (ERCP) + brush cytology. Nevertheless, the previous screening
tools have remarkable false-positive or false-negative results leading to unnecessary or
delayed management, respectively [2, 4, 7].

In addition to the previously mentioned screening tools, there are other promis-
ing tools under investigation (e.g., contrast-enhanced EUS, EUS elastography (tissue
stiffness measurement), CA19-9 + thrombospondin-2 (multifunctional family of
glycoproteins that regulates tumor migration and invasion), circulating tumor DNA,
radiomics (extraction of information from certain medical images by advanced
feature analysis)) [9].
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4. Diagnosis, staging, and early detection of PC

The earlier the diagnosis of PC, the more possibility of well-differentiated,
nodal free, smaller tumors with non-vascular non-neural invasions leading to better
outcomes; so, multiple recent efforts have been made in different directions for get-
ting early diagnostic PC tools; they include serological tests, genetic mutation marker
analysis, DNA/RNA/protein markers, imaging (EUS/CT/MRI/ERCP) tools, diagnos-
tic laparoscopy, as well as histopathological tools [10].

Clinically and according to PC location, it can be manifested by abdominal pain,
back pain, shoulder pain, nausea, vomiting, weight loss, bloating, dyspepsia, dyspha-
gia, bowel habit changes, pruritus, jaundice, steatorrhea, lethargy, new-onset diabe-
tes, and depression. However, cancer patients may be asymptomatic and patients with
pancreatic body/tail cancers may have late presentation [1, 11].

Serologically, a complete blood count and complete metabolic panel (i.e., liver
function tests (LFT), coagulation profile, serum markers, pancreatic juice markers)
are required for serological detection of PC.

CA19-9 is a carbohydrate antigen widely used as a serum biomarker for PC and
it is still the current standard serum tumor marker; however, it has some limitations
(i.e., low sensitivity and specificity, expressed only in individuals with Lewis a+/b- or
Lewis a+/b + genotypes, elevated also in some non-cancerous conditions as pancreati-
tis and in many non-pancreatic malignancies, poor in the screening of symptomatic
patients). Nevertheless, its combination with other serum markers like cell migration-
inducing protein (CEMIP), CA125, carcinoembryonic antigen (CEA), and K-RAS
gene mutation markers may improve its accuracy in diagnosing PC [12, 13].

CA-242 is a sialylated carbohydrate antigen elevated in some tumors like pancre-
atic cancers and its combination with CA19-9 leads to higher sensitivities and speci-
ficities in diagnosing PC. Similarly, other serum markers like hematopoietic growth
factors (HGFs), alcohol dehydrogenase (ADH), tissue polypeptide-specific antigen
(TPS), pancreatic cancer-specific antigen (PAA), D-dimer (DD), fibrinogen (FIB),
and beta 2-microglobulin (beta 2-MG) may be elevated in PC. In addition to the
previous markers, pancreatic juice CEA elevation can detect pancreatic cancer with
acceptable accuracy [11, 12, 14].

Recently, new agents like DNA biomarkers (i.e., mutant TP53/SMAD4 (tumor
suppressor genes)) in pancreatic juice, and circulating-tumor DNA (cell-free
DNA(cfDNA)) in serum), RNA biomarkers(e.g., microRNAs (miRNAs); non-
coding RNA molecules regulating gene expression at mRNA levels either by their
degradation or by translational inhibition), protein markers (osteopontin (OPN)),
circulating tumor cells, exosomes (extracellular vesicle containing cellular con-
stituents such as DNA, RNA, protein, and lipids secreted by all cell types into the
circulation to transport biological components to other cells regulating intercellular
communication), as well as microbiota (living microorganisms that normally inhabit
human bodies mainly gastrointestinal tracts (GITs)) have been developed for the
early detection of PC; however, their sensitivities and specificities remain under
investigations [2].

Cell-free DNAs (cfDNAs) are double-stranded DNA molecules circulating in the
blood. They are released during normal cellular metabolism, apoptosis, or necrosis.
PC patients have a significant level of cfDNA in their blood. The detection of cfDNA
tumor-specific mutations (e.g., KRAS mutation) and/or epigenetic alteration by
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methods such as digital PCR, peptide-nucleic acid clamp PCR, and panel sequencing
in the serum of PC patients is a promising diagnostic tool [15].

Recent rapid diagnostic technologies (e.g., i situ hybridization, oligonucleotide
microarrays, northern blotting with radiolabelled probes, deep/parallel sequencing,
TaqMan assays (qQPCR-based detection of miRNAs)) have been used to perform
miRNA expression profiling for early detection of PC through samples taken from PC
tissues, serum/plasma, and pancreatic juice with high accuracy rate. Moreover, the
increased serum levels of certain miRNAs like miR-16 and miR-196a in combination
with elevated serum CA19-9 have higher accuracy in detecting early PC. On the other
hand; some other miRNAs like miR-1290 have a better diagnostic accuracy of early
PC than CA19-9 [16, 17].

Osteopontin (OPN) is an extracellular matrix protein (ECM) having a role in
cell adhesion, migration, and apoptosis. It is upregulated in PC and linked to cancer
invasiveness and metastasis. Its serum level is elevated in PC with acceptable accu-
racy [15].

Circulating tumor cells (CTCs) are tumor cells that originated from a primary
tumor into circulation. They are involved in the distant metastatic character of the
tumor. They can be used as potential serum biomarkers for PDAC [18].

Exosomes are perfect promising future PC diagnostic tool due to the following:
1—They are produced frequently by PC cells, 2—they can be non-invasively collected
from different body fluids, 3—they can be re-collected over time for monitoring,
4—they are stable, and their contents of proteins and nucleic acids are protected from
destruction by external nucleases and proteases, and 5—they can be detected easily
by sensitive modern technologies. The exosomal glypican-1 (GPC1), zinc transporter
protein (ZIP4), miR-196a, miR-1246, mutant KRAS, and Mutant TP53 are examples
of those exosomal diagnostic biomarkers [19, 20].

The microbiota that normally inhabits human mouth and colon undergo changes
in PDAC; analysis of those microbiotal changes (dysbiosis) as well as their metabo-
lites through salivary and fecal samples can be used as a non-invasive tools for early
detection of PDAC [21].

Abdominal ultrasound (US) can be a tool for the diagnosis of PC patients despite
the difficulty due to the retroperitoneal pancreatic location. Being cost-effective and
non-invasive, US can be used as a screening method for early detection of pancreatic
cancer where the tumor appears as a hypoechoic mass. Moreover, US-guided fine
needle aspiration cytology/biopsy (FNAC/B) and DNA analysis of the lesion can also
be performed [11].

EUS is more accurate in detecting pancreatic tumor shape, morphology, internal
echo, LNs, vascular relations and bile duct changes. Along with MDCT, EUS is consid-
ered excellent tool in preoperative staging of PC. Moreover, EUS-guided FNAC/B can
be done safely, effectively, and easily with higher accuracy in distinguishing benign
from malignant lesions. Furthermore, novel techniques of EUS-FNAC/B, such as
fanning and slow-pull techniques with or without liquid-based cytology, have many
advantages (i.e., higher detection accuracy, getting more material for histological
diagnosis, better detection of KRAS mutation, microRNA profiling) [11, 14, 22].

Accurate tumor diagnosis and staging can be done through angiographic MDCT
with pancreatic protocol with advanced volumetric techniques to detect small lesions,
and to reach the relationship between the tumor and the neighboring vessels (i.e.,
celiac axis and superior mesenteric vessels) [11, 14]. Moreover, in MDCT pancreatic
protocol, the reconstructed slice thickness should be 3 mm without gap with 3D volu-
metric images for vascular assessment. It is done in dual phase pattern: the pancreatic
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parenchymal phase (40 to 50 sec) and the portal venous phase (65 to 70 sec).
Maximal pancreatic parenchyma enhancement and adequate arterial opacification are
obtained in the first phase, while porto-mesentric venous and liver opacifications are
achieved in the other phase [23].

PET is accurate in localizing primary and metastatic lesions depending upon
increased FDG uptake by tumor in comparison with normal tissue. If combined with
CT (PET/CT), the diagnostic accuracy increases. It is recommended in screening of
high-risk patients of pancreatic cancer for detecting extra pancreatic metastases after
the standard screening tools [11, 14].

MRI either gadolinium-enhanced MRI or diffusion-weighted imaging (DWI)-MRI
are similar to helical CT regarding sensitivities and specificities, and in determining
tumor resectability; moreover, the non-invasive MRCP is an excellent delineator of
the pancreatic and biliary ducts [11, 14, 22]. In addition to the previous MRI tools,
PET-MRI is a newer technique providing more information regarding cancer spread
to the main pancreatic duct, collateral veins, superior mesenteric artery, celiac artery,
and the liver [24].

ERCP-guided brushing cytology and aspiration cytology are good diagnostic
tools of PC; furthermore, ERCP-probe-based confocal laser endomicroscopy and
ERCP-guided serial pancreatic juice aspiration cytologic examination (SPACE) have
high sensitivities in detecting malignant pancreaticobiliary strictures and pancreatic
carcinoma in situ (PCIS), respectively [22, 25].

Staging laparoscopy may be needed through a case-by-case basis, especially in
patients with a high suspicious of occult metastatic disease (i.e., body/tail tumors,
large tumors (>3 cm), suspected LN involvement in the image, and a very high CA
19-9 [24]).

Lastly, the pathological diagnosis is required for non-operative non-resectable
cases to draw a suitable treatment plan of chemo/radio/immune therapies. In addi-
tion, it may be required preoperatively to give the proper neo-adjuvant therapies. The
pathological samples may be US, EUS, CT, or laparoscopic guided biopsies (FNAC/B,
true cut biopsy, etc.) taken from the primary lesion, the regional/metastatic LNs, the
metastatic lesion or from ascites [13, 26].

Finally, I think our book will give the readers important knowledge about pancre-
atic cancer.
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Obesity and Pancreatic Cancer:
Its Role in Oncogenesis

Nikitha Vobugari and Kai Sun

Abstract

Incidence rates of pancreatic cancer are increasing worldwide. The lack of screening
tools, late-stage diagnosis, and resistance to chemo and radiation therapies make pancreatic
cancer the fourth leading cancer-related killer. Recently, awareness has increased about
obesity as a strong yet modifiable risk factor for pancreatic cancer. The prevalence of
pancreatic ductal adenocarcinoma (PDAC) was significantly higher among obese patients
with a body mass index of more than 35 who did not undergo bariatric surgery versus
their counterparts. Global obesity rates have increased considerably over the past decades,
especially since the coronavirus pandemic. There is still a lack of understanding of the
mechanisms of obesity-related PDAC. Emerging evidence suggests that chronic inflam-
mation, circulatory lipids, insulin resistance, adipokines and cytokines release, oxidative
stress, and changes in the microbiome associated with obesity are linked to its initiation
and progression. Obesity also potentiates driver mutations, including Kirsten Rat Sarcoma
viral oncogene (Kras) in PDAC. It is also unclear why obese patients have poorer postopera-
tive outcomes than nonobese PDAC patients highlighting the need for better mechanistic
understanding. In this chapter, we aim to provide clinicians and researchers with a compre-
hensive overview of the carcinogenic pathogenesis of obesity in PDAC and its implications
for prevention and treatment.

Keywords: obesity, pancreatic cancer, pancreas, adenocarcinoma, exocrine pancreatic
cancer, pathogenesis

1. Introduction

In the United States (US), pancreatic cancer (PC) continues to have a poor prognosis
due to delayed diagnosis, late-stage disease at the time of diagnosis, and limited treatment
options. Since 2000, annual incidence rates have grown at a 0.6-1% in all races, both
sexes, and age categories, making it the eighth most common cancer in women and the
tenth most common cancer in men [1, 2]. The risk of PC increases with age. The median
age of diagnosis is around 70 years old [3]. Recent incidence trends between 2000 and
2014 show a bimodal age distribution, between 20 and 29 years and >80 years [4]. The
incidence is higher in males than females, with an incidence risk ratio (IRR) of 1.32; >1
for age groups >35. There may be a link between males and environmental risk factors,
such as smoking and alcohol. The incidence (496,000) and deaths (466,000) in 2020
are almost equal [5]. This equal ratio has remained constant since 2010 [6]. PC accounts
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for 8% of all cancer-related deaths in the US and is the third leading cause after lung and
colorectal cancers [7]. In the US, 5-year survival rates for all stages steadily increased
from 0.9% in 1975 to 4.2% in 2011 and 10% between 2010 and 2016. Globally, the 5-year
survival rates have not exceeded 10%), except for surgically resected patients; their 5-year
survival rates increased from 1.5% to 17.5% [8].

The term obesity encompasses excessive fat accumulation that impairs health [9].
Indirect anthropometric measures include body mass index (BMI), waist circumfer-
ence (WC), waist-hip ratio (WHR), and body fat percentage estimated skin foldness;
with the BMI being the easiest and most widely used [10]. BMI > 30 is considered
obese. It is further classified; class 1: 3034, class 2 35-39, and class 3 (morbid or severe
obesity) > 40 [11]. In the US, the age-adjusted prevalence of obesity among adults over
20 years was 41.9% between 2017 and 2020 [12]. There was a significant rise in obesity
prevalence of 30.5% between 1999 and 2000, when the Centers for Disease Control
and Prevention (CDC) first recognized obesity as an epidemic [9, 13]. Adult obesity
prevalence spiked by 3% between March 2020 to March 2021, the first year of the
coronavirus disease 2019 (COVID-19) pandemic, which coincided with higher alcohol
and tobacco use, lower rates in exercise activity due to quarantine, and higher aver-
age sleep duration [14]. Obesity can foster various detrimental health problems and
increase mortality from all causes, including cardiovascular diseases, and cancers. The
estimated prevalence of obesity-associated cancers is 684,000 US annually, including
210,000 among men and 470,000 among women, per CDC data. The evidence of
obesity-associated cancers is consistent with breast cancer in postmenopausal women,
adenocarcinoma of the esophagus, colon, endometrium, gall bladder, gastric, renal
cell, pancreas, thyroid, meningioma, and multiple myeloma [15, 16].

1.1 Obesity and pancreatic cancer risk

Numerous prospective, observational, and epidemiological studies have rec-
ognized obesity as an independent and modifiable risk factor for PC [17-20]. The
incidence and outcomes of PC are both adversely affected by obesity [21, 22].
According to a systematic review and meta-analysis of 23 prospective studies, both
general and abdominal fatness are associated with an increased PC risk with a relative
risk (RR) of 1.1 [95% confidence interval (CI), 1.07-1.14], when stratified by gender
and geographical location [20]. In a 12-year study by a metabolic syndrome and
cancer project, obesity increased the risk of PC by 1.5 in women and no correlation
was found in males [23]. In other studies, a stronger association of obesity to PC risk
is found in men and further higher in smokers [22]. Confounding risk factors such as
smoking and alcohol consumption in males and females may explain the contrasting
findings. Higher WHR is associated with an increase in risk in women, while higher
BMI is associated with an increase in risk in both men and women [17]. Incidence
risk is specifically higher with a BMI > 95th percentile in early adulthood and a gain
of >10 kg/ m? BMI in early adulthood years [24, 25]. Those with a calorie intake at the
highest quartile experienced 70% higher risk than those with the lowest quartile in a
case control study [26]. High BMI and underlying genetic profiles may also contribute
to the elevated average PC risk among African Americans. A 20% higher risk of PC
was found in African Americans than European Americans when adjusted for other
risk factors [8].

PC patients with obesity in all age groups, regardless of disease stage and tumor
resection status, were associated with reduced overall survival of PC with a hazard
ratio 1.26 (95% CI, 0.94-1.69) [22]. The risk of early and elevated PC mortality is
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significantly elevated by central obesity independent of BMI during early adulthood
[21, 27]. People with BMI > 35 have a worse survival rate after surgery for potentially
curable PDAC. According to a retrospective study, patients with a BMI >35 are 12
times more likely to have lymph node metastasis, and their chances of recurrence and
death double, compared with patients with BMI <35 [28]. Considering all of the above
results, it is imperative to understand the underlying pathogenesis and implement
obesity-specific prevention interventions for PDAC.

2. Biologic pathogenesis

The exact biologic interlink between obesity and PC remains unclear. PDAC
represents more than 90% of all PC cases [8, 29]. PDAC develops from various
precursor lesions, including mucinous cystic neoplasms (MCN), intraductal papillary
mucinous neoplasms (IPMN), and pancreatic intraepithelial neoplasms (PanIN).
PanINs are categorized into grades 1-3 which sequentially progress into PDAC.
Several in vitro and in vivo studies are ongoing to decipher the molecular founda-
tion of obesity-associated PDAC. A number of mechanisms are proposed, including,
chronic inflammation, insulin resistance, circulatory lipids, adipokine and cytokine
release, hormonal factors such as elevation of insulin-like growth factor 1 (IGF-1) and
sex hormones, oxidative stress, changes in intestinal microbiome, food carcinogens,
and potentiation by driver mutations. The pathogenesis is further convoluted with
accumulating evidence of influence of variants in genes or genetic mutations in cell
synthesis, metabolism, binding, and signaling [8, 30-32].

2.1 Obesity and potentiation of Kras activity

The activating mutations in the protooncogene Kras are the key driver mutation
among 90% of the PDACs. It is the earliest genetic event in the pathogenesis noted
in PanIN grade 1. In 98% of Kras mutated PDACs, missense mutations occur in
glycine (G)12, G13, or glutamine71 (Q61) regions, that lead to the activation of Kras
permanently [33]. In pancreatic Cre driver mice models, constitutive overexpression
of active Kras G12D was identified as an important step in PanIN development and
carcinogenesis [34]. Kras is found in almost all PDACs, but it is insufficient in devel-
oping PDAC. In mouse models, despite the expression of mutated Kras, mice did not
readily develop into PanINs/PDACs [35]. Additional genetic, epigenetic, and tumor
microenvironment alterations were required in the transformation into PDAC. The
further accumulation of acquired genetic alterations in tumor suppressor genes, such
as CDK2N2A, SMADA4, or TP53 contributed to the inhibition of pancreatic cell death
and tumor transformation [36]. The non-genetic factors or alterations caused by
other environmental factors including chronic inflammation or obesity in the tumor
microenvironment are postulated to be critical steps in early steps of PanIN and pro-
gression into PDAC. Several preclinical studies have also convincingly demonstrated
the accelerated transformation rates of ductal cells into PanIN among engineered
obese mice [32]. In conditional KrasG12D mice model, an elevated risk of PDAC was
observed among high-fat high-calorie-fed obese mice compared to normally fed
non-obese mice, suggesting a synergistic effect of Kras and obesity [37]. Obesity-
associated factors including insulin resistance, inflammation, and gut dysbiosis that
are upstream of Kras enhance the downstream signals creating multi-loop effects
[38]. Some have postulated the obesity-induced activation of signaling molecules
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downstream of Kras, including increased levels of phosphorylated mitogen-activated
protein kinase (MEK) and extracellular signal-regulated kinases (ERK) may also be
contributory [39]. Kras mutations further trigger the progression from PanIN1 to
PanIN2. A positive feedback loop is created, demonstrating obesity and its tumor
environment changes to be a major Kras potentiator, paving a path for prospective
preventive avenues of this dismal cancer [29].

2.2 Adipokines

Adipose tissue (AT) is increasingly recognized as a dynamic hormonal and meta-
bolically active organ that produces biologically active peptides known as adipokines.
Adipocytes are capable of various internal and external cellular interactions which
regulate cellular processes including food intake, insulin sensitivity, inflamma-
tion, and immune responses. Leptin and adiponectin are among the first identified
and highly expressed adipokines; they are known to have opposing functions on
immune cell activation [32, 40]. Other adipokines currently being evaluated include
Lipocalin-2 (LCN-2), fibroblast growth factor (FGF)-21, and wingless-type mouse
mammary tumor virus integration site family member 5A (Wnt5a).

Leptin is positively correlated to obesity. Higher Levels of leptin are found in
women than men irrespective of BMI. Leptin plays a role in appetite control and as
a pro-inflammatory modulator of pancreatic tissue. Hyperleptinemia in obesity is
thought to be secondary to leptin resistance and therefore, the role of leptin in PDAC
development remains controversial [41]. However, in vitro and clinical studies have
demonstrated elevated serum leptin levels were higher among PDAC subjects [42].
Further studies are required to confirm its role and significance in clinical settings.
Adiponectin is inversely correlated to obesity by its active role in insulin regulation,
glucose and fatty acid metabolism, and overall anti-inflammatory properties. The
imbalance created by adiponectin and leptin creates a pro-inflammatory pathway
[40]. Several preclinical studies were consistent with adiponectin’s role in pathogene-
sis however current evidence of adiponectin levels and PDAC is contradictory. Higher
adiponectin levels correlated with lower PDAC in several prospective studies versus
others showed higher levels correlated with increased risk [43, 44]. It is unclear if
this is due to timing of adipokine level checking or if adipokines in pancreatic tumor
environment did not correlate with serum adipokines levels, as opposed to mice stud-
ies where adipokines levels showed a positive correlation.

LCN-2 is a small extracellular protein with several biological functions including
energy metabolism, inflammation, and innate immunity. Adipocytes secrete LCN-2
during metabolic stress and obesity, where LCN-2 acts as a homeostasis regulator.
LCN-2 is implicated in T2DM, chronic pancreatitis, and more recently, in PDAC.

Its role in both pro and anti-tumor effects has been reported. Absence of LCN-2
prevented obesity in high-fat-fed mice and decreases rate of pancreatic fibrosis,
inflammation, and aberrant cell proliferation, proving its inclination toward anti-
tumor activities. There is a need for more clinical studies to evaluate if LCN-2 could
be a potential target in prevention of obesity and early stages of PDAC [45-47].
FGF-21 has recently come into spotlight as a regulator in glucose and lipid metabolism
with the potential to treat obesity. Emerging data on its role in PDAC is underway
[48]. In the presence of Kras oncogenic mutations in obese mice, FGF-21 levels were
found to be significantly reduced and are implicated in the extensive inflammation,
PanINs, and PDAC [49]. The intricate intracellular pathway remains unclear at this
time. A pro-inflammatory adipokine, Wnt5a works in conjunction with secreted

16



Obesity and Pancreatic Cancer: Its Role in Oncogenesis
DOI: http://dx.doi.org/10.5772/intechopen.110216

frizzled-related protein (sfrp)-5 key regulators studied in obesity. Release of Wnt5a
from visceral adipose tissue (VAT) and overexpression of Wnt5a has been reported in
PDAC microenvironment have shown positive correlation to downstream activity of
yes-associated protein (YAP) among Kras independent aggressive squamous subtype
of PDAC which operates via YAP-mediated mechanisms [50]. Further pre-clinical
studies are needed to confirm such an association.

Other AT-derived cytokines include interleukin (IL)-6 and tumor necrosis factor
(TNF)-alpha that is secreted by adipocytes via effect of leptin excess and macro-
phages in the tumor microenvironment plays a role in obesity accentuated chronic
inflammatory process as well [51]. More recently, AT is studied to have effects sys-
temically via soluble mediators released by visceral fat depots and reach pancreatic
microenvironment through systemic circulation by extracellular vesicles produced
by adipocytes which attach to targets on pancreatic cells [52]. It is unknown if these
extracellular vesicles communicate with the precursor PanIN or PDAC cells differ-
ently from normal pancreatic cells.

Expansion and hypertrophy of AT in obesity creates an imbalance in inflammatory
and anti-inflammatory cytokine release, subsequently lead to progression to PanIN
and PDAGC, as described in chronic inflammation section. A differential inflammatory
process is well studied in visceral AT (intrabdominal fat pads, omental, mesenteric)
compared to subcutaneous AT. Adipose hyperplasia is often seen in subcutaneous AT
but is associated with low levels of inflammation and balanced insulin sensitivity. In
contrast, hypertrophy and hyperplasia in visceral AT predominately cause the elevated
pro-inflammatory response which strongly correlates with obesity-induced metabolic
dysfunction and PanIN formation compared to subcutaneous AT [32, 53, 54]. The
synergistic combination of elevated inflammatory response with systemic deposition
of extracellular vesicles in pancreatic microenvironment is a well accepted mechanism
in the pathogenesis of PDAC [54, 55]. While the differences between VAT and sub-
cutaneous AT is well established, recent focus has driven toward intrapancreatic fat
and “fatty pancreas disease” in PDAC carcinogenesis from metanalysis showing 52%
pooled prevalence of intrapancreatic fat among PDAC and premalignant lesions [56].
This creates a platform for combinational effects of VAT expansion and fatty replace-
ment of pancreas. This association remains under investigation and requires attention
to guide future screening models incorporating intra-pancreatic fat measurements. A
need for adequate tools to differentiate normal versus excess pancreatic fat on imaging
remains a challenge.

2.3 Hormonal effects and insulin resistance

A high BMI and obesity are associated with elevated levels of insulin and C pep-
tide levels, leading to hyperglycemia, insulin resistance, and type 2 diabetes mellitus
(T2DM). All have demonstrated a role in the development of PDAC in prospective
studies and meta-analysis [31, 57]. Elevated circulating and intrapancreatic insu-
lin levels cause suppression of circulating insulin growth factor binding proteins
(IGFBP)-1 and 2 and subsequently lead to higher levels of IGF-1. IGF-1 and insulin
bind to IGF receptors (IGF-R) on pancreatic acinar cells and propagate cell prolifera-
tion, apoptosis, and angiogenesis [31, 58]. A crosstalk between insulin and IGF-R and
G protein-coupled receptor (GPCR) signaling converges on the mechanistic target of
rapamycin (mTOR) responsible for cell proliferation. Inhibitory function of metfor-
min on insulin and IGF-R emerged its role in PDAC prevention [59, 60]. This cross-
talk also stimulates YAP and transcriptional coactivator with PDZ binding motif
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(TAZ) which are critical molecules in PDAC [61]. The individual levels of IGF-1, IGF-
2, and IGFBP-3 did not correlate with the risk of PDAC. However, a higher IGF-1/
IGFBP-3 ratio represented increased free IGF-1 which showed a significant positive
trend toward elevated risk of PDAC [62]. At this time, this ratio is not routinely used
as a screening tool and would need further evidence in prospective studies. In obesity,
increased insulin/IGF-1 and gastrointestinal peptides that activate the GPCRs further
cause increased cell proliferation. Finally, elevated levels of glucose and advanced
glycation end products are known to be tumor-promoting factors and important
modulators in metabolic dysfunction and carcinogenesis [63].

Stress adaptiveness of pancreatic cells is another proposed mechanism of tumorigen-
esis by promoting cell growth and resistance to anti-cancer therapies. Recently, stress
granules (SGs) have been described, which are the intracytoplasmic condensations of
proteins and mRNA driven by oxidative stress, hypoxia, endoplasmic reticulum stress,
and osmotic stress. A specific pathway described where IGF1 binds to IGF-R activates
S6 kinase (S6K)-1 subsequently activates serine/ arginine protein kinase (SRPK)-2 and
mediates the formation of IGF-1-driven SGs among obesity-induced PDAC carcinogen-
esis. This pathway of SRPK-2-dependent SGs formation highlights its uniqueness and
context-specific to obesity-related pathway in PDAC however needs further validation.
In addition, mutant Kras upregulates the capacity of PDAC cells to form SGs, further
enhancing resistance to several stimuli and chemotherapeutic agents. However, SGs are
considered to cause PDAC proliferation by Kras independent pathways as well and are
thought to be one of the mechanisms of PDAC resistance to Kras targeted therapy [58].

Elevated estrogen activity was observed as an initiating factor in carcinogenesis.
Leptin plays a role in transcription of aromatase; a key enzyme converts andro-
stenedione and estrone to estrogen. The data on direct activity of these steroids on
androgen and estrogen receptors on pancreatic cells remains unclear in the pathogen-
esis of PDAC but has shown some positive cell proliferation at low levels of estrogen
compared to inhibition of cell proliferation with high doses [64]. However, further
studies have shown mixed expression of estrogen receptors on PDAC cells and unclear
benefits with anti-estrogen therapies and prognosis [64-66].

2.4 Chronic inflammation

Obesity is a chronic subclinical pro-inflammatory state. In general, overnutrition
creates an imbalance between calorie intake and energy expenditure, leading to expan-
sion of AT. AT expansion and imbalance of adipokines leads to reduction of anti-inflam-
matory immune cells such as CD4+ T helper (Th) 2 cells, IL-C2s, Tregs, eosinophils,
type II natural killer (NK) T cells which occur in lean state. On the other end, AT
expansion leads to activation of major histocompatibility complex (MHC) II expression
and myeloid cells and stimulates CD8+ Th 1 inflammatory pathway sequentially activat-
ing interferon (IFN) gamma. This immune activation causes adipocyte apoptosis and
histologic changes including formation of crown-shaped clusters of engulfed macro-
phages which is the signature of AT inflammation [32, 67, 68]. These hypertrophied
adipocytes, lymphocytes, and macrophages in the AT increase the circulatory levels of
cytokines such as TNF-alpha, IL-6, leptin, and adiponectin which promote inflamma-
tion and abnormal cell growth [69]. Chronic inflammation is a key mediator of carcino-
genesis noted in several cancers. Alterations in fibro-inflammatory microenvironment
triggers abnormal cell proliferation, halt apoptosis, activate angiogenesis, migration,
and metastasis [69]. AT can also induce insulin resistance, hyperinsulinemia, hypergly-
cemia, hyperlipidemia, vascular injury which are associated with oxidative stress [30].
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Inflammatory cytokines and oxidative stress mainly activate the nuclear factor-kappa

B (NF-kB) pathway leading to downstream activation of PanIN and PC carcinogenesis
[30, 55]. Therefore, obesity-associated inflammation is a stronger risk factor for PC
than chronic inflammation alone, due to this augmented interplay. Peroxisome prolif-
erator activated receptor-gamma (PPAR-gamma), a NFkB receptor is a key regulator of
pancreatic cell metabolism, cell differentiation, and anti-inflammatory role is currently
being evaluated as a potential target in prevention of PDAC [30].

2.5 Gut and pancreatic microbiome

Alteration of gut microbiota is well studied in obesity-associated metabolic
dysfunction and development of T2DM [70]. Obesity-associated altered gut micro-
biome is implicated in colorectal and hepatocellular carcinoma [71, 72]. Over the
recent years, obesity-associated genetic, environmental, and nutritional factors
have been implicated in the disequilibrium and crosstalks between intrapancreatic,
intratumoral, and gut microbiome and its role in PDAC [55, 73-75]. Akkermansia
muciniphila an intestinal symbiotic bacterium that plays a role in maintaining a func-
tioning gut barrier and its abundance is correlated to a lower incidence of obesity and
other metabolic diseases. Metformin use in preclinical studies showed reduced levels
of Clostridium sensu stricto and elevated levels of Akkermansia bacteria in high-fat-
fed mice, one of the possible benefits of metformin in PDAC prevention, introduced
the possible underlying pathomechanism [76]. These microbiota dysbiosis causes a
release of metabolites (short-chain fatty acids or lipopolysaccharides), activation of
intestinal GPCRs, enabling gut permeability and translocation of bacteria/ bacterial
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Several proposed pathways of PDAC carcinogenesis. Obesity potentiates the Kras pathway via PanIN progression.
Kras further veduces pancreatic FGF-21 increasing cancer propagation. High BMI, insulin vesistance, and a high-
fat diet contribute to increased insulin and visceral and intrapancreatic AT inflammation. AT-derived cytokine
release and VAT stem cell translocation cause chronic pancreatic inflammation, including potentiation of Kras
pathway. Changes in the gut microbiome cause pancreatic microbiome alterations, subsequently activating chronic
inflammation via vecruiting of M1 macrophages. Chronic fibroinflammatory changes lead to PanIN progression
via NFkB pathway. Increased insulin and IGF-1 lead to stress granule formation that contributes to carcinogenesis
via mTOR pathway independent of Kras pathway.
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components leading to a systemic pro inflammatory state [77]. Certain lipopolysac-
charides (LPS) producing bacteria alter the microbial profile in pancreas by reducing
probiotics and butyrate-producing bacteria. LPS acts as a pro-inflammatory pro-
tumor trigger by activating NFkB pathway which subsequently activates cytokines
including IL-6, TNF, and IL-1. LPS excess could further lead to recruitment of
proinflammatory M1-like macrophages, pancreatic fibrosis, chronic inflammation,
and PanIN lesions [68, 74]. A positive feedback loop is initiated by amplification of
Ras activity by NF-KB which triggers further inflammation and initiates a positive
feedback loop found among oncogenic Ras activated mice [74].

2.6 Food carcinogens

Diet consisting of high grilled and fried meats, preservatives, some grains, and
vegetables containing heterocyclic amines, aristolochic acids, polycyclic aromatic
hydrocarbons, pyrrolizidine alkaloids, aflatoxins, acrylamide, N-nitroso compounds,
and benzopyrenes have been positively associated with both obesity and PDAC in
epidemiological studies [78-82]. An increased PC risk has been associated with higher
exposure of these diets; however, evidence of temporal relationship and pathogenesis
remains unclear. More recently, contradictory findings of deep-fried foods inversely
related to risk of PDAC was found in prospective study (Figure 1) [83].

3. Implications in prevention

Epidemiology demonstrates obesity is one of the vital modifiable risk factors
of PDAC [17-19]. Measures to combat obesity is therefore of utmost importance in
prevention of this lethal cancer with delayed diagnosis, aggressive nature, and poor
responses to current treatment options. At the national level, several strategies were
implemented after the recognition of obesity as an epidemic. These include envi-
ronmental changes, increase access to healthy foods, increasing fruit and vegetable
intake, dietary approaches to stop hypertension (DASH) diet, encouraging breast-
feeding, more physical activity for general health and cardiovascular disease preven-
tion, and further focus on its role in PC prevention.

3.1 Calorie restriction

Animal models have shown calorie restriction slowed the PC growth and develop-
ment. In a study using conditional KrasG12D mice, intermittent calorie restriction
and chronic calorie restriction have shown a relatively lower percentage of PanIN3
lesions. Calorie restriction and diet modifications have been proven to reduce inci-
dence of breast and endometrial cancers in observational studies. Efforts to combat
obesity are increasingly identified. The biggest challenge is short-term weight loss
occurs with calorie restriction and a vast majority of people cannot keep up and gain
back the lost weight in the long term [55].

3.2 Bariatric surgery

A significant reduction in risk of PDAC and mortality was found in obese patients
who underwent bariatric surgery consistently among several studies. Of note, 73%
of patients in bariatric surgery arm were female and 79% were younger than 65 years
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of age. Relatively small sample size and short follow-up duration studies were unable
to detect a significant difference in PC risk. Several mechanisms are proposed in its
beneficial role in PDAC. A significant reduction of inflammatory markers (CRP, IL-6)
activated T cells ratio and increased anti-inflammatory regulatory T cells in epididy-
mal adipose tissues was noted as early as 3 weeks post-surgery [84]. Bariatric surgery
significantly improved insulin resistance and improved intestinal microbiota profile
with equal benefits with both Roux-en-Y gastric bypass and vertical banded gastro-
plasty [85]. Bariatric surgery provides a long term and durable weight loss than calorie
restriction. At this time, overall survival rates in PDAC patients who underwent prior
bariatric surgery are unclear.

3.3 Antidiabetic treatments

Metformin is implicated in reduction of PC risk by inhibition of cell growth, pro-
liferation, migration, and cell invasion, however, is still not completely understood
[39, 59-61, 86]. Inhibition of crosstalk of GPCR and insulin/IGFR pathway, activation
of liver kinase B1 (LKB1), repurposing the adenosine monophosphate-activated pro-
tein kinase (AMPK) and ultimately the disruption of downstream mTOR pathway is
a well-accepted mechanism [59, 87]. Metformin also downregulates the expression of
YAP and TAZ in pancreas acinar cells in addition to reduction of insulin/IGF-1 levels
[39, 61]. Mice studies have shown metformin in high-fat-fed mice normalized the
obesity-induced gut dysbiosis and maintained higher levels of Akkermansia related
to Clostridium sensu stricto microbiota which helps in maintaining a functioning gut
barrier [75]. In an epidemiological meta-analysis, metformin reduced the risk to one-
third compared to other diabetic treatments [88]. Metformin has shown significant
survival benefits in patients among T2DM, early stage and resected PCs in contrast to
metastatic stages where the benefits were unclear per a large meta-analysis [89, 90]. It
is proposed that in the later stages, amount of metformin is relatively less in the tumor
cells to show its fullest benefits owing from the observation that metformin showed
increased survival rates among resected advanced-stage PDAC. Overall, current
evidence has not proven metformin-associated survival benefits in PDAC. Given its
well tolerability, a potential beneficial role in chemoprevention is favored rather than
therapeutic setting. Metformin is not currently a part of guideline-based protocols.
Randomized controlled trials are required to explore this further. Recent evidence
has shown synergistic effects of aspirin and metformin in chemoprevention in PDAC
by inhibition of COX and NFKB pathway in addition to mTOR pathway which might
essentially benefit obese population [74, 91].

The idea of use of thiozolidiones and PPAR-gamma agonists navigated its way into
experimental studies of PDAC prevention, as PPAR-gamma a vital regulator in cell
differentiation and inflammation. In vitro studies demonstrated that PPAR-gamma
agonists induce apoptosis, ductal differentiation, reduce cell motility, tissue invasion,
and arrest in GO/G1 phase by PPAR-gamma dependent and independent mechanisms
[92]. PPAR-gamma agonists also alter the total urokinase activity by reducing uroki-
nase plasminogen activator, which is causally involved in PDAC pathogenesis, further
studies are required for its use in therapeutic setting [30].

3.4 Anti-inflammatory agents

Mice studies demonstrated disruption of NFkB-mediated inflammatory pathway
by decreasing the expression of NFkB kinase 2 or Cox-2. Interruption of the positive
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feedback loop by Cox-2 inhibitors is a potential preventive strategy among Ras-mediated
cancers including pancreas, colon, and lung. This paved path for aspirin in PDAC and

a synergistic effect with metformin, especially among obese patients [74]. However, an
earlier prospective study of extended aspirin use showed statistically increased risk of
PDAC among women [93]. Further studies are required for its validation.

3.5 Fibroblast growth factor-21 supplements

Normal pancreatic acinar cells express high levels of adipokine FGF-21 as
described above. Among obese Kras mutated mice, FGF-21 levels were significantly
low. In preclinical studies, FGF-21 injections have shown prevention of extensive
inflammation, PanINs and PDAC among obese mice [48, 49]. FGF-21 might be used
in chemoprevention and treatment of PDAC and requires further preclinical and
clinical studies.

3.6 Beta-blockers and statins

Beta-blockers have come into focus in PDAC chemoprevention by its effects on
downregulation of cAMP-dependent endothelin growth factor (EGF) and vaso
endothelin (VEGF) production. Statins are being evaluated in PDAC prevention by its
effects of inhibition of 3 hydroxy3 methylglutaryl coenzyme A (HMGcoA) reductase
effects on degradation of TP53 and reduced Ras activity. However, these agents have
not been studied in relation to obesity-associated PDAC [86].

3.7 Screening

Currently, no screening guidelines exist for PDAC in high-risk obesity. Computed
tomography (CT) screening was evaluated in T2DM at the time of diagnosis, however,
has not reached evidence of significance. A predefined elevated IGF-1/IGFBP-3 ratio
could be used as a screening tool to identify high-risk obesity patients. It is possible
to identify prediction models based on epigenomic, transcriptomic, and proteomic
approaches for obesity-driven carcinogenesis using appropriate in vitro and in vivo
models that may be used for early detection of PDAC in obese high-risk individuals [29].

4. Implications in treatment

Surgery remains the mainstay for curative intent. However, at presentation, only
15-20% of PDAC are resectable. For locally advanced unresectable and metastatic
PDAC:s, palliative systemic therapy including combinational chemotherapy has shown
improvement in disease-related symptoms and prolonged survival. Genetic testing is
recommended in all newly diagnosed PDAC patients and molecular testing for muta-
tions in metastatic setting. Currently, we have limited treatment options beyond first
line therapies. Treatment choices must be weighed against best supportive care.

4.1 Targeted agents

At this time, there are limited targeted therapy options in PDAC outside of clini-
cal trials. Currently, targeted options are approved for BReast CAncer gene (BRCA)
1/2 mutations (olaparib), Microsatellite Instability (MSI) high (pembrolizumab),
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Neurotrophic tyrosine receptor kinase (NTRK) mutations (entrectinib,
Larotrectinib), and B-Rapidly Accelerated Fibrosarcoma (BRAF) V600E mutations
(Dabrafenib+ Trametinib) [94-98]. Although Kras mutations are major drivers of
PDAC, several decades of research has not been able to find a targeted therapy against
Kras due to its high affinity for GTP activity and absence of an amenable surface
topologic target [33]. As a result, past efforts have mainly focused on indirect strate-
gies to target the downstream signals. Recent success in identifying small molecules
that directly bind to RAS, has fueled hope that RAS may be druggable after all.
Sotorasib, a KrasG12C inhibitor traps Kras in the inactive GDP-bound conformational
state by fitting tightly into a unique phosphate binding pocket and is recently FDA
approved. A phase 1/2 trial, CodeBreak100 (NCT03600883), demonstrated that
8/38 (21%) patients had confirmed partial responses and 32/38 (84%) patients had
disease control in a median follow-up of 16.8 months. Only 1-2% of PDAC patients
have KrasG12C mutations and its inhibitor is clinically meaningful in these cases

[99, 100]. Currently, there are ongoing trials for KrasG12D siRNA-targeted therapies
(NCT03608631). Understanding pathogenesis of obesity-driven PDAC could poten-
tially recognize further therapeutic targets. Several studies in preclinical settings are
ongoing for targeting various steps in the pathogenesis of PDAC. One such example
is blocking the downstream step of SG formation. Hyperactivation of IGF-1/PI3K/
mTOR/S6K1 pathway leads to SRPK2-mediated SG formation, a vital step in obesity-
associated PDAC. S6K1 inhibition selectively attenuates IGF-1-driven SGs formation
and can potentially be a treatment target [58].

4.2 Future perspectives for adjunctive therapies

Strategies for microbiome modification or other options could potentially control
metabolic endotoxemia as an adjunctive treatment of PDAC remains unknown [70].

4.3 Exercise interventions

Individualized exercise interventions are increasingly identified as effective therapy
as an adjunct in PDAC management, improving quality and quantity of life, reducing
treatment side effects, enhancing fitness preoperatively, combating cancer-related
fatigue, and overall psychological health benefits [101-103]. Aerobic and resistance
exercise reduced symptoms of depression and anxiety in all PDAC stages and settings,
in line with other common cancers such as breast cancer [103, 104]. Exercise regimens
tailored to improve skeletal muscle health preoperatively and in neoadjuvant settings
has shown to improve clinical and quality of life outcomes [101, 105]. The feasibility of
multimodal cachexia intervention with resistance training, nutritional supplements,
and anti-inflammatory agents such as celecoxib was tested in PDAC-related cachexia.
These modalities have cleared the safety threshold and compliance goals. Currently,
phase II studies are underway to test the efficacy [106, 107]. A systematic review that
looked at overall exercise effects did not show any adverse effects related to exercise in
PDAC patients. However, limitation includes a smaller sample size and finite data from
case reports/studies. Overall results supported safety and feasibility of exercise train-
ing in PDAC patients [103]. The underlying mechanism of this benefit remains unclear.
Due to the high burden of disease and treatment-related adverse effects, exercise
compliance also is a major challenge for PDAC patients. Individualized regular exercise
regimens and shorter assessment intervals are required to evaluate the short-term
benefits of exercise in a disease which has shorter life expectancy.
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5. Conclusion

Obesity is a major independent and modifiable risk factor of PDAC. The biological
link between obesity and PDAC is complex and convoluted. The interplay is driven
by genetic, hormonal factors, insulin resistance, adipokines, circulating lipids, and
gut microbiome dysbiosis. These findings indicate that there is unlikely to be a single
mechanism to explain obesity-associated PDAC. Awareness and deeper knowledge
could help implement potential preventive measures (diet modifications, exercise,
and bariatric surgeries) and treatment modalities. Prospective trials to evaluate met-
formin in chemoprevention, screening in high-risk obese populations, risk predictive
models, KrasG12D directed therapies, adjunct use of gut microbiota transplantation,
and personalized therapies are some future perspectives.
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Strp-5 secreted frizzled-related protein

VAT visceral adipose tissue

YAP yes-associated protein

IL interleukin

TNF tumor necrosis factor

T2DM type 2 diabetes mellitus
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TAZ PDZ binding motif
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S6K S6 kinase

SRPK serine/arginine protein kinase
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MHC major histocompatibility complex

IFN interferon

NFkB nuclear factor kappa B

PPAR-gamma peroxisome proliferator-activated receptor-gamma
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MSI microsatellite instability

NTRK neurotrophic tyrosine receptor kinase
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Abstract

Pancreatic cancer (PC) is among the most common tumors of the gastro-
intestinal system in the world. In the United States and in other industrialized
countries, it represents the fourth leading cause of cancer-related mortality. The
incidence of PC increases with age and most patients are diagnosed after the age
of 50. The overall prognosis of PC is poor. Most tumors are silent and they often
present when metastatic. Only less than 15% of patients can undergo surgery,
which represents the only potential cure for PC, and less than 10% of patients are
alive after 5 years. In this chapter, we present the epidemiology of PC and its most
common risk factors.

Keywords: pancreatic cancer, risk factors, epidemiology, screening for pancreatic
cancer, nutritional status and pancreatic cancer

1. Introduction

Worldrwide, pancreatic cancer (PC) is the 12th most common cancer [1] and
the fourth leading cause of cancer-related mortality in the United States with
estimated 42,500 new cases and 35,000 deaths each year [2] (Figure 1). The age-
standardized incidence of PC is 4.9 per 100,000 individuals [1] (Figure 2). There
are significant variations in the incidence of PC among different geographical areas
(Figure 3). In high-income countries, the incidence of PC is much higher than
in low-income countries (11 vs. 3 per 100,000 individuals). PC ranks fifth after
colorectal cancer, gastric cancer, hepatic cancer, and esophageal cancer among all
gastrointestinal malignancies [3] (Table 1). Over time, the mortality rate for males
has decreased by 0.4% while the mortality rate for females has increased by 4.4%
[2]. More than 80% of PCs are diagnosed in patients older than 60 and almost
50% have distant metastases at the time of their clinical presentation [3-5]. Men
are more frequently affected than women (Relative Risk (RR) = 1.3) and individu-
als of African American descent are at a higher risk in comparison to Caucasians
(RR =1.5) [3]. Despite some improvements in early diagnosis, surgical therapy,
neoadjuvant therapy, adjuvant therapy and palliative interventions, the overall
survival of patients with PC is still quite poor with only 6-9% of all patients being
alive after 5 years (Figure 4) [6].
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Estimated age-standardized mortality rates (World) in 2020, both sexes, ages 50+
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Figure 1.
Estimated age-standardized mortality rates of the most common types of malignancies in 2020 for patients older
than 50 years in Canada and in the United States (data from the World Health Organization; https://gco.iarcfr/).
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Figure 2.
Age-standardized incidence of pancreatic cancer in the world (4.9 per 100,000 individuals) and in selected
countries with high incidence of the tumor (data from the World Health Organization; https://gco.iavc.fr/).
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Figure 3.
Estimated age-standardized incidence of pancreatic cancer in the world for individuals older than 50 years (data
from the World Health Organization; https://gco.iavc.fr/).
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Type of cancer Total number Crude rate ASR (World) (%)
All cancers 18,094,716 2321 190 100
Breast 2,261,419 58.5 478 12.5
Lung 2,206,771 28.3 24 12.2
Colorectum 1,931,590 24.8 19.5 10.7
Prostate 1,414,259 36 30.7 78

Stomach 1,089,103 14 111 6

Liver 905,677 116 9.5 5

Cervix uteri 604,127 15.6 133 33
Esophagus 604,100 78 6.3 33
Thyroid 586,202 75 6.6 3.2
Bladder 573,278 74 5.6 32
Non-Hodgkin lymphoma 544,352 7 5.8 3

Pancreas 495,773 6.4 49 27
Leukemia 474,519 6.1 54 26
Kidney 431,288 5.5 4.6 24
Corpus uteri 417,367 10.8 8.7 23
Lip and oral cavity 377,713 4.8 41 21
Melanoma of skin 324,635 42 34 1.8
Ovary 313,959 81 6.6 17
Brain and central nervous system 308,102 4 35 17
Larynx 184,615 24 2 1

Multiple myeloma 176,404 2.3 1.8 1

Nasopharynx 133,354 17 15 0.7
Gallbladder 115,949 1.5 1.2 0.6
Oropharynx 98,412 13 11 0.5
Hypopharynx 84,254 11 091 0.5
Hodgkin lymphoma 83,087 11 0.98 0.5
Testis 74,458 1.9 1.8 04
Salivary glands 53,583 0.69 0.57 0.3
Vulva 45,240 12 0.85 03
Penis 36,068 0.92 0.8 0.2
Kaposi sarcoma 34,270 0.44 0.39 0.2
Mesothelioma 30,870 04 0.3 0.2
Vagina 17908 0.46 0.36 01

All ages, crude, and age-standardized rates per 100,000 individuals (data from the World Health Organization; https://
geo.iarvcfr/).

Table1.
Estimated number of patients diagnosed with cancer with exclusion of nonmelanoma skin cancer, worldwide in 2020.
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Figure 4.

Estimated age-standardized mortality rate of pancreatic cancer in different parts of the world for individuals
older than 50 years (data from the World Health Organization; https://gco.iarc.fr/).

2. Risk factors

The strongest risk factor for PC is age. The incidence of PC increases significantly after
the age of 50 and over 80% of PCs are diagnosed in patients older than 60 [7] (Figure5).

Incidence of Pancreatic Cancer in Canada by Age Group per 100,000 Individuals
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Figures.
Incidence of pancreatic cancer in Canada during the period between 2011 and 2013 per 100,000 individuals
stratified by age.
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2.1 Smoking

The risk of PC in smokers ranks second to lung cancer [8] and it is proportionate
to the frequency (>30 cigarettes per day: Odds Ratio (OR) = 1.75), duration (>50 years:
OR =2.13), and cumulative smoking dose (>40 pack/years: OR = 1.78) [9]. A meta-anal-
ysis of 82 studies from 4 continents has shown that cigarette smokers were diagnosed at
significantly younger ages and had a 75% increased risk of developing PC in comparison
to the regular population [10], and the risk persisted for 5 to 15 years after cessation
[11]. In a case—control study of 808 PC patients matched against 808 healthy controls, in
comparison to male counterparts, female smokers were at increased risk of developing
PC as they suffered from a synergistic interaction between cigarette smoking, diabetes
mellitus (OR = 9.3), and family history of PC (OR = 12.8) [12].

2.2 Diabetes

Nearly 80% of PC patients have either frank diabetes or impaired glucose tolerance
at the time of their diagnosis [13]. Diabetes is often found concomitantly or during the
two years preceding the diagnosis of PC [14]. Several studies have assessed the link
between diabetes and PC with conflicting results. A meta-analysis of 11 cohort studies
found that the relative risk for diabetic patients was 2.1 (95% CI 1.6-2.8) in comparison
to nondiabetic individuals [15]. These findings were supported by another cohort
study of 100,000 Danish diabetic patients that found a standardized incidence ratio of
2.1 (95% CI 1.9-2.4) [16]. A large prospective cohort study of 20,475 men and 15,183
women in the United States, has shown that the relative risk of dying from PC adjusted
for age, race, history of cigarette smoking, and body mass index (BMI) was propor-
tionate to the severity of diabetes. The RR was 1.65 for post-load plasma glucose levels
between 6.7 and 8.8 mmol/L, 1.60 for levels between 8.9 and 11.0 mmol/L, and 2.15 for
levels equal or more than 11.1 mmol/L [17]. Diabetes can present as an early manifesta-
tion of PC. Approximately 1% of new onset of diabetes in patients older than 50 is
linked to PC [18]. Despite these findings, there is no evidence that screening patients
for PC when newly diagnosed with diabetes [19] could reduce their mortality risk [5].

It is important to highlight that the link between abnormal glycemia and PC exists
only for type II diabetes. A meta-analysis of 36 studies indicated that the OR of PC
for patients with type II diabetes was 2.1 [20] while there are no reports showing an
association between PC and type I diabetes [21].

Family history of diabetes does not appear to be a risk factor for PC [22]. On the
other hand, a recent prospective study found that women with gestational diabetes
are at a higher risk of developing PC with an estimated relative risk of 7.1 (95%

CI = 2.8-18.0) [23]. Gapstur and colleagues [17] have proposed that high levels of
insulin can cause abnormalities in the regulation of the insulin-like growth factor I
(IGF1) receptor [19] that down-regulates the IGF binding protein 1, (IGFBP1) [20]
causing an increase cell growth in PC cell lines [24, 25].

2.3 Alcohol

The role of alcohol in the predisposition of PC is controversial. Several studies have
shown inconsistent findings due to multiple associations between alcohol consumption
and other confounders such as cigarette smoking, lower socioeconomic status [26],
and history of pancreatitis and diabetes [25]. A recent pooled analysis of 14 cohort
studies with a sample of 862,664 individuals has shown a slight positive association
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between PC and alcohol consumption when larger than 30 gm/day (RR 1.22; 95%
CI 1.03-1.45) [27]. On the other hand, a smaller epidemiological European study of
555 patients did not show any association between PC and alcohol consumption [28].
Yet, there is some evidence that compared with light drinkers, men consuming a large
amount of hard liquor suffered from 62% increased risk of PC (95% CI 1.24-2.10)
[11, 29] but this did not pan out for women and for beer and wine drinkers [29].
Although moderate alcohol consumption is not a risk factor, African Americans
seem to be at a significantly higher risk of developing PC after adjusting for their
drinking habits suggesting that racial differences play a role [30].

2.4 Pancreatitis

Several studies have shown a positive association between PC and history of
pancreatitis. However, the magnitude of this phenomenon remains poorly understood
[31, 32]. An international epidemiological study reported that both genders with
chronic pancreatitis had an increased risk of developing PC independently from the
cause of the disease [32]. A large case—control study indicated that chronic pancre-
atitis lasting more than 7 years was associated with a higher risk of PC (RR = 2.04;
95% CI 1.53-2.72) [33]. A large Italian study from 1983 to 1992 found similar results
reporting that the risk increased after 5 or more years of chronic pancreatitis (RR
in the first 4 years = 2.1, RR after 5 years = 6.9) [29]. These findings have been chal-
lenged by a more recent international study that showed that the risk was significantly
increased only in the early years after the onset of pancreatitis. This observation sug-
gested that pancreatitis might represent a manifestation of PC that becomes apparent
only several years later rather than an independent risk factor for PC.

2.5 Hereditary pancreatitis

Hereditary pancreatitis affects 0.3 per 100,000 [34]. In 1996, it was found that
hereditary pancreatitis was due to an autosomal dominant defect of the cationic tryp-
sinogen gene (PRSS1) in 7q35 chromosome region [35]. Since then, more than 30 dif-
ferent PRSS1 mutations have been identified and reported in a few families. The risk
of developing PC is particularly high for patients affected by hereditary pancreatitis
who are at 53 times higher risk of developing the tumor in comparison to individuals
without history of hereditary pancreatitis [36]. This observation was confirmed by
another study that estimated a 40% cumulative risk of PC in patients with hereditary
pancreatitis by the age of 70 [37]. For patients with paternal inheritance of hereditary
pancreatitis, the cumulative risk of PC was even higher with a risk of up to 75% [37].
Patients with hereditary pancreatitis have high concentrations of cytokines, reactive
oxygen molecules, and pro-inflammatory compounds that can lead to DNA damage,
and despite DNA repair systems, these mechanisms seem responsible for the higher
risk of genetic mutations leading to PC [33, 38].

2.6 Intraductal papillary mucinous neoplasms

The definition of intraductal papillary mucinous neoplasm (IPMN) is applied to a
family of benign pancreatic cysts that can transform into PC [39]. The risk factors and
the true incidence of IPMN are still unclear. These cysts produce mucin and are divided
into two groups: IPMNs that affect the side branches of the pancreatic ducts and IPMN
that affect the main pancreatic duct. Some patients have mixed IPMNs as they have
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cystic lesions in both the side branch and main pancreatic duct. IPMNs are responsible
for 20-30% of PC cases. Current evidence suggests that only IPMNs affecting the main
pancreatic duct are at high risk for malignant transformation. A recent meta-analysis
[39] of 2411 patients with low-risk IPMNs and 825 patients with high-risk IPMNs has
shown that the cumulative incidence of PC was significantly different between the

two groups. For low-risk IPMNs, the cumulative incidence of PC was 0.02% at 1 year,
1.4% at 3 years, 3.1% at 5 years, and 7.7% at 10 years. On the other hand, for high-risk
IPMNSs, the cumulative incidence of PC was 1.9% at 1 year, 5.7% at 3 years, 9.7% at

5 years, and 24.6% at 10 years.

2.7 Genetic predisposition for pancreatic cancer

The presence of genetic predisposing factors for the development of PC has been
an area of intense research during the last few decades. Case reports of families with
multiple members diagnosed with PC suggest that for some patients, PC might be
hereditary [40]. A large population study on twins identified hereditary factors for
prostatic, breast, and colorectal cancers, however, this was not detected for PC [41].
A Canadian study on patients with suspected hereditary cancer syndromes found
that the standardized incidence of PC was 4.5 (CI 0.54-16.) when cancer affected
one 1st degree relative; the standardized incidence increased to 6.4 (CI 1.8-16.4) and
32 (CI110.4-74.7) when two and three 1st degree relatives were affected, respectively
[42]. This translates to an estimated incidence of PC of 41, 58, and 288 per 100,000
individuals, respectively, compared to 9 per 100,000 for the general population [43].

Brentnall et al. [44] and Meckler and colleagues [45] described examples of
autosomal dominant PC in individuals presenting at early age (median age 43 years)
and with high genetic penetrance (more than 80%). A mutation causing a proline
(hydrophobic) to serine (hydrophilic) amino acid change (P239S) within a highly
conserved region of the gene encoding paladin (PALLD) was found in all affected
family members (family X). Another study has shown that the P239S mutation was
only specific for the family X while it was not a common finding in other individuals
with suspected familial PC [46]. Currently, genetic predisposition is thought to be
responsible for 7-10% of all PC [47]. Genetic factors including germline mutations in
pl6/CDKN2A [48], BRCA2 [49-51], and STK 11 [52] genes are thought to increase the
risk of PC. The combination of all these known genetic factors accounts for less than
20% of the familial aggregation of PC, suggesting that other genes play a role in the
development of familial PC.

A systematic review and meta-analysis of studies on familial PC has shown that
individuals with positive family history have nearly two-fold increased risk of devel-
oping PC (RR = 1.80, CI 1.48-2.12) [53]. Therefore, families with two or more cases
may benefit from a comprehensive risk assessment involving collection of detailed
family history information and data regarding other risk factors for PC [54]. A case—
control study of PC in two Canadian provinces (Ontario and Quebec) assessed a total
of 174 PC cases and 136 healthy controls. Information regarding the ages and sites of
cancer was taken in 966 first-degree relatives of PC patients and for 903 first-degree
relatives of the control group. PC was the only malignancy in excess in relatives of
patients with PC, compared to the control group (RR =5, p = 0.01). The lifetime risk
of PC was 4.7% for the first-degree relatives and the risk was 7.2% for relatives of
patients diagnosed before the age of 60 [55].

Besides the isolated aggregation of PC in some families, several other hereditary
disorders predispose the development of PC in known familial cancer conditions [56].
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These include hereditary pancreatitis, Peutz-Jeghers syndrome (STK11 mutation),
familial atypical multiple mole melanoma (FAMMM mutation), familial breast cancer
(BRCA1, BRCA2, PALB2, CDKN2A, ATM mutations) and ovarian cancer, Li-Fraumeni
syndrome (TP53 mutation), Fanconi anemia, ataxia-telangiectasia, familial adeno-
matous polyposis, cystic fibrosis, and possible hereditary nonpolyposis colon cancer
(HNPCC) or Lynch syndrome (MLH1, MSH2, MSH6, PMS2, EPCAM mutations)

(4, 54, 57-59].

2.8 Familial pancreatic cancer registries

As the prognosis of PC is generally poor, there has been a strong interest to detect
genes or other markers that could help identify high-risk patients in early stage.
Although a precise genetic marker for this scope is not currently available, geneti-
cists and epidemiologists have been profiling traits of high-risk families enrolled in
registries established in North America and Europe [60]. Even if there is no standard-
ized definition for familial PC, most authors apply the term to families with at least
two first-degree relatives affected by PC in the absence of other predisposing familial
conditions [60]. The creation of familial PC registries has been used not only for
identification of genetic mutations but also for the screening of high-risk individuals.
In selected centers in North America and Europe, screening programs for high-risk
individuals have been implemented with the use of endoscopic ultrasound and
computed tomography (CT) scan or magnetic resonance imaging (MRI). Such early
diagnosis of PC within a comprehensive screening program is hoped to ultimately
result in improved survival [61]. The discovery of the genetic bases of inherited PC
continues to be an active area of research and in 2001 a multi-center linkage was
formed to conduct studies aimed at the localization and identification of PC suscepti-
bility genes (PACGENE) [62]. The complex nature of pedigree data makes it difficult
to accurately assess risk based upon the simple counting of the number of affected
family members, as it does not adjust for family size, age of onset of PC, and exact
relationship between affected family members. Therefore, computer programs have
been developed to integrate these complex risk factors and pedigree data. In April
2007 the 1st risk prediction tool for PC, PancPro (https://projects.iq.harvard.edu/
bayesmendel/pancpro) was released [63]. This model provides accurate risk assess-
ment for kindreds with familial PC as the receiver operating characteristic (ROC)
curve was 0.75, which is considered good for predictive models.

3. Nutritional status

Several studies have explored the relationship between body mass index (BMI)
lifestyle, diet, and the risk of PC, but uncertainty regarding the strength of this
relationship still exists. A recent case—control study of 841 patients and 754 healthy
controls showed that individuals with BMI of 25-29.9 had an OR of 1.67 (95%

CI = 1.20-2.34) in comparison to obese patients (BMI of >30) who had an OR of

2.58 (95% CI = 1.70-3.90) independently of their diabetes status [64]. The duration
of being overweight was significantly longer among patients with PC than among
controls. Being obese or overweight, particularly in early adulthood, resulted in
earlier onset of PC (age at presentation of PC was 61 years for overweight patients
and 59 years for obese) when compared to the median age of diagnosis being 64 in the
general population [65]. A few studies reported that central weight gain measured by
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Age (more than 60 years)

Smoking:
Diabetes: Type 11
Gestational diabetes
Impaired glucose tolerance
Alcohol:
Pancreatitis:
Acute
Chronic

Genetic predisposition

Family history:

Hereditary disorders:

Hereditary pancreatitis

Puetz-Jeghers syndrome

FAMMM

Familial breast and ovarian cancer

Li-Fraumeni syndrome

Fanconi anemia

Ataxia-telengectasiatelangiectasia

Familial adenomatous polyposis

Cystic fibrosis

HNPCC

Lynch syndrome

Obesity:

Intraductal Papillary Mucinous Neoplasms

FAMMM: familial atypical multiple mole melanoma; HNPCC: hereditary nonpolyposis colon cancer.

Table 2.
Known risk factors for pancreatic cancer.

waist circumference and/or waist-to-hip ratio had a statistically significant increased
risk compared to those with peripheral weight gain (RR = 1.45, 95% CI 1.02-2.07)
[66, 67]. All the known risk factors for PC are summarized in Table 2.

4. Screening for pancreatic cancer

The role of screening for PC is not recommended for asymptomatic average-risk
individuals [68, 69] as it is estimated that it would generate more harm than good.
With an incidence of only 1.6% of individuals developing PC during their lifetime,
Lucas et al. [68] estimated that even with an ideal screening tool with 99% sensitiv-
ity and 99% specificity, 1000 false positive results would be generated when the test
is applied to 100,000 individuals. Current guidelines recommend that only healthy
individuals with at least a 5% or higher risk of developing PC should be considered for

43



Pancreatic Cancer — Updates in Pathogenesis, Diagnosis and Therapies

screening programs [70] at age 50, or 10 years younger than the earliest diagnosis of
PC in the family. These individuals must have two or more blood relatives diagnosed
with PC with at least one affected first-degree relative [70, 71].

Guidelines also recommend that individuals with germline mutations in the genes
listed above should consider screening beginning at age 50, or 10 years younger than
the earliest pancreatic cancer diagnosis in the family, if they have a family history of
PC. Some experts have recommended that all individuals with germline mutations in
STK11 (which causes Peutz-Jeghers syndrome) or CDKN2A (which causes familial
atypical multiple mole melanoma [FAMMM] syndrome), ATM, BRCA1, BRCA2,
CDKN2A, PALB2, PRSS1, STK11, TP53, and the Lynch syndrome mismatch repair
genes undergo screening for PC regardless of their family history. Peutz-Jeghers
syndrome patients are recommended to begin screening at ages 30 to 35. FAMMM
syndrome patients are recommended to begin screening for PC at age 40. Magnetic
resonance imaging (MRI) or endoscopic ultrasound (EUS) is the two radiological
modalities recommended for the screening of patients considered at increased risk of
developing PC.

5. Conclusions

PC is among the most common malignancies of the gastrointestinal system.
Its incidence increases after the age of 50. Most patients diagnosed with PC have
advanced disease at the time of their presentation. Age, cigarette smoking, alcohol
abuse, chronic pancreatitis, and genetic factors are well-known predisposing factors
for PC. Screening protocols for PC in the general population are not recommended
as the incidence of PC is relatively low. The use of screening programs for high-risk
patients is still under investigation.
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Abstract

Despite the progress in pancreatic cancer (PC) chemo/radiotherapies,
immunotherapies, and novel targeted therapies and the improvement in its
peri-operative management policies, it still has a dismal catastrophic prognosis
due to delayed detection, early neural and vascular invasions, early micro-
metastatic spread, tumour heterogeneities, drug resistance either intrinsic or
acquired, unique desmoplastic stroma, and tumour microenvironment (TME).
Understanding tumour pathogenesis at the detailed genetic/epigenetic/metabolic/
molecular levels as well as studying the tumour risk factors and its known pre-
cancerous lesions aggressively is required for getting a more successful therapy
for this challenging tumour. For a better outcome of this catastrophic tumour, it
should be diagnosed early and treated through multidisciplinary teams of sur-
geons, gastroenterologists/interventional upper endoscopists, medical/radiation
oncologists, diagnostic/intervention radiologists, and pathologists at high-volume
centres. Moreover, surgical resection with a negative margin (RO) is the only cure
for it. In this chapter; we discuss the recently updated knowledge of PC patho-
genesis, risk factors, and precancerous lesions as well as its different management
tools (i.e. surgery, chemo/radiotherapies, immunotherapies, novel targeted
therapies, local ablative therapies, etc.).

Keywords: cancer treatment, pancreas, pathogenesis, therapy, pathology

1. Introduction

Despite medical advances, pancreatic cancer (PC) is still a deadly challenging
catastrophic tumour with a high mortality rate even after radical resection. It hasa
notable bad prognosis in comparison to the other malignant tumours due to its high
malignant degree, gradual onset, typical symptoms defect, delayed discovery, dif-
ficult anatomical location, lower rate of curative resection, recurrence after resection,
and high rate of chemo/radiotherapy resistance [1]. Globally; it is the 7th leading
reason for cancer-related mortalities [2].

The most common cancer of the pancreas is pancreatic duct adenocarcinoma
(PDAC) accounting for over 90% of cancers. Both the occurrence and progression
of PDAC come from changes in some genes (i.e. KRAS oncogene mutational activa-
tion, inactivation of tumour suppressor genes (CDKN2A, TP53, and SMAD4), and/
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or mutations in other genes involved in the cell cycle and apoptosis). Also, it occurs
due to some risk factors (i.e. tobacco smoking, alcohol, obesity, diabetes, chronic
pancreatitis, etc.) as well as some precancerous lesions (i.e. pancreatic intraepithelial
neoplasia [PanIN], intra-ductal papillary mucinous neoplasm [[PMN], mucinous
cystic neoplasms [MCN], etc.) [1].

Besides PDAC, there are some other pathological types of PCs (e.g. Acinar
cell carcinoma, small cell carcinoma, cystadenocarcinomas, pancreatoblastoma,
pancreatic neuroendocrine tumours [PNET], etc.) [1].

Depending on the tumour stage, resectable cancers are treated by surgical resec-
tion followed by adjuvant therapy. On the other hand, borderline resectable tumours
are treated by neoadjuvant therapy followed by surgical resection. However, for
patients with locally advanced or distant metastatic PCs, FOLFIRINOX (fluorouracil
[5-FU], leucovorin, irinotecan, and oxaliplatin) and/or gemcitabine (a nucleotide
analogue) plus albumin-bound paclitaxel (nab-paclitaxel) have been approved for use
with high success [1, 3]. Lastly, future targeted therapies depending upon molecular
pathways, tumour gene mutations and modulation of the tumour microenvironment
(TME) are in progress under different phases of clinical trials [3].

2. Pathogenesis of PDAC
2.1 Genetics, molecular alterations, metabolic changes, and cancer pancreas

Understanding PDAC pathogenesis at the detailed genetic/epigenetic/metabolic/
molecular levels as a tool to reach a more successful therapy for this challenging
tumour remains an area of continuous aggressive research. The targeted molecular
biology, whole exome sequencing studies, and genomic analyses showed that PDAC
may occur due to mutational activation of some oncogenes/proto-oncogenes (i.e.
KRAS, c-Myc, PAK4, MYB, HER2, etc.) and/or inactivation of some tumour sup-
pressor genes (i.e. p16, TP53, SMAD4, CDKN2A, etc.), and/or mutations of DNA
damage/repair (DDR) genes (i.e. ATM, BRCA1, BRCA2, PALB2, STK11, etc.), more-
over, they can come from large chromosomal alterations (copy number alterations,
chromosomal rearrangements, chromosomal instability from telomeres shortening,
and clustered genomic rearrangements (chromothripsis)). Meanwhile; epigenetic
DNA and histones alterations by methylation and acetylation respectively may be
the leading causes of this catastrophic tumour [3].

The previous genetic alterations lead to changes in some signalling pathways (i.e.
EGFR, TGFR, VEGEF, IGF, Akt, NF-kB, Hedgehog, Wnt, Notch signalling, etc.) as well
as other pathways (apoptosis and cell cycle pathways) causing PC progression [4]. So,
those genetic alterations and changed signalling pathways became targets of the PC
novel therapies (Figure1).

MicroRNAs (miRNAs) are double-stranded small non-coding RNA molecules
regulating gene expression at mRNA levels either by their degradation or trans-
lational inhibition. They have a role in PC initiation, pathogenesis, progression,
proliferation, invasion, migration, and metastasis by affecting oncogenes (i.e.
KRAS), tumour suppressor genes (i.e. P53), and/or signalling pathways (i.e. Notch)
[5]. So they became a target for miRNAs-based novel therapies of PC in the pre-
clinical levels (e.g. miRNAs natural modulating agents [i.e. curcumin], synthetic
oligonucleotides that destroy oncogenic miRNAs and/or synthetic tumour suppres-
sive miRNAs) [6].
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Figure 1.
Pathogenesis of PDAC. Taken from Wood et al. [3].

Long non-coding RNAs (IncRNA) such as HOTAIR are non-coding RNA mol-
ecules having lengths of more than 200 nucleotides with different cellular functions
including transcriptional, post-transcriptional, and epigenetic regulation of gene
expression. They have a critical role in PC progression by promoting proliferation,
drug resistance, cell growth, migration, invasion, and metastasis. So, they will be a
target for different therapies of PC soon [7].

Circular RNAs (CircRNAs) such as ciRS-7, circEIF6, etc. are single-stranded,
non-coding covalently closed RNA molecules having a role in PC pathogenesis and
progression by the followings: (1) Working as miRNAs decoys preventing them from
binding to their target mRNAs leading to mRNA s stabilisation, perfect translation,
and subsequently promoting tumour progression by proliferation, invasion, migra-
tion, metastasis, angiogenesis, augmenting chemotherapy resistance, and/or by
inhibiting apoptosis. (2) Inhibiting post-translational modifications of proteins leads
to protein stabilisation and tumour progression. (3) Acting as scaffolds for protein
complexes leading to mRNA-protein complex formation enhancing mRNA expression
and tumour progression. So, they will be a target for different therapies of PC soon
(Figure 2) [7, 8].

Exosomes are small (30-100 nm) nano-scale extracellular vesicles with high
stability, low immunogenicity, low cytotoxicity, and high membrane permeability

@ e

miRNA decoy Stabilize mRNA

Scaffold for protein complex Inhibit PTM

Figure 2.
Role of circRNAs in PC pathogenesis taken from Seimiya et al. [8].
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containing cellular constituents (i.e. DNA, RNA, proteins, and lipids). They are
secreted by all cell types into the circulation to transport biological components

to other cells and tissues regulating intercellular communication. The exosomes
originating from PC cells have a role in cancer growth, promotion, and metastasis
through the induction of fibronectin secretion and the resulting inhibition of meta-
static tumour infiltration by macrophages and neutrophils. So, they became a target
for the future therapies of PC, also, they can act as vectors/carriers for therapeutics/
molecules transmission (drugs, miRNAs, circRNAs, IncRNA, small-interfering RNAs
[siRNAs], etc.) [9-11].

By genomic (RNA-seq.) analysis, PDAC has been classified molecularly into the
following four categories: (1) The squamous/quasi-mesenchymal/basal-like cancer; it
is known by its high mesenchymal marker gene expression and by its worst prognosis
when compared with the other categories, moreover, it is more sensitive to gem-
citabine. (2) The pancreas progenitor/classical cancer is characterised by high epithe-
lial marker gene expression and higher sensitivity to the EGFR inhibitors (erlotinib).
(3) Immunogenic cancer is near to the pancreatic progenitor subtype but can be
differentiated by the higher expression of the immune-related cell lines; furthermore,
it has a higher sensitivity to immunotherapy, pembrolizumab. (4) The aberrantly
differentiated endocrine-exocrine (ADEX)/exocrine-like cancer is characterised by a
mixture of both endocrine and exocrine pancreatic cell lines [12-14].

PDAC may run in families (familial PC [families with at least two first-degree rela-
tives with PDAC without observation of any other hereditary cancer syndromes]) and
may be related to the following rare hereditary syndromes: (1) Hereditary pancreatitis
with germ-line mutations in the cationic trypsinogen (PRSS1) gene, (2) Breast cancer
susceptibility gene-1/2 (BRCA1/2) and PALB2 mutations, (3) Peutz—Jeghers syndrome
due to mutations in the tumour suppressor gene STK11, (4) Familial atypical multiple-
mole melanoma syndrome due to mutations in the tumour suppressor gene CDKN2A,
(5) Hereditary non polyposis colon cancer (Lynch syndrome) due to mutation in
mismatch repair (MMR) gene, (6) Familial adenomatous polyposis due to mutation of
APC or MYTYH genes, (7) Ataxia telangiectasia due to mutation in the ataxia telangi-
ectasia mutated (ATM) gene, (8) Li-Fraumeni syndrome Due to germ-line autosomal
dominant mutation of TP53 gene, and (9) Werner’s syndrome due to absence of WRN
gene function [15-18].

2.2 The TME and its related factors in the pathogenesis of cancer pancreas

The PDAC TME is composed mainly of pancreatic stellate cells (PSC), immune
cells, inflammatory cells, endothelial cells, extracellular matrix (ECM), neuronal
cells. Also, soluble proteins like growth factors and cytokines have a main role in
cancer pathogenesis, progression, and chemo-resistance through the followings: (1)
The tumour has a dense desmoplastic stroma (comes mainly from PSC) with accumu-
lation of a large amount of ECM (i.e. collagens, elastins, hyaluronan, etc.) leading to
isolation of the tumour mass, severe hypoxia, and hypo-perfusion preventing drugs
and immune cells from reaching the tumour cells; moreover activated PSCs promote
cancer cell growth, proliferation, and invasion; (2) Immune cell changes (i.e. abun-
dance of cells like myeloid-derived suppressor cells, tumour-associated macrophages
(TAMs), and tumour-associated neutrophils and depletion of others like dendritic
cells and anticancer T cells) promote immunosuppressive microenvironment prevent-
ing immune-mediated targeting of the tumour; (3) The cancer associated fibroblasts
(CAF) have a role through metabolic support of the tumour, immune modulation of
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its microenvironment, promotion of cancer cell growth, survival, and invasion, and
drug resistance; (4) Inflammatory process components (i.e. cytokines like TNF-a,
IL-6, interferon-y, and free radicals) have a role in PC promotion and progression. So,
modulation of this TME became the target of many novel targeted therapies of PDAC
in different recent clinical trials (Figures 1 and 3) [2, 3, 14, 19-23].

The developmental shift of PDAC cells from the epithelial to the mesenchymal or
fibroblastoid phenotype epithelial mesenchymal transmission (EMT) is considered
avital step in the progression of the primary tumours to the invasive/metastatic/
drug-resistant ones. It is a developmental process characterised by the degradation of
the adherens and tight junctions of the epithelial cells to be converted to highly mobile
and invasive mesenchymal cells. Molecularly, it is associated with decreasing levels of
E-cadherin and conversely increasing levels of N-cadherin. In addition, it is associated
with different signalling pathways of PC progression (i.e. Notch.), and with pancreatic
cancer stem cell (PCSC) induction. This EMT enables cells to invade the surrounding
tissues, the circulation, and finally to disseminate to distant sites [12, 24].

Due to their self-renewing and differentiation capabilities, PCSCs have a role in PC
initiating and progression through tumour growth, invasion, metastasis, recurrence,
and chemo/radio-resistance. They are regulated by different signalling pathways (i.e.
Notch, Hedgehog, Wnt, etc.) and their chemo/radio-resistance comes from DNA
repair capacity, increased DNA damage tolerance, tumour EMT, and higher levels of
detoxification enzymes, epigenetic modifications, quiescence, and interaction with
TME components. So, they became the target of many therapies of PC in the pre-
clinical and clinical models [25].

The microbiota (i.e. bacteria, fungi, viruses, protozoa, etc.) normally inhabit
human bodies mainly gastrointestinal tracts (GITs). They can be found also in
oral cavities and different tissues like the pancreas playing an essential role in
keeping body homeostasis; however; the microbiota imbalance (dysbiosis), and

Figure 3.
The effect of PDAC TME on cancer pathogenesis and progression taken from Deng et al. [14].

57



Pancreatic Cancer — Updates in Pathogenesis, Diagnosis and Therapies

Oral microbiota
- Higher microbial diversity, distinct
composition compared to normal oral
microbiota [29-34]
= T Leptotrichia and Fusobacterium [29]
- 1 Haemophilus, Porphyromonas [29]
- Dysbiosis associated with T PDAC risk
- Prophyromonas gingivalis [54]

Gut microbiota

e

E& - Lower microbial diversity, distinct
Intratumoral microbiota ¥ composition compared to normal gut
- More abundant microbes, distinct } microbiota [22, 23, 25]
composition compared to normal o !._3" - T Bacteroidetes [22] _
human pancreas [15, 16, 19-21] K)" - .l Fircibutes, Proteobacteria [22]

- T Proteobacteria [15, 19] - T Bifidobacterium [25]
- Enterobacteriaceae - T Ascomycota [25]

- Pseudomonadaceae
- T Bacteroidetes [19]
- T Firmicutes [19]
= T Malassezia [21]

Figure 4.
Microbiota imbalance (dysbiosis) in PDAC; taken from Li et al. [26].

their combined genetic material (microbiome), have a major role in initiation and
progression of tumours like PDAC by gene mutation, changing the TME immunity,
altering tumour metabolism, promoting tumour inflammatory responses, and by
promoting drug resistance (Figure 4). They can be detected by real-time quantita-
tive polymerase chain reaction (qQPCR) that can be confirmed by fluorescence in situ
hybridization and immunohistochemistry and finally specified by amplified rRNA
sequencing. Moreover, they became a target of novel therapies for PC in different
clinical trials [26].

2.3 Risk factors of cancer pancreas

Several factors are increasing the risk of PDAC (Figure 1). One of these factors is
cigarette smoking which promotes cancer development by DNA damage as well as by
inflammation and fibrosis [27]. Similarly, diabetes mellitus either new-onset diabetes
or long-standing one as well as obesity increase the risk of cancer pancreas through
altered metabolic pathways, higher levels of adipocytokines, adrenomedullin, hyal-
uronan, vanin and matrix metalloproteinase, changed gut microbiota, increased
PCSCs, increased EMT, and inflammation [9, 28].

The other factors related to PDAC occurrence are older age, male gender,
processed meat, chemicals like asbestos, chronic pancreatitis, heavy alcohol con-
sumption, and infections like hepatitis B virus, Helicobacter pylori, and human
immunodeficiency virus infections [3, 29, 30].

On the other hand, patients with allergies (i.e. asthma, nasal allergies, hay
fevers, etc.) have a lower risk of PC occurrence due to their active immune system
[2]. Similarly, a diet with high fruit, vegetables, and folate reduces the risk of its
occurrence [29].

2.4 The precancerous lesions of PDAC as well as its pathology

The invasive PDAC may arise from some curable resectable precancerous lesions;
the most common of them is PanIN. These are less than 5 mm microscopic neoplasms
involving the pancreatic ducts. However, a less common larger precancerous macro
cystic lesion that involves the ducts and is also the IPMN [31]. Lastly, MCN is the
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Figure 5.
Genetic progression of PanIN to invasive PDAC; taken from Kumari [16].

least common lesion. They do not involve the ductal system and have a characteristic
ovarian-type stroma. They are more common in women and involve the pancreatic
body and/or tail [32].

Morphologically, the previous precancerous lesions are sorted into low-grade and
high-grade ones based on cytological and architectural atypia. The low-grade lesions
have mild to moderate cytologic atypia and basally oriented nuclei. On the other hand,
the high-grade ones have severe cytologic atypia, loss of nuclear polarity and marked
architectural alterations [31, 33]. Regarding PanIN, their progression from normal
epithelium to low-grade PanIN 1, 2 then to high-grade PanIN 3, and lastly to invasive
PDAC is related to specific genetic alterations (i.e. early [KRAS mutation, telomere
shortening], intermediate [p16/CDKN2A loss], and late [mutations of DPC4/SMAD4,
TP53, BRCA2]). Moreover, the invasive PDAC is mostly associated with high-grade
lesions (PanIN 3, and high-grade dysplasia of cystic lesions) (Figure 5) [16].

Regarding the pathology of PDACs, macroscopically, they are seen as fairly demar-
cated firm white-yellow masses with atrophic fibrotic neighbouring non-neoplastic
pancreatic tissue; moreover, obstructive dilation of pancreatic ducts may be seen.

On the other hand, the invasive tumour is characterised microscopically by mucin-
producing glands elicited in a dense desmoplastic stroma with haphazard glandular
arrangement, nuclear pleomorphism, glandular luminal necrosis, perineural, and
lymphovascular invasions; moreover, they vary microscopically from well-differen-
tiated duct forming carcinomas to poorly-differentiated carcinomas with glandular
differentiation demonstrable only on immunolabelling [34, 35].

3. Treatment of PDAC

Despite the recent developments in diagnosis, surgery, radio/chemotherapy,
immune therapy as well as targeted therapies of PDAC, it still has a very poor prog-
nosis due to delayed detection, early micro-metastatic spread, drug resistance either
intrinsic or acquired, unique desmoplastic stroma and TME, and tumour hetero-
geneities [36]. The 5-year survival rate after PC diagnosis may reach only 5-11%.
However, for the very early diagnosed ones, it may rise to 85% and horribly; for the
locally advanced or the metastatic ones, it may become less than 3% [1, 8, 16, 37].
For a better outcome of this catastrophic tumour, it should be diagnosed early and
treated through multidisciplinary teams of surgeons, gastroenterologists/interven-
tional upper endoscopists, medical/radiation oncologists, diagnostic/intervention
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radiologists, and pathologists at high-volume centres. Moreover, surgical resection
with a negative margin (RO) is the only cure for it. However, resection is associated
with high morbidity and mortality, so, meticulous preoperative assessment and
preparation are required for better outcomes after resection (i.e. biliary drainage and
nutritional support if required) [3, 29, 38-40].

Despite less than 20% of patients having resectable tumours at presentation
[41], this aggressive tumour can be classified into resectable, borderline resectable,
locally advanced, and distant metastatic. We will discuss the treatment options
of those different types of PC as well as the different novel therapies for this cata-
strophic tumour.

3.1 The resectable tumour

The resectable tumour that lacks distant metastases, has no abnormal LNs
away from the surgical basin and has no vascular invasion (No tumour-artery
interface [celiac axis, superior mesenteric artery (SMA), or common hepatic
artery (CHA)], >180-degree tumour-vein interface [superior mesenteric/portal
veins (SMV/PV)]) is managed through surgical (open, laparoscopic, or robotic)
removal of the affected pancreatic region (i.e. pancreaticoduodenectomy, distal
pancreatectomy+splenectomy, and whole pancreatectomy+splenectomy for cancers
of head, body/tail and whole gland respectively) as well as standard/extended lymph-
adenectomy (NB: <15 LNs should be excised) followed by adjuvant chemo/radio-
therapy for improving long-term outcomes. However, neoadjuvant therapy before
resection may be used in this group of patients especially patients with markedly
elevated CA19-9, huge primary tumours and huge regional lymph nodes for assessing
the benefit of surgery and for improving its outcome. Moreover, preoperative bili-
ary drainage should be avoided in this group of patients due to its related drawbacks
except in neoadjuvant therapy patients, as well as cholangitis and/or high bilirubin
(>15 mg/dL) patients [3, 29, 38-40].

The previous management is prescribed with good patient performance status
(PS) (based on Eastern Co-operative Oncology Group [ECOG]) with no major
comorbidities; however, if the PS is poor, the patients with resectable non-operable
PC are managed by single-agent chemotherapy (i.e. gemcitabine, 5-FU, etc.) or sup-
portive symptomatic treatment [42].

3.2 The borderline resectable tumours

In patients with borderline resectable tumours (i.e. tumours that lack distant
metastases, have no abnormal LNs away from the surgical basin, tumours with
reconstructable invasion of SMV/PV or > 180-degree encasement of SMA); the
treatment starts by the neoadjuvant chemo-radiation therapy aiming at down-
staging of the tumour before resection and improving margin-negative resection
rates, followed by surgical resection+intra-operative electron radiation therapy.
In this category of patients, relief of biliary obstruction by plastic stenting before
the neoadjuvant therapy should be done, furthermore, intraoperative venous
reconstructions can be performed when needed with acceptable outcomes, and
the adjuvant therapy can be given postoperatively. On the other hand, in patients
with poor PS, the management will be palliative single-agent chemotherapy or
supportive care [3, 29, 40, 43].
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3.3 The surgical procedures

Classic pancreatoduodenectomy (PD), pylorus-preserving PD, radical PD, stan-
dard PD, extended PD, distal pancreatectomy, and total pancreatectomy are known
procedures for resection of PDAC [43, 44].

Classic PD involves the excision of the pancreatic head, gallbladder, bile duct,
duodenum, and gastric antrum [45]. A wide Kocher manoeuvre is performed, and
the gastrocolic ligament is divided, the pancreatic neck is then dissected off the SMV.
The porta hepatis dissection starts by exposing the CHA, and then identification and
ligation of the gastroduodenal and right gastric arteries are performed. Then the PV is
dissected off the pancreatic neck. Cholecystectomy as well as division of the common
hepatic duct is then performed. The gastric antrum as well as the proximal 10 cm of
jejunum is then resected. The pancreatic neck is then transected. Then the pancreatic
head and uncinate process are dissected from the SMV/PV. (NB: some centres perform
‘SMA-first’ approaches to decrease blood loss and assess for RO resection.) The soft
tissue along the right lateral aspect of the SMA should be excised to prevent local
recurrence. The resected specimen is removed as a single mass (en bloc resection) as
shown in Figure 6. Then reconstruction starts with the pancreaticojejunostomy in the
form of a retro colic end-to-side duct-to-mucosa anastomosis using interrupted sutures
+ pancreatic stenting. Then, hepaticojejunostomy is performed distal to the previous
anastomosis in a single layer of posterior continuous, and anterior interrupted sutures.
Then finally, ante colic, end-to-side two layers gastrojejunostomy anastomosis is done
around 50 cm from the hepaticojejunostomy anastomosis [43, 44].

In pylorus-preserving PD, the duodenum is divided distal to the pylorus taking
care to preserve the gastroepiploic arcade. It maintains the integrity of the stomach
and improves patients’ quality of life. However, the radical PD operation is performed
when there is no tissue plane between the tumour and SMV/PV by venous resection
and reconstruction [43, 44].

In the PD procedure, the extent of the associated lymphadenectomy differs (standard
vs. extended). In standard lymphadenectomy (standard PD), the resection involves
gastric/pyloric nodes, anterior/posterior pancreaticoduodenal nodes, nodes to the right
of the hepatoduodenal ligament/anterior to the CHA, and the ones to the right of the
SMA. On the other hand, in extended lymphadenectomy (extended PD), the nodal exci-
sion includes nodes to the left/right of the hepatoduodenal ligament, common/proper
hepatic arteries nodes, celiac axis nodes, all SMA nodes, and nodes in the anterolateral
aspect of the aorta/the inferior vena cava. Moreover, the extended PD may be accompa-
nied by the so-called total mesopancreas excision (TMPE) (i.e. a retropancreatic area,

(A) (B)

Figure 6.
A, B: Classic PD specimens (Author’s operative work).

61



Pancreatic Cancer — Updates in Pathogenesis, Diagnosis and Therapies

extending from pancreatic head, neck, and uncinated process to the aorto-caval groove,
composed of loose areolar and adipose tissues, nerves, lymphatic as well as capillaries).
The extended PD, radical PD, as well as TMPE, are all performed to reach RO resection
and to decrease recurrence [43, 44, 46]. Meanwhile, PD operations should be performed
at high-volume centres (<10 surgeries/year) to get better survival due to experienced
surgical/perioperative care at those high-volume centres [35, 47].

Distal pancreatectomy + splenectomy are performed for tumours of the pancreatic
body/tail. The operation can be done through the left-to-right or right-to-left pancre-
atosplenectomy approaches with consideration of celiac axis nodal excision. However,
total pancreatectomy is whole pancreas resection for tumours of the whole pancreas
without liver or peritoneal metastases; it should be done in patients with strictly
controlled clinical indications due to its multiple metabolic drawbacks [43, 44].

3.4 The neoadjuvant and adjuvant therapies

As mentioned before; neoadjuvant therapy is given to some patients with resect-
able tumours for chemosensitivity testing, better patient selection for surgery (no
surgery if the disease progresses under neoadjuvant therapy), disease control, higher
rate of RO resection, tumour down-staging, post-surgical pancreatic leakage reduc-
tion, and improving postoperative survival outcomes. Also, it is given to borderline
resectable cases for obtaining higher RO resection rate, tumour down-sizing, and
for improving post-resection survival rates [48]. Three to six cycles of neoadjuvant
therapy can be given and the regimen differs according to the patient’s PS, treatment
response, etc. It may be FOLFIRINOX, gemcitabine plus nab-paclitaxel, 5-FU, gem-
citabine, capecitabine, or combinations of the previous drugs+ radiotherapy [39, 48].

On the other hand, six cycles of adjuvant therapy are recommended to be given
within 4-12 weeks of surgery for decreasing postoperative recurrence and improving
post-operative disease-free survival and overall survival rates. The proper regimen
of adjuvant treatments varies according to many factors (i.e. patient’s PS, treatment
response, toxicities, etc.). FOLFIRINOX is the recommended adjuvant therapy in
fit patients by various recent groups (i.e. European Society for Medical Oncology
[ESMO], National Comprehensive Cancer Network [NCCN], and American Society
of Clinical Oncology [ASCO] groups); however, drugs like gemcitabine plus nab-
paclitaxel, 5-FU, gemcitabine, capecitabine, or combinations of them: radiotherapy
can be given also [39, 48]. In addition, the radiotherapy may be in the form of photon
radiotherapy or particle radiotherapy (proton or carbon ion radiotherapies); more-
over, it can be given as external beam radiation therapy, brachytherapy, targeted
three-dimensional conformal radiation therapy (3D-CRT), MR-guided radiotherapy
and/or super gamma knife stereotactic conformal radiotherapy [3, 44].

3.5 E-the locally advanced/distant metastatic tumour

According to the recent European and American guidelines, the treatment of the
locally advanced pancreatic cancer (LAPC) (i.e. non-reconstructable invasion of
SMV/PV and/or < 180-degree encasement of SMA and/or tumour invading the first
jejunal branch of the SMA without distant metastases) and the distant metastatic
cancer is as follow: In patients with good PS, the first line treatment is FOLFIRINOX
or gemcitabine plus nab-paclitaxel. However, the second line treatment is the alter-
native combination of the previous therapies (i.e. FOLFIRONOX treated patients
are given gemcitabine plus nab-paclitaxel or gemcitabine (if nab-paclitaxel is not
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Figure7.
Algorithm for first- and second-line chemotherapies in advanced PC; taken from Lambert et al. [48].

available) as a second line therapy while gemcitabine plus nab-paclitaxel treated
patients take 5-FU+ nano liposomal irinotecan however, if nano liposomal irino-
tecan is not available, they take 5-FU+ irinotecan or 5-FU+ oxaliplatin as a second
line) (Figure7) [48]. The previous chemotherapeutics can be given as systemic IV
therapy, and as transcatheter arterial infusion therapy; moreover, in the future,
they can be given through exosomal transport or nanotechnology by combining
them with nanoparticles (i.e. liposomes, micelles, iron nanoparticles, gold nanopar-
ticle, etc.) [10, 36]. On the other hand, patients with poor PS are given single-agent
chemotherapy (e.g. gemcitabine or 5-FU) or supportive symptomatic treatment
(Figure 7) [3, 44, 48].

The previous palliative therapies of locally advanced/distant metastatic tumours
should be combined with the following palliative therapies: (1) For biliary obstruc-
tion, surgical hepaticojejunostomy or endoscopic self-expanding metal stents are
good options; (2) For gastric outlet obstruction, gastrojejunostomy and metal
stenting are good options for patients with longer and shorter life expectancy
respectively; (3) Intractable pancreatic pain is managed by percutaneous/endo-
scopic/surgical celiac plexus block; (4) Malnutrition can be managed by nutritional
support. (NB: in some locally advanced non-metastatic cases, neoadjuvant therapy
can be given then reassessment then curative surgery can be performed [conversion
surgery]) [49].

Nanotechnologies are updated technologies developed to improve physicochemi-
cal properties (i.e. post administration solubility and circulation times) of the
anticancer drugs (e.g. gemcitabine) to improve their efficacy and to decrease their
resistance. Nanoparticles can act as PC drug carriers that increase drug absorption,
permeability, circulation time, and tumour penetration. Also, they can decrease drug
degradation, metabolism, and toxic side effects. They are promising future therapies
for PC. Albumin-bound paclitaxel, liposomes, micelles, iron nanoparticles, and gold
nanoparticles are examples of those nanoparticles [50, 51].
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3.6 The loco-regional targeted therapies

The loco-regional targeted therapies performed either intraoperatively (open
or laparoscopic), percutaneously, or as endoscopic ultrasound (EUS)-guided tools,
have promising results in managing LAPC. These loco-regional therapies can be
divided into thermal ablative therapies such as microwave ablation, radiofrequency
ablation, cryo-ablation, and high intensity focused ultrasound ablative therapy, and
non-thermal therapies like irreversible electroporation, and photodynamic therapies.
Meanwhile, there are other EUS-guided therapies of LAPC such as radioactive seed
implantation (brachytherapy; iodine-125), locally targeted radiotherapy, fine needle
injection of chemotherapeutics (e.g. Gemcitabine, topical anti-KRAS therapy, etc.),
biliary drainage (choledochoduodenostomy, hepaticogastrostomy, stenting, and
gallbladder drainage), gastroenterostomy, celiac neurolysis, etc. [44, 52-55].

3.7 Updated novel therapies

Some novel therapies can be given to specific groups of patients. These are: (1)
Patients with BRCA1/2 mutations are given platinum-based therapy or poly ADP-
ribose polymerase (PARP) inhibitors (i.e. niraparib and olaparib); the drugs that
promote cancer cell DNA damage or prevent its repair respectively causing cell cycle
arrest and apoptosis [56]. Regarding platinum-based therapy, cisplatin has shown
clinical benefits in different retrospective and prospective studies [3]. Moreover,
Olaparib was approved by FDA in 2019 as a maintenance therapy for PC patients
who responded to first-line cisplatin therapy as it increased their progression-free
survival [56]. (2) PDAC with microsatellite instability (MSI)/MMR deficiency may
respond to the immune therapy, pembrolizumab, which is an immune checkpoint
inhibitor (anti-PD1 [programmed cell death protein-1]); it acts by preventing of
binding of PD-1 to PD-L1 (programmed death ligand-1), this prevention leads to
increased proliferation of the antitumour antigen-specific T cells as well as increased
innate immunity to the tumour [3, 57]. Pembrolizumab is more effective in MSI-high
tumours than MSI-low tumours, so it has been combined with chemotherapy, radio-
therapy, and other immunotherapies in different clinical trials to increase its effect
in MSI-low PDACs; an example of those trials is the COMBAT trial (NCT02826486)
that concluded that the combination of pembrolizumab and CXCR4 antagonist with
chemotherapy may improve tumour response to chemotherapy [3].

3.8 Immunotherapy under different phases of clinical trials (phasesI, II, and III
trials) with promising results that will have a main role in the future of PC therapy

(1) Immunotherapy targeting TME (i.e. Pegylated recombinant human hyaluroni-
dase [PEG-PH20], in a phase Ib trial performed on stage IV PC patients, after they
were given a combination of PEGPH20 and gemcitabine; the overall survival [OS]
in high hyaluronic acid [HA] patients was higher than that in low HA patients) [58]
(2) Immune checkpoint inhibitors like ipilimumab (immune checkpoint inhibitor,
monoclonal antibody against CTLA-4, in a phase Ib trial when ipilimumab was given
with GVAX [granulocyte macrophage colony-stimulating factor [GM-CSF vaccine]],
the OS was longer than that observed when ipilimumab was given alone in advanced
metastatic PC patients) [58]; moreover, there several ongoing clinical studies of
Ipilimumab either as a monotherapy or as a combined medication with other immune
checkpoint inhibitors, vaccines, chemotherapies, and/or tyrosine kinase inhibitors [59].

64



Pancreatic Cancer: Updates in Pathogenesis and Therapies
DOI: http://dx.doi.org/10.5772/intechopen.112675

(3) Vaccines such as GVAX (it showed favourable results when given as combination
therapy with different chemo-radiation therapies either in resectable or metastatic
PCs in some clinical trials of phasesIand II) [59]; mutant RAS peptide vaccine (in

a Phase I/1I study, the 10-year survival reached 20% after treatment with mutant
RAS vaccine) [58]; Telomerase peptide vaccine (GV1001, despite showing promis-
ing results in a phase I/1I trial of PC patients, it made no significant survival benefit
when added to chemotherapy in other advanced PC phase III studies) [58, 59];
algenpantucel-L (an allogenic vaccine formed of aGal-expressing engineered PDAC
cell lines; in a phase II study of PC patients, it showed promising results regarding
disease-free survival [DFS] and OS when added to standard adjuvant chemotherapy)
[59, 60]; K-Ras peptide vaccine (K-Ras mutated gene product; it showed promising
results in phases I/1I clinical trials when given alone or in combination with GVAX
vaccine) [59]; Mucin-1 vaccine (it showed favourable outcomes in different phases
I/11 trials of PC patients) [59], VEGFR2 peptide vaccine (VEGFR2-169; it showed
good results in a phase I trial of advanced PC when added to gemcitabine therapy)
[59], Antigastrin vaccine (G17DT, it showed promising results when given either
alone or in combination with other chemotherapies in different clinical trials of
advanced PC populations) [59]; and lastly; dendritic cell (DC) vaccine (it showed
acceptable results when given to PC patients in some trials) [59]. (4) Oncolytic
viruses like ONYX-015 (adenovirus, in phase I/II trial of PC patients, its combina-
tion with gemcitabine was feasible and well-tolerated despite poor response) [58];
herpes simplex virus (HSV) (HF10, when it was given to six patients in a phase I
trial, three were stable, one was in regression, and two were in progression) [58];
and Pelareorep (reovirus, it showed promising high viral replication in tumour cells
and acceptable tolerance when combined with gemcitabine in a phase II study, also,
it showed promising results and good safety when combined with chemotherapy
and pembrolizumab in a phase Ib study) [60]. (5) Adoptive T-cell therapy (Chimeric
antigen receptor [CAR]-T cell therapy, in phase I clinical study of patients with
chemotherapy-refractory metastatic PC, the safety and efficacy of CAR-T- meso cells

CAR T-cell therapy (heckpolljlll)t- 1[|1I1|b1tors
CD19 — PDLI
CEA = -
EGFR Ll
Her2

MUCI Cancer vaccines
GVAX
VEGFR1/2
KIF20A

Neo-antigen KRAS/MUCI16

Tumor modulation
RAS/MAPK pathway
Focal adhesion kinase

CD40 agonist

Oncolytic viral therapy
ONYXO015
HSV

Figure 8.

Immunotherapy and PC; taken from Jiang et al. [58].
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were promising) [58]. (6) Immunomodulatory agents like CD40 agonist antibodies (a
tumour necrosis factor a receptor expressed on macrophages, B cells, and dendritic
cells; in phase I clinical trial of advanced PC patients treated with both CD40 agonists
and gemcitabine; the treatment was tolerable with promising results) [58]; JAK-STAT
signalling pathway inhibitor (ruxolitinib, in phase II clinical trial of patients with
metastatic PC who were treated with both ruxolitinib and capecitabine, the OS was
significantly longer than that was observed in those patients treated with capecitabine
alone) [58]; and CCR2 inhibitor (a chemokine receptor 2 inhibitors, PF-041363009, it
showed favourable results when given with FOLFIRINOX in a phase Ib clinical trial of
PC patients) [59]. 7-Monoclonal antibodies such as cetuximab (monoclonal antibod-
ies against EGFR, when cetuximab was given with gemcitabine in a phase III study

of the PC population; unfortunately, it did not show benefit) [61]; bevacizumab
(monoclonal antibody against VEGFR, it also did not show benefit when combined
with gemcitabine in a phase III study of PC patients) [61]; and MVT-5873 (monoclo-
nal antibody against CA19.9, it showed promising results regarding safety, tolerability,
and reduction of CA19.9 levels during the treatment course) [61] (Figure 8).

3.9 Other therapies that are probable promising future therapies

(1) Metabolic therapies like atorvastatin and metformin. (2) Antifibrotics like
halofuginone. (3) Gene therapy like CYL-02. (4) Cell Cycle Check Point Inhibitors
like abemaciclib and palbociclib. (5) Notch pathway inhibitor like Demcizumab. (6)
Hedgehog signalling pathway inhibitor like vismodegib. (7) TGF-f8 pathway inhibitor
like trabedersen. (8) Therapeutic microbiota like MS-20. (9) M-TOR inhibitor like
everolimus. (10) EGFR inhibitors (erlotinib). (11) Phytochemicals like curcumin.
(12) Agents targeting KRAS mutant cancers like exosome-delivered KRAS siRNA
(exosome) and anti-KRAS T cell transfer [12-14, 39, 49, 62, 63].

4, Conclusion

Despite the advance in the field of PC therapies (e.g. chemo/radio/immune/
targeted therapies) and the well-developed peri-operative management policies for it
during recent years, it still has a catastrophic poor prognosis due to its delayed detec-
tion, early neural/vascular invasions, early micro-metastatic spread, tumour hetero-
geneities, drug resistance either intrinsic or acquired, unique desmoplastic stroma
and TME. It is fundamental to understand and make aggressive studies and researches
about its pathogenesis at the different genetic/epigenetic/metabolic/molecular levels
as well as to study its risk factors and its known precancerous lesions for getting a
more successful therapy for it. Meanwhile, for reaching surgical RO resection and a
better outcome for this dismal challenging tumour, it should be diagnosed early and
treated through multidisciplinary teams of surgeons, gastroenterologists/interven-
tional upper endoscopists, medical/radiation oncologists, diagnostic/intervention
radiologists, pathologists at high-volume centres.
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Chapter 5

Pancreatic Tumorigenesis:
Precursors, Genetic Risk Factors
and Screening

Abdullah Esmail, Mohamed Badheeb and Maen Abdelvahim

Abstract

Pancreatic cancer (PC) is a highly fatal malignancy with a unique tumor
microenvironment that limits the effectiveness of chemotherapeutics. PC develops
from genetic mutations, cellular injury, and environmental exposure, progressing from
precursor lesions to malignant neoplasms. This silent disease presents non-specific
symptoms, including abdominal pain and painless jaundice. Serological and imag-
ing evaluation aids in the diagnosis, with imaging modality selection dependent on
cholestasis presence. The meticulous evaluation of vascular involvement and distant
metastasis determines the tumor’s resectability. Neoadjuvant therapy improves
patient selection and limits micrometastases, while chemotherapy is the preferred
treatment for unresectable cases. Early detection and personalized treatment are
essential in improving PC’s clinical outcomes.

Keywords: pancreatic cancer, tumorigenesis, screening, neoadjuvant therapy;,
pancreatic molecular profiling, pancreatic tumor microenvironment (TME)

1. Introduction

Pancreatic cancer (PC) is used interchangeably to describe pancreatic ductal adeno-
carcinoma, the most common pancreatic malignancy and one of the most fatal cancers
worldwide [1, 2]. To gain a better understanding of PC pathogenesis, it is crucial to
comprehend the pancreatic tumor microenvironment (TME). The TME is uniquely
characterized by a dense desmoplastic fibrotic stroma in which extracellular matrix
proteins (e.g., collagens), along with tumor-derived immune cells (e.g., neutrophils,
macrophages), host immune cells (e.g., T-cells), fibroblasts, and activated pancreatic
stellate cells (PSCs), form a dense barrier that limits the efficacy of different chemo-
therapeutics. This renders PC a difficult-to-treat illness [3-6]. Indeed, the tumorigenesis
of PC involves genetic mutations, cellular injury, and environmental exposure that
permit the transition into precursor lesions, which further progress into malignant
neoplasms [7]. For instance, a constitutively active KRAS allows persistent downstream
signaling with substantial cellular proliferation, resulting in ductal metaplasia [8, 9].
However, this process requires the acquisition of further genetic mutations, such as
Angiopoietin-like 4, that permit the progression into pancreatic intraepithelial neoplasia
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(PanINs) [10, 11]. Additionally, mutated TP53, CDKN2A, and SMAD4 accelerate PC
growth and progression [12-15]. Moreover, various environmental factors are believed
to contribute to PC tumorigenesis. Smoking has been shown to potentiate desmoplastic
reactions by activating PSCs and the associated free radical injury [16]. Other contribut-
ing factors include obesity, primarily linked to its associated inflammatory status, which
potentiates tumor progression [17, 18]. Furthermore, diabetes mellitus has been shown
to over-activate PSCs, potentiating PC development [18]. Non-modifiable risk factors
are also involved in PC development. Indeed, a higher incidence of PC was reported in
patients of African American descent and patients with a family history of PC [19, 20].
Moreover, specific loci and familial cancer syndromes (e.g., hereditary non-polyposis
colon cancer, familial atypical multiple mole melanoma syndromes) have been impli-
cated in PC development [21]. Nonetheless, PC development is a multifactorial process,
with various genetic and environmental factors contributing to its pathogenesis.

2. Clinical features of pancreatic cancer

The presentation of PC may vary based on the tumor location and stage. It is
generally a silent disease, and if symptoms do occur, they tend to be non-specific,
often leading to alternative diagnoses [22, 23]. Although “silent jaundice” is a classical
symptom, abdominal pain is more frequently reported in 60-80% of cases [24, 25].
Tumors located in the head of the pancreas (70% of cases) tend to present with
jaundice earlier in the course of the illness, while those in the body or tail present with
jaundice later, indicating hepatic metastasis instead of biliary obstruction [26].

Syndrome Associated features Increased risk of PC References
Hereditary non- Increase risk for endometrial, 8.6-fold [36]
polyposis colon ovarian, gastric, colorectal, renal,
cancer gliomas, keratoacanthomas, and other

malignancies
Hereditary breast Increased risk for breast (in males and 3-7% [37]
and ovarian cancer females), ovarian, prostate, and skin (e.g.,
syndrome melanoma) malignancies
Familial atypical Numerous atypical nevi resembling 13-22 folds [38]
multiple mole early melanoma, and a family history of
melanoma melanoma
syndrome Increase risk for lung, skin, larynx, and

breast malignancies
Familial Increased risk for desmoid tumors, 4 folds [39]
adenomatous gastric/duodenal, hepatoblastoma, and
polyposis thyroid malignancies
Peutz-Jeghers Increased risk for colorectal, gastric, 15 folds [40]
syndrome breast, ovarian, cervical, and testicular

malignancies
Li-Fraumeni Increased risk for bone and soft tissue 7 folds [41]
syndrome sarcomas and breast, brain, and

adrenocortical malignancies

Table 1.
Brief summary of familial cancer syndromes associated with pancreatic cancer (PC).
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Other historical findings may include recent-onset diabetes, nausea or vomiting,
anorexia, back pain, and weight loss.

In more advanced cases, pancreatic duct obstruction can result in symptoms of
pancreatic failure, reported as post-prandial abdominal pain and steatorrhea. Fat
malabsorption with associated vitamin deficiencies may also occur [24, 27-29].
Jaundice, hepatomegaly, and rarely epigastric mass may be noticed on examination
[27]. Additionally, patients may experience recurrent venous stasis, resulting in
splenomegaly with portal or splenic vein compression, ascites with inferior vena cava
obstruction, and/or superficial thrombophlebitis (Trousseau’s syndrome), palpable
gallbladder (Courvoisier’s sign), enlargement of the supraclavicular (Troisier’s sign),
or periumbilical (Sister Mary Joseph’s node) lymph nodes may be observed [30-32].
Unfortunately, these findings are identified later in the course of the illness, indicat-
ing more advanced cases with poorer outcomes.

Clinicians should look for specific features of syndromes associated with PC, such
as numerous atypical nevi in familial atypical multiple mole melanoma syndromes,
mucocutaneous pigmentation in Peutz-Jeghers syndrome, and sebaceous tumors and
cutaneous keratoacanthomas in patients with Lynch syndrome [33-35]. Syndromes
associated with PC and their clinical features are summarized in Table 1.

3. Diagnosis of pancreatic cancer

The clinical presentation of PC is neither specific nor sensitive for establishing a
diagnosis; therefore, suspected cases typically require serological and imaging test-
ing. Liver function tests, including serum aminotransferase, bilirubin, and alkaline
phosphatase, should be performed in all patients. The selection of subsequent testing
primarily depends on the presence of jaundice or obstructive laboratory features (e.g.,
elevated direct bilirubin). In such cases, transabdominal ultrasound (TAUS) provides
excellent sensitivity in detecting masses in the head of the pancreas and visualizing
biliary tract patency or dilatation (Figure 1) [42, 43].

For anicteric patients who present with epigastric pain or other worrisome
symptoms, such as weight loss, anorexia, or post-prandial flatulence, an abdominal
computed tomography (CT) scan should be performed, which provides higher
sensitivity in detecting lesions in the body and tail of the pancreas. In addition,

a CT scan can be used initially, rather than TAUS, in cases of acute pancreatitis,

as bowel gases may obscure the visualization of the biliary tract and the pancreas
[44, 45]. If initial imaging is positive, further evaluation using a multi-phase
contrast-enhanced, helical abdominal CT scan (i.e., pancreatic protocol) is the
preferred option, accurate characterization of the pancreatic mass and resectability
evaluation [46-48].

In cases where initial imaging (i.e., TAUS or CT scan) is negative, no further test-
ing is required unless there is a strong suspicion that pancreatic cancer is the culprit
of patient symptoms. In such cases, patients may undergo endoscopic retrograde
cholangiopancreatography (ERCP), which allows for direct visualization of the biliary
tract and pancreatic duct, tissue sampling for histopathological examination, and
therapeutic decompression through stent insertion in selected cases. Alternatively,
magnetic resonance cholangiopancreatography (MRCP) can be used in patients who
are not qualified to undergo ERCP due to bowel obstruction or cases when ERCP
fails to provide an informative visualization of the biliary tract [49-51]. When these
modalities are negative, no further testing is required unless pancreatic cancer is
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Evaluation for liver function tests,
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Figure 1.
Simplified algorithm for pancreatic cancer diagnosis. * Pancreatic protocol to assess the vesectability of the tumor.

strongly suspected. In such cases, endoscopic ultrasound (EUS) may be sought to

to assess further the presence of any pathologies, which should be sampled through
fine needle aspiration (FNA). More recently, contrast-enhances EUS appeared to be a
more feasible approach for tissue sampling in such cases [43, 52-54].
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Tumor, node, metastasis (TNM) system by the American Joint Committee on Cancer
manual is a widely-accepted staging system that aids in the assignment of patients based
on the resectability of PC. Additionally, it provides prognostic information based on the
stage; for instance, patients in stage Ia had an overall 5-years survival of 39% compared
to 11% in stage III [48, 49]. Nevertheless, a four-grouped classification system is used by
many clinicians, which classifies PC based on resectability into; resectable, borderline
resectability, locally advanced, and metastatic PC [50]. Regardless of the system used,
the ultimate goal is to determine the suitable patient for curative resection.

4. Screening of pancreatic cancer

Early diagnosis of PC has been shown to improve overall survival. Nevertheless,
the low incidence of PC discourages the implementation of nationwide screening
modalities due to the high risk of false positive cases that may undergo unnecessary
invasive testing. Furthermore, there are currently no guidelines regarding the opti-
mal screening for PC [55-58]. Therefore, patients should be selected cautiously and
counseled regarding their risks, the benefits and harms of the test, and the probable
outcomes of their testing.

Given the rarity of PC, a targeted screening approach may be the most suit-
able option. Initially, the identification of high-risk patients based on National
Comprehensive Cancer Network (NCCN) recommendations [59] is primarily made
on the basis of specific associated genetic mutations or syndromes to select the most
appropriate age for screening initiation, as summarized in Table 2.

Various serological markers and liquid biopsies have been extensively studied;
however, only Carbohydrate Antigen 19-9 (CA19-9) has gained approval from the
Food and Drug Administration (FDA). Carcinoembryonic antigen (CEA), which is
classically elevated in colorectal cancer, appears to have some diagnostic utility for
detecting cancer but has lower specificity compared to CA19-9. The use of multiple
biomarkers together provides higher cumulative sensitivity and specificity. For
instance, CA19-9, CEA, CA125, and CA242 together had 90.4% and 93.8% sensitivity
and specificity, respectively, substantially higher than any single marker [60-62]. More
recently, liquid biopsies have gained tremendous interest as an alternative non-invasive
method to detect PC. Mainly, circulating tumor DNA (ctDNA) and circulating tumor

Patient group Age of initiation
High-risk genetic mutation, any of the: Whichever earlier:
* ATM, BRCA1, BRCA2, MLH1, MSH2, MSH6, * At 50 years old or
PALB2 or TP53

* 10 years prior to the first PDAC in the family
With a first-degree relative diagnosed with PC

Peutz-Jeghers syndrome At 30-35 years old

Hereditary pancreatitis * 40-years old or

* 20 years following the onset of pancreatitis

CDKN2A mutation * 40-years old or
* Within 10 years of the first PDAC in the family

Table 2.
Screening age recommendations for high-visk patient groups.
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Test Sensitivity Specificity Advantage Limitations
Serology
CA19-9 80% [60] 75% [60] Readily-available, Low specificity, elevated
FDA-approved in benign and non-PC
cases, can be negative in
up to 10% of Caucasians
[66, 67]
CEA 45% [68] 89% [68] Low sensitivity, elevated
in benign and non-PC
cases [68]
CA125 59% [69] 78% [69] Not influenced by Elevated in benign and
bilirubin levels, hence, non-PC cases [71]
its positive is the same
in jaundiced and non-
jaundiced individuals
with PC [70]
CA242 66.2% [61] 80.14% May provide prognostic Ineffective early screening
[72] indications [73] asahigh level indicates a
huge tumor burden [73]
IgG4 72% [74] 89% [74] Limited usefulness to
differentiate hereditary
pancreatitis from PC [75]
Glycoproteomics ~90% [76] 90% [77] Very high sensitivity and
specificity can detect PC
in its early stages
Lipodomic >90% [78] >90% [78] Very high sensitivity and
profiling specificity may provide a
prognostic indicator [78]
Liquid biopsy
CTCs and ctDNA 25-100% 95.4% [79] May serve as recurrence, Variable sensitivity,
[63, 64] invasion, and metastasis and no standardized
predictors [63] methodology to detect
their recurrence [80]
cfDNA 76% [81] 59% [81] Can detect genetic Low diagnostic accuracy,
mutations (e.g., KRAS), cannot detect the cancer
and may serve asa cells origin [84]
recurrence, predictor
[82, 83]
Circulating 92.5% [85] 90% [85] The detection rate is
miRNAs tumor-burden dependent
[86]
Circulating 754-100% 92.6-100% High specificity can
exosomes [87] [87] detect cancer DNA in its
early stages [88]
Table 3.

Different pancreatic cancer screening methods, their usefulness, and limitations.

cells (CTCs) are among the most promising. However, they are not readily available in
many healthcare settings and have variable diagnostic accuracy [63-65]. Table 3 sum-
marizes different screening methods, their usefulness, and limitations.
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Little is known regarding the best approach to screening for PC. Nevertheless, a
comprehensive evaluation with cautious patient selection and integrative serological
and imaging testing may be the most appropriate approach.

5. Management of pancreatic cancer

The management of PC is multidisciplinary. The tumor resectability should be
evaluated initially with a multi-phase contrast-enhanced, helical chest and abdomi-
nopelvic CT scans. The tumor is considered resectable when confined to the pancreas
with no metastasis or vascular encasement, such as the superior mesenteric artery/
vein, celiac trunk, or common hepatic artery. Conversely, the presence of hepatic,
peritoneal, or extra-abdominal metastasis renders the tumor unresectable [89, 90].
Nevertheless, in selective cases, the NCCN considers PC to be borderline unresect-
able. Examples of such cases include head of pancreas cancer that directly contacts
the inferior vena cava, hepatic artery with no extension to the bifurcation, or tail/
body PC with a celiac axis of 180 degrees or less [59]. For resectable PC that involves
the head of the pancreas, the Whipple procedure is performed, including pancreatic
head, duodenum, proximal jejunum, common bile duct, gall bladder, and a portion
of the stomach resection (i.e., pancreaticoduodenectomy) [91, 92]. In contrast, distal
pancreatectomy is typically performed in PC of the body/tail, which occasionally
may include splenectomy [93]. Biliary drainage has been classically performed pre-
operatively in patients with obstructive jaundice. However, the clinical benefits of this
approach are controversial; therefore, it should be reserved for patients with severe
hyperbilirubinemia, protracted itching, or cholangitis [94-96].

Neoadjuvant therapy has been found to outperform initial surgical resection for
PC in providing a more precise patient selection and possibly limiting micrometasta-
ses linked to PC recurrence even after surgical resection. In addition, lower margin-
positive resections were observed with the use of neoadjuvant therapy [97-99].
However, there are currently no established guidelines regarding optimal chemother-
apy. The FOLFIRINOX protocol and a combination of gemcitabine plus nab-paclitaxel
have been used, but there is no sufficient evidence to support the superiority of each
approach [100]. Thus, we recommend a multidisciplinary team evaluation that takes
into account the patient’s preferences, institutional experience, and cost-effectiveness
when selecting the chemotherapeutic agents.

Metastatic and locally advanced PC are generally considered unresectable, and
chemotherapy is the preferred approach for such cases. Although there is no con-
sensus available for the preferred regimen, FOLFIRINOX or Gemcitabine-based
protocols may be used. Different clinical trials have demonstrated the efficacy of each
approach. However, FOLFIRINOX has shown a longer overall survival compared
to Gemcitabine [101-105]. Patients who fail one protocol may be considered for the
other after assessing their performance status. Additionally, patients should be re-
evaluated for possible resection following chemotherapy, as tumor downstaging may
permit resection.

List of abbreviation

CA19-9 carbohydrate antigen 19-9
CA125 cancer antigen 125
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CA242 carbohydrate antigen 242

CEA carcinoembryonic antigen

cfDNA cell-free DNA

CT computed tomography

ctDNA circulating tumor DNA

CTCs circulating tumor cells

ERCP endoscopic retrograde cholangiopancreatography
EUS endoscopic ultrasound

FDA Food and Drug Administration

IgG4 immunoglobulin G4

MRCP magnetic resonance cholangiopancreatography
NCCN National Comprehensive Cancer Network
PanINs pancreatic intraepithelial neoplasia

PC pancreatic cancer

PSCs pancreatic stellate cells

TAUS transabdominal ultrasound

TME tumor microenvironment

TNM tumor, node, metastasis
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Chapter 6

Surgical Options to Mitigate
the Consequences of Pancreatic
Anastomosis Leak after
Pancreaticoduodenectomy

Agzize Savoglu and Alexander Julianov

Abstract

Pancreaticoduodenectomy is still the only treatment option that offers a chance
to cure patients with pancreatic cancer and malignant periampullary tumors.
Pancreaticojejunal anastomosis is the preferred method of reconstruction after pan-
creaticoduodenectomy. However, because of the high incidence of anastomotic leak
and subsequent severe consequences, pancreaticojejunal anastomosis still remains the
Achilles’ heel of the operation. Several technical modifications of pancreaticojejunal
anastomosis exist, but none completely eliminates anastomotic leak, postoperative
pancreatic fistula, or severe complications. Therefore, considerable efforts have been
made to study and develop surgical options that can mitigate the severity and avoid
fatal consequences of postoperative pancreatic fistula. This chapter presents and
discusses some of the existing and emerging surgical strategies devoted to mitigating
the catastrophic consequences of pancreatic anastomotic leaks.

Keywords: pancreaticoduodenectomy, anastomotic leak, pancreatic fistula,
pancreaticojejunostomy, pancreatic cancer, falciform ligament, transanastomotic
external stent, coronary stent

1. Introduction

Pancreaticoduodenectomy (PD) is still the only treatment option that offers a
chance to cure patients with pancreatic cancer and malignant periampullary tumors.
Regarding the constantly growing incidence of pancreatic ductal adenocarcinoma
[1, 2], the demand for PD worldwide is expected to increase as well. Pioneer surgeons
such as Codivilla in 1898 and Kausch in 1909 performed the first pancreatic head
resections without pancreatic anastomosis [3, 4]. Whipple also performed his first PD
without reconstruction of pancreatico-enteric continuity [5], but in his subsequent
36 pancreatic head resections reconstructed the drainage of the pancreatic duct by
pancreaticojejunal anastomosis (PJA), which is now the preferred method to reestab-
lish pancreatic ductal drainage.
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Currently, PD remains a complex and risky surgical intervention, requiring sub-
stantial surgeon experience despite advances in surgical techniques and technology
[6, 7]. With the refinement of the surgical technique of PD, the main problems with
intraoperative bleeding and early postoperative mortality were gradually resolved,
and a series of more than a hundred consecutive operations with no postoperative
mortality were published for the first time in the 90s from the leading centers [8, 9].
However, compared to other abdominal operations, the complication rate of PD is
still high, mainly due to PJA leak and subsequent severe consequences that remain the
Achilles’ heel of the operation. It becomes obvious that searching for a no-leak PJA
technique is unrealistic, and it is considered that an individual surgeon’s mastery of
a specific anastomotic technique, in conjunction with a large personal experience, is
likely to be the best predictor of a low PJA leak rate [10-12].

2. Surgical techniques to mitigate the consequences of PJA leak

The main problem of a leaked PJA comes from the extravasation of pancreatic
enzyme-rich juice into the perianastomotic region, which can cause severe morbidity
due to the development of intra-abdominal abscesses leading to sepsis or pseudoaneu-
rysms leading to severe hemorrhage and even mortality. Surgical techniques devoted
to mitigating the fatal consequences of PJA leak aim to control/reduce pancreatic juice
extravasation into the abdomen or to prevent the contact of dissected peripancreatic
vascular structures with leaked pancreatic enzymes, decreasing the incidence and
grade of postoperative pancreatic fistula (POPF) (Figure1).

Biochemical POPF grade B POPF grade C
leak

* Drain >3 weeks

Al * Change in management * ;
* No clinical relevance Organ failure

* Infection without organ

* Drain amylase >3x failure * Reoperation
upper limit of normal
serum value * Intervetional drainage * Death

* Angiographic procedure

Figure 1.
International Study Group of Pancreatic Surgery (ISGPS) grading of postoperative pancreatic fistula (modified

by [13]).
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2.1 Transanastomotic external pancreatic duct stent

The goal of transanastomotic external stenting is to control pancreatic juice leak-
age by diverting the pancreatic secretion through the PJA outside the body by exteri-
orization of the stent from the jejunal lumen through a Witzel tunnel (Figure 2).

From a technical standpoint, we performed duct-to-mucosa PJA in two layers and
opened the jejunum corresponding to the pancreatic duct after completion of the
external layer of the posterior row sutures of the anastomosis. The posterior duct-
to-mucosa sutures are then easily placed, and the chosen transanastomotic stent is
introduced through a small opening in the jejunal limb at a distance of approximately
10 cm from the PJA. We left the uncut and used at least one of the tied posterior row
duct-to-mucosa sutures to secure the stent in the desired position. The PJA is com-
pleted then, and the stent is secured at a second point in the Witzel tunnel. It is also
important to note that some measures have to be taken in order to divert or reduce
the flow of the pancreatic juice in the operative field after transection of the gland,
as it might cause intraperitoneal saponification around the pancreas due to pancre-
atic lipase-induced lipolysis, and has been shown to negatively impact anastomotic
healing [14]. As a preventive measure, we temporarily placed the external stent in the
remnant pancreatic duct (Figure 3) and/or covered the cut surface of the pancreas
with gauze.

The use of transanastomotic external stents after PD has been a matter of debate
and controversy due to conflicting results published from single-institution retro-
spective and/or nonrandomized studies. However, initial randomized trials on the
subject clearly demonstrated the ability of the technique to reduce morbidity and the
incidence of clinically relevant PJA leaks, especially in patients at high risk of devel-
oping POPF [15-17]. Further research and high-quality evidence from systematic
reviews and meta-analyses have confirmed the efficacy of transanastomotic external
stents in reducing the incidence and grade of POPF in both randomized and nonran-
domized settings [18-21]. The largest systematic review to date with meta-analysis of
the POPF-related mortality rate includes 60,739 patients and undoubtedly confirmed
that external transanastomotic stents decreased the POPF-related mortality rate [22].

The main problems with the use of external stents are stent malfunction and/
or migration. Stent migration can be prevented by securing the stent at least at two

Figure 2.

Pancreaticoduodenectomy. Transanastomotic stent placement. (A) Positioning the stent after completion of
the posterior row sutures of the PJA. (B) Stent covered by anterior, first row, and duct-to-mucosa sutures.
(C) Exteriorization of the stent from the jejunal lumen [original photograph].
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Figure 3.
Pancreaticoduodenectomy. Stent (arrow) is placed in the pancreatic duct immediately after transection of the
gland to divert the pancreatic juice from the opervative field during the vesection [original photograph].

points: at the anastomosis and at the Witzel tunnel, and by leaving the ample length
of the stent between the Witzel tunnel and abdominal wall to compensate for the ten-
sion of the fixation point at the anastomosis in a case of abdominal distension during
the postoperative period. Malfunction of nondisplaced stents is rare and is a result of
clotting (which can be resolved by stent irrigation) or of use of a stent with just 1-2
distal openings that could impact the pancreatic duct if positioned too distally from
the PJA. To prevent the latter, additional holes can be made in the stent tube to secure
drainage of the duct close to the PJA. However, we consider that even the displaced
from the pancreatic duct external stent can still be beneficial by reducing the intralu-
minal pressure of the jejunal limb in cases of PJA leak.

2.2 Transanastomotic internal pancreatic duct stent

The internal transanastomotic stent seems theoretically superior to the external
stent, as it eliminates the exteriorized part of the drain. However, the results of
numerous randomized trials, systematic reviews, and meta-analyses failed to prove
the benefit of internal PJA stents versus no-stent in terms of the incidence and sever-
ity of POPF, morbidity, and mortality after PD [18, 19, 21-25]. The use of internal
stents is associated with a high rate of stent migration, and, contrary to an external
stent, the malfunction of an internal stent in place cannot be assessed.

As the theoretical benefits of internal PJA stents cannot be neglected, recent
research has focused on the options to find/develop an internal stent that can be safely
positioned and secured in place, especially in a patient with a soft pancreas and very
small duct size, in whom the use of an external stent is impractical because of the very
narrow lumen of the fitting stent or even impossible. To overcome these limitations
in patients with a small pancreatic duct size that cannot fit the external stent, since
November 2016 we started to use as an internal PJA stent a commercially available,
covered, and balloon-expandable coronary artery stent (Figure 4).
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Figure 4.
Pancreaticoduodenectomy. Postoperative computed tomography showing pancreaticojejunal anastomosis with
covered coronary artery stent (arrow) in place [oviginal photograph].

We positioned the stent using the over-the-wire technique after completion of the
posterior row sutures of the PJA. Briefly, the jejunal limb was punctured at a chosen
point opposite the transected pancreatic duct with the needle passing through both
the lateral and medial bowel walls. A guidewire was inserted through the needle into
the pancreatic duct. The coronary artery stent is positioned under intraoperative
ultrasound guidance over the wire in the anastomosis and the pancreatic duct and
expanded enough to be self-impacted in the duct. Anastomosis was then completed
using anterior row sutures. A similar use of an uncovered coronary artery stent with
positioning under X-ray guidance was recently reported by Huscher et al. [26], and
the use of biodegradable stents in 10 patients was reported by Sulieman et al. [27].
Although the use of expandable internal PJA stents is still in its infancy, the initial
results of their use are promising in terms of reducing the clinically relevant POPF
rate and major morbidity with no stent-related complications [26, 27].

2.3 Peripancreatic vessel wrap

Irrespective of the anastomotic technique and use of transanastomotic stents, the
risk of high-grade POPF is not negligible, especially for International Study Group of
Pancreatic Surgery (ISGPS) grade C-D anastomoses (Figure 5).

The most dramatic and life-threatening complication of PJA leak is grade C POPF
with severe postoperative hemorrhage caused by erosion of a major peripancreatic
vessel from the leaked pancreatic juice and accompanying local infection. Different
surgical options can be used to wrap the peripancreatic vessels in an attempt to
prevent contact with aggressive leakage content in the case of POPF, thus preventing
vessel erosion and severe hemorrhage. For this purpose, we routinely use the teres/
falciform ligament of the liver (Figure 6), which is carefully preserved and tailored
during laparotomy at the beginning of the surgery. Alternatively, omental or perito-
neal patches can be used to protect the vessels in the case of a sacrificed or small teres
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Duct size <3mm

(POPF 6.2%)

Duct size >3mm

(POPF 16.6%)

A B % D
Non-soft pancreas || Non-soft pancreas Soft pancreas Soft pancreas
AND AND AND AND

Duct size <3mm

(POPF 23.2%)

\ 7 J\ FAS

Figure 5.
Clinically relevant postoperative pancreatic fistula (POPF) rates for ISGPS A-D grades of pancreaticojejunal
anastomoses (modified by [28] ).

Figure 6.
Pancreaticoduodenectomy. (A—C) Wrapping the retroperitoneal vessels with the teves/falciform ligament flap
[original photograph].

ligament. The chosen wrap is carefully positioned to cover the major arteries and
veins and secured in place with nonabsorbable sutures. From the above options for
the protection of divided or skeletonized vessels, the use of a teres/falciform ligament
has become the most frequently applied technique due to evidence for its effectiveness
in published case series [29-33], systematic reviews [34-36], and a recent randomized
clinical trial [37].

2.4 Prophylactic abdominal drainage

Historically, abdominal drains are routinely placed at the time of pancreatic resec-
tion to allow postoperative evacuation of intra-abdominal secretions, lymphatic fluid,
blood, bile, and pancreatic juice. Theoretically, the use of drains should reduce the
incidence of intra-abdominal collections and the need for re-intervention after PD.
However, the routine use of prophylactic abdominal drains after PD has been ques-
tioned in the past decade and remains a matter of debate and controversy [38-41].
Further randomized clinical trials on the subject also reported conflicting results
and did not resolve this issue. The PANDRA trial concluded that clinically important
POPF was significantly reduced in patients without drainage, although there was no
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significant difference in overall morbidity [38]. However, the next randomized trial
was prematurely closed because patients without prophylactic intraperitoneal drain-
age had a higher mortality rate than those with drainage [39]. Subsequent systematic
reviews and meta-analyses also reported that patients without prophylactic drainage
after PD had a higher mortality rate despite a similar or lower rate of overall major
complications and readmissions [40, 41]. Regarding the above data, although the

use of prophylactic abdominal drains in PD is associated with a higher rate of POPF
compared to no drain abandoning, its routine use is not justified. Moreover, there is
still room for research, and not well-studied options, to achieve more benefits from
prophylactic drains to reduce the incidence and grade of clinically relevant POPF after
PD. For this purpose, a few groups have reported promising results with prophylactic
saline irrigation around a PJA after PD and around the pancreatic stump after distal
pancreatectomy [42-44].

We routinely place prophylactic drains parallel to the upper and lower borders of
the remnant pancreas, passing the drains to the right, beneath the PJA, and hepatico-
jejunostomy. In the case of a biochemical leak, we started intermittent drain irrigation
(2-3 times daily with 20-30 ml saline solution per drain with no suction) to dilute the
aggressive content of the subclinical leak. In our experience, this strategy was always
effective in controlling the leak and maintaining the drain patent.

3. Conclusion

The constant evolution of pancreatic surgery makes PD a widespread interven-
tion, which is now performed routinely even outside specialized centers. Although
there are several reports of reduced intra-abdominal complications and mortality,
POPF remains the most common unavoidable and life-threatening complication of
PD. It becomes obvious that no single measure could be effective enough to eliminate
POPF or to reduce its severity to the level of clinically irrelevant postoperative events.
However, the combined use of the existing and emerging surgical strategies proved to
mitigate the catastrophic consequences of pancreatic anastomosis leak and might be
more successful in attempts to achieve this goal.

Based on available clinical evidence, we routinely used a combination of the
above-mentioned surgical measures (transanastomotic drain plus vessel wrap
plus abdominal drains) in more than a hundred pancreatic resections. Our post-
operative protocol included daily measurement of drain fluid amylase levels and
prompt start of drain irrigation in a case of biochemical leak, as mentioned above.
We proceeded with irrigation of the drain until normalization of the drain fluid
amylase (less than 3x the upper limit of normal serum amylase), but no longer
after the second postoperative week. A systemic antibiotic is started if the patient
develops a clinically apparent PJA leak, body temperature »37.5°C, or had prior
chemotherapy. The biochemical leak rate was 17% and the ISGPS grade B POPF
rate was 11%, with no POPF-related mortality. Notably, none of the patients in this
series developed ISGPS grade C POPF nor required image-guided intervention or
reoperation. Although none of the surgical techniques can completely eliminate
the occurrence of PJA leak after PD, the simultaneous use of measures proven to
reduce the risk and/or severity of POPF can effectively mitigate the catastrophic
consequences of pancreatic anastomosis leak and should be implemented in PD
management protocols.
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Abstract

L-asparaginase (L-Aspa) is utilized as a part of the therapy in children with
acute lymphoblastic leukemia (ALL), achieving remission in 83-95% of the younger
patients. Hypersensitivity reactions, as well as liver and pancreatic cytotoxicity, are
severe documented side effects. L-Aspa-induced acute pancreatitis (AP) has been
observed in 2.5-16% of treated patients. Patients with mild pancreatitis may be
retreated with L-Aspa if they have no clinical symptoms within 48 hours, amylase and
lipase levels are less than three times the normal’s upper limit, and there is no evidence
of pseudocysts or necrosis on imaging. It is crucial to monitor patients under L-Aspa
therapy, through careful observation of clinical signs and laboratory follow-up, as
well as a continuous checkup for associated medications.

Keywords: acute lymphoblastic leukemia, L-Asparaginase, acute pancreatitis, diagnosis
of pancreatits, treatment of pancreatits

1. Introduction

L-Asparaginase (L-Aspa) is a keystone therapy of acute lymphoblastic leukemia
(ALL) [1]. Its mechanism of action is complex, depleting the body of the non-essen-
tial amino acid asparagine through deamidation of asparagine into aspartic acid and
ammonia [2]. The proportion of cured patients under L-Aspa increases by targeting
malignant lymphoblasts, which lost the ability to asparagine synthesis [3, 4]. In fact,
asparaginase therapy leads to the complete depletion of serum asparagine concen-
trations, depriving leukemic blasts of this amino acid, resulting in reduced protein
synthesis and ultimately leukemic cell death [5]. L-Aspa is administered in combina-
tion with other anti-neoplastic drugs intramuscularly or intravenously. However, with
a high incidence of cumulative dose of asparaginase ranging from 2 to 10%, L-Aspa-
associated pancreatitis is the main cause of substantial morbidity in patients receiving
this drug [6]. Despite low mortality, asparaginase-associated pancreatitis (AAP)
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often results in a switch of asparaginase therapy, which might be associated with an
increased risk of leukemia relapse [3, 4].

This review explores the definition, treatment, complications, and possible risk
factors for AAP in children.

2.L-Asparaginase (L-Aspa)
2.1 Mechanism of action

Asparagine is a non-essential amino acid, provided from food or produced
by asparagine synthetase (ASNS). Normal cells may manufacture L-asparagine
for growth using the transaminase enzyme, which converts oxaloacetate into the
intermediate aspartate, which then transfers an amino group from glutamate to
oxaloacetate, producing ketoglutarate and aspartate. Finally, the enzyme asparagine
synthetase transforms aspartate to asparagine in healthy cells [7].

ASNS is very low expressed or even absent in ALL cells, rendering them reliant on
extracellular asparagine for growth and survival, L-Aspa lowers plasma asparagine
concentrations by catalyzing asparagine deamination into aspartic acid and ammonia
[2]. Asparaginase therapy results in the entire depletion of blood asparagine concen-
trations, depriving leukemic blasts of this amino acid, resulting in decreased protein
synthesis and, eventually, leukemic cell death at optimal enzyme activity levels [5].

Circulating asparagine concentrations range between 40 and 80 pm in normal
physiological conditions [8]. Researchers defined complete asparagine depletion as
less than 0.1-0.2 pm based on the limit of detection of the high-performance liquid
chromatography assay used [8, 9]. However, the critical level of serum asparagine
depletion for in vivo leukemic cell death is unknown.

2.2 Asparaginase formulations

Three distinct formulations of L-Aspa are available. The native-Asparaginase modi-
fied pegylated version (PEG-Asparaginase), are both generated from Escherichia coli
(E. coli). The third is Erwinase, which is derived from Erwinia Chrysanthemi. The three
formulations vary in terms of pharmacokinetics, pharmacodynamics, and immuno-
genic propreties [10, 11]. The glutamine pharmacokinetics differs in these current
formulations. While both Erwinia Chrysanthemi and E. coli-derived asparaginase
formulations show similar binding affinities for glutamine, the maximal conversion
rate at saturation is greater with Erwinia Chrysanthemi [12, 13].

First-line treatment in ALL was based on native E. coli asparaginase. However, in
the United States, this formulation was replaced with PEG-asparaginase [5].

Erwinia asparaginase, which is produced from a distinct bacterial origin, has a
unique immunogenic profile, with no cross-reactivity with native E. coli asparaginase
or PEG-asparaginase [14]. Consequently, Erwinia asparaginase is indicated as a
component of a multiagent chemotherapy regimen in patients with ALL and a history
of hypersensitivity to E. coli-derived asparaginases [5].

Intravenously or intramuscularly routes are possible for the three asparaginase
formulations. However, the intramuscular route is associated with lower plasma peak
values, local bleeding in cases of thrombocytopenia, and local pain, which can be
alleviated by co-administration of lidocaine [15]. However, intramuscular injections
have the advantage to reduce the risk of anaphylactic reactions [16].
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2.3 L-Asparaginase side effects

L-Aspa-induced adverse effects may be minor or severe and fatal. Some common
adverse effects are related to the L-glutaminase coactivity including a decrease in the
production of various essential proteins such as albumin, insulin, fibrinogen, and
protein-C [17]. So, L-Aspa may induce fever, hepatic dysfunction, hyperglycemia and
diabetes, leucopenia, pancreatitis, neurological convulsions, and coagulation abnor-
malities such as thrombosis and hemorrhage [17].

Hypersensitivity life-threatening reactions may occur on asparaginase-based
medications, causing edema, skin eruption, serum sickness, bronchospasm, urticaria,
and anaphylactic shock [17].

3. Asparaginase-associated pancreatitis (AAP)
3.1 Definition

AAP is defined as acute pancreatitis occurring in patients receiving L-Aspa treatment
at the time of onset of symptoms [18]. Pancreatitis is defined as the histological presence
of inflammation within the pancreatic parenchyma. Acute pancreatitis is a reversible
process characterized by the presence of interstitial edema, infiltration by acute inflam-
matory cells, and varying degrees of apoptosis, necrosis, and hemorrhage [19].

In various clinical trials, pancreatitis has been reported in 2-18% of patients
undergoing L-Aspa therapy for ALL, with grade 3/4 pancreatitis occurring in 5-10%
of patients [20, 21].

3.2 Pathophysiology

The exact pathogenesis of AAP is still unclear, but it may be related to the reduction
in protein synthesis resulting from asparaginase-induced depletion of asparagine [18, 21].
Moreover, genetic predispositions are likely to play an important role. AAP occurs
even after one or a few administrations of the drug with a high likelihood of recur-
rence upon re-exposure [21].

3.3 Diagnosis

Diagnosis of pancreatitis is based on a combination of clinical, biological (amy-
lase, lipase), and radiological evidence.

3.3.1 Clinical presentation

In children, abdominal pain has many characteristics but is still the most common
symptom of acute pancreatitis, occurring in 87% of cases. Abdominal pain in acute
pancreatitis is of acute onset, especially in the epigastric region accompanied by
nausea and vomiting [22].

3.3.2 Biochemical markers

Generally, amylasemia and lipasemia exceeding three times the upper normal
level confirm the diagnosis. In pediatric patients, the simultaneous elevation of both
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pancreatic enzymes increases the sensitivity of the test to 94%. Thus, the analysis of
both enzymes is recommended, especially in very young children [23].

3.3.3 Imaging methods

Imaging methods in AAP are based on ultrasonography and computerized tomog-
raphy (CT). The main sonographic signs are increased pancreatic size and decreased
pancreatic echogenicity. While, in mild cases, a normal gland can be observed,
increased pancreatic size and decreased echogenicity may be reported in severe cases
[24, 25]. When performed days or weeks after the onset of AAP, contrast-enhanced
CT is used to identify pancreatic necrosis. Concerning the usage of magnetic reso-
nance imaging (MRI), there are currently no recommendations.

Adult studies demonstrate that MRI provides roughly the same information as CT,
although the evidence in children is limited [26].

3.3.4 Diagnostic criteria

In a child presenting with abdominal pain during cancer treatment, acute pan-
creatitis should always be considered and ruled out. The diagnosis of AP requires at
least 2 of 3 criteria according to the INSPPIRE Project (International Study Group of
Pediatric Pancreatitis: In Search for a Cure) [27]:

a.Abdominal pain caused by AP is frequently of sudden onset, especially in the
epigastric region, and may radiate to the shoulder, accompanied by nausea or
vomiting.

b.Serum amylase and/or lipase activity at least three times higher than normal
(in international units/liter).

c.Imaging findings suggestive of AP (e.g., transabdominal ultrasonography,
contrast-enhanced computerized tomography).

4. Early assessment of severity of APP

AAP is usually mild, not life-threatening, and responds favorably to intensive
medical treatment. Several scores have been developed to assess the severity of AP.
(For example, Ranson, Balthazar, SOFA, APACHE II, and Marshall scores). Outside
of clinical trials, none of these indicators are commonly used in clinical practice [28].

The Harmless Acute Pancreatitis Score (HAPS) is a German-developed score that
may reliably identify mild types of pancreatitis at the time of admission [29].

This score was created by combining three parameters that best predicted a
non-severe course (no signs of peritonitis (rebound tenderness, guarding), normal
hematocrit level, and normal serum creatinine level <2 mg/dl).

To identify patients at high risk of severe pancreatitis, the Bedside Index for Severity
in Acute Pancreatitis (BISAP) score can be used [30]. This score has five parameters:

B unconjugated Bilirubin level > 25 mg/dl.
I Impaired mental status (Glasgow Coma Scale score < 15).
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S Development of systemic inflammatory response syndrome (SIRS).
A Age > 60 years.
P Presence of pleural effusion.

With an 83% sensitivity, a BISAP score of three or above can indicate a severe
course of AP.

The Pancreatitis Activity Scoring System (PASS) recently expanded its severity
criteria to include organ failure, pain, intolerance to a solid diet, systemic inflamma-
tory response syndrome, and morphine equivalent dosage by relative weight [31].

However, these grading methods have not been verified in the pediatric popula-
tion. On admission, different clinical and laboratory criteria may suggest moderate
or severe AP, although variable threshold levels frequently complicate matters.
However, in children, a high C-reactive protein (>150 mg/1), hypocalcemia, an
elevated hematocrit, or hyperglycemia are more likely to suggest a severe course of
pancreatitis [32].

According to the 2012 Atlanta criteria, pancreatitis is classified as mild, moderate,
or severe [33]. Mild acute pancreatitis was defined by the absence of organ failure
and local complications. Moderately severe acute pancreatitis was defined by local
complications and/or transitory organ failure (<48 h) and severe acute pancreatitis
was defined by persistent organ failure >48 h. Organ failure often includes respira-
tory, renal, or cardiovascular failure, requiring admission to an intermediate or
intensive care unit. The revised Atlanta criteria are widely used by pediatricians in the
classification of pancreatitis severity although not validated in this population. Until
a consensus on the classification of AAP is reached among pediatric oncologists, we
recommend that the Atlanta criteria are applied. L-Asparaginase is among the most
trigger causes of severe acute pancreatitis [34].

5. Risk factors for AAP
5.1 Genetic predisposition

Genetic predisposition is suggested to play an important role in the occurrence
of AAP. Although nucleotide sequence variants in several genes (e.g., CFTR, CTRC,
PRSS1, and PRSS2) have been associated with the risk of pancreatitis in general [35],
no specific genetic polymorphisms have been associated with AAP.

In 2016, Liu et al. identified a nonsense variant of the CPA2 gene, which encodes
carboxypeptidase A2, associated with a higher predisposition risk of AAP [36].

5.2 Age

Higher age is associated with a higher risk of AAP. When compared to younger
children, children above the age of 10 at the time of diagnosis had an increased risk of
developing AAP [37].

5.3 Severe hypertriglyceridemia

In the presence of severe hypertriglyceridemia (i.e., levels above 11.3 mmol/l),
the risk of acute pancreatitis is increased even in patients not receiving L-Aspa [38].
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Hypertriglyceridemia is frequently observed in patients treated with L-Aspa, espe-
cially when given in combination with steroids [39].

5.4 Formulations of L-asparaginase

Alvarez and Zimmerman investigated the prevalence of pancreatitis in patients
given different formulations of L-Aspa: PEG-asparaginase versus L-Aspa. The authors
reported that the PEG asparaginase group had a statistically significant increase in
pancreatitis when compared to the control group. (18% PEG-asparaginase vs. 1.9%
L-Aspa, p = 0.007) [40]. This effect was explained by a longer half-life of PEG-
asparaginase resulting in prolonged asparagine depletion.

In contrast, other studies have found no difference in pancreatitis frequency
between PEG-asparaginase and L-Aspa patients [41, 42].

5.5 ALL risk stratification and L-Aspa dosing

In two studies, patients in the high-risk ALL stratification group had a higher
incidence of AAP, receiving the highest doses of asparaginase [21, 43]. In Raja and
colleagues’ study, the high-risk stratification group received lower doses of asparagi-
nase and had a lower rate of AAP [20]. These findings suggest that a higher cumula-
tive dose of asparaginase may be associated with a higher incidence of AAP.

6. Treatment

Actually, there is no pharmacological treatment for acute pancreatitis whether it
is primary or secondary. The therapeutic approach of AAP is identical to that of the
pancreatitis of other etiologies. Treatment of AAP is primarily supportive and aims to
reduce symptoms and monitor potential complications after immediate discontinua-
tion of L-Aspa [21, 40, 44].

Patients with acute pancreatitis should be clinically examined for symptoms of
organ failure to be appropriately treated immediately.

6.1 Fluid resuscitation

Circulatory anomalies are frequent in patients with severe sepsis or septic shock
and must be managed in an intensive care unit. Early administration of adequate
fluid resuscitation to avoid hypovolemia and organ hypoperfusion is a major pillar of
management [45].

Numerous studies have investigated the type and amount of intravenous fluid
resuscitation in severe AP. Keystones in fluid resuscitation are the followings:

a. Appropriate intravenous fluid resuscitation should be done within the first
24-48 hours; postponed or deficient fluids decrease the survival rate [45, 46].

b.High-volume fluid treatment (1000 mL/h) may increase the mortality rate and
should be prevented [47].

c.Ringer’ lactate is the optimum fluid to use. During the first 24 hours, the infu-
sion rate should be assessed on a frequent basis and adjusted based on urine
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excretion (target: 0.5-1 mL/kg/h) and vital parameters. The recommended infu-
sion rate is 250-500 ml/h unless there are cardiovascular, renal, or other related
comorbidities [48, 49].

Goal-directed therapy typically focuses on heart rate, mean arterial pressure, central
venous pressure, urine output, blood urea nitrogen concentration, and hematocrit [2].

6.2 Analgesia

Opioid (e.g., pethidine) and non-opioid (e.g., metamizole) analgesics are
indicated. In fact, pain is a distress condition that must be managed with adequate
intravenous analgesia. If intravenous analgesia fails to provide sufficient relief or
enhances bowel paralysis, the use of thoracic epidural analgesia may be considered.
This pain-relieving technique was associated with improved survival in a multicenter
retrospective trial [50]. A recent study showed a beneficial trend but no significant
improvement in organ dysfunction or mortality upon thoracic epidural analgesia [51].

6.3 Enteral feeding

Based on several randomized clinical trials of non-asparaginase-related pancreatitis
in adults, early enteral feeding seems to reduce the incidence of complications [44, 52].
Nutrition most likely protects the mucosal barrier and reduces bacterial translocation
in the gut, decreasing the risk of infection and necrosis [52]. This is contrary to earlier
beliefs. However, studies on children are lacking.

6.4 Prophylactic antibiotics/protease inhibitors

There is no clear evidence of the benefits of routine use of antibiotics in the early
course of severe acute pancreatitis [53]. A recent study including more than 800
patients showed that antibiotic prophylaxis in patients with severe AP may lead to
the development of invasive candidiasis of the pancreas [54]. Further studies must
clarify the benefice of antimicrobial prophylaxis in certain subgroups of severe AP.
Intravenous antibiotics are recommended in the case of cholangitis or other local
infections, for example, infected walled-off necrosis.

More rarely applied treatments in case of severe pancreatitis are the administra-
tion of the synthetic somatostatin analog Octreotide or continuous regional arte-
rial infusion of protease inhibitors and antibiotics [55, 56]. In fact, Somatostatin
(Octreotide) inhibits secretions of the pancreatic digestive enzymes leading to a
decrease in pancreatic inflammation [55].

There are no large studies of Octreotide treatment in children with AAP or other
children with AP. In addition, there is no consensus on doses, duration, and the pat-
tern of side effects. In the case reports, patients were treated with doses that ranged
from 2.5 to 7.2 pg/kg per day [56].

Continuous regional arterial infusion of protease inhibitors and antibiotics are
shown to be effective in preventing complications and in reducing mortality rates in
severe acute pancreatitis in a large adult trial [57].

Pediatric data is still insufficient. Five pediatric patients with severe AAP were treated
with continuous regional arterial infusion within 48 hours of diagnosis in one trial
[58]. After 22 days, all five patients had satisfactory clinical results and could continue
chemotherapy, despite the fact that none received further L-Aspa treatment [58].
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7. Complications of AAP

Acute severe complications following AP include systemic inflammatory response
syndrome and multiorgan failure affecting most frequently lungs and kidneys.
Patients may develop pleural effusions, toxic pneumonia, acute respiratory distress
syndrome, and renal failure [59].

7.1 Short-term complications

Short-term complications, usually appearing after the first week, include the
development of life-threatening systemic inflammatory response syndrome and
multiorgan failure. Other complications include necrosis and infection [18].

Pseudocysts can emerge as a complication to AAP. Such cysts contain pancreatic
juice enclosed by a non-epithelialized wall [60]. Although most pseudocysts have
been observed to arise within 4 weeks after acute pancreatitis [60], there are no
significant studies that document this in detail for AAP patients. In general, pseudo-
cysts should be treated conservatively, as the majority of instances diminish after a
few weeks or months [22].

Intervention is indicated in patients that have persistent symptoms, such as severe
pain, despite supportive care, or in case of infection or bleeding [61].

7.2 Long-term complications

Long-term consequences include diabetes mellitus, persistent abdominal discom-
fort, and chronic pancreatitis [15, 21, 22, 40]. It was demonstrated that the risk of
the enduring requirement for insulin medication and recurring abdominal pain was
related to having had pseudocysts [14].

8. Re-introduction of L-asparaginase

In children with ALL, suspending asparaginase therapy after toxicity is associated
with significantly decreased event-free survival [4]. It is, therefore, crucial that ALL
protocols include recommendations regarding the re-introduction of L-Aspa treat-
ment after AAP.

Five studies have described the re-administration of L-Aspa after the occur-
rence of AAP [20, 43, 60-63]. The rate of AAP when L-Aspa was re-introduced was
reported to be 0% (0 out of one patient) [62], 7, 7% (two out of 26 patients) [63],
25% (1 out of 4 patients) [43], 63% (10 out 16 patients) [64] and 17% (2 out 12
patients) [20]. The difference in the incidence of AAP after reintroduction of L-Aspa
in the two larger studies primarily reflects the criteria for reintroduction, being mild
AAP and complete resolution of symptoms in one study [63], whereas the other study
only required resolution of symptoms within 72 h [64].

Currently, there are no established guidelines for the reintroduction of asparagi-
nase following an episode of pancreatitis.

Based on the current literature and the Atlanta criteria, Raja et al. [18] suggested
that in cases where patients with AAP had a rapid resolution of clinical symptoms
and a reduction in serum amylase and lipase to levels less than three times the upper
limit of normal within 48 hours of being diagnosed with pancreatitis and did not have
signs of severity such as a pancreatic pseudocyst or necrosis, reintroduction of L-Aspa
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could be attempted. If a second episode of pancreatitis occurs after reintroducing
L-Aspa, asparaginase medication should be avoided completely. These findings sug-
gest that clinicians should be conscious of the relatively high risk of recurrent pancre-
atitis with asparaginase reexposure following a first episode of AAP.
9. Conclusion

AAP is a life-threatening complication of ALL therapy and there is a need for con-
sensus on its definition in all L-Aspa-containing protocols. Monitoring the patients
treated with L-Aspa, through careful observation of clinical signs and laboratory
follow-up is crucial to early detect asparaginase-associated toxicity to enable effective
and appropriate management and recognize cases where re-exposure is possible.
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CT Computerized tomography

MRI Magnetic resonance imaging

HAPS The harmless acute pancreatitis score
BISAP The bedside index for severity in acute pancreatitis
PASS The pancreatitis activity scoring system
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