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Preface

Current and Emerging Therapies in Pancreatic Cancer provides a comprehensive
review of the epidemiology, etiology, pathology, screening, diagnosis, and manage-
ment of pancreatic cancer. A primary focus of our role as editors was to identify and
engage national and international thought leaders in the field of pancreatic cancer to
present the state of the art in basic, translational, population science, and clinical
research. The authors also truly represent the multidisciplinary expertise ranging
from radiology, gastroenterology, pathology, medical, surgical, and radiation oncol-
ogy involved in the management of this highly complex disease. As such, this book
highlights the importance of a team-based approach for the development of a clini-
cally successful program in pancreatic cancer. Each chapter details the evidence that
supports the clinical management algorithms used in practice providing practicing
clinicians with an invaluable and concise resource to guide patient care.

Although the current outcomes of patients with pancreatic cancer remain at
best modest with minimal improvement in the past few decades, there have been
substantial developments in the understanding of the biology and pathophysiol-
ogy underlying this disease. Organoids, genetically engineered mouse models, and
patient-derived xenografts provide researchers with preclinical models that accu-
rately recapitulate human disease. Consequently, the field of pancreatic cancer is
at a turning point as scientists and clinicians translate this wealth of basic knowl-
edge into clinical trials. A unique focus of this book is that it presents these recent
developments and projects how these advances will shape the field in the future.
Chapters have been dedicated to reviewing synthetic lethality, immune therapy,
virotherapy, vaccines, and tumor microenvironment-based therapies. These topics
represent the cornerstone of novel therapies that will shape the management of
pancreatic cancer.

Our ultimate goal of this book is to enhance participation in collaborative
research aimed at advancing the care and outcomes of patients and to encourage
junior scientists and clinicians to consider a carrier focused on pancreatic cancer. In
recent years, there has been an increase in public awareness and involvement at the
community level in pancreatic cancer leading to a resurgence of interest in this dis-
ease and a clear increase in research funding and in the number of clinical trials.
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Without this continued commitment to invest in innovative translational clinical
research, the status quo for this disease will not significantly change.

Finally, we would like to thank the authors for their remarkable contributions and
continued commitment to research, scientific advancement, and patient care in the
field of pancreatic cancer.

Scottsdale, AZ, USA Tanois Bekaii-Saab, M.D., FA.C.P.
Atlanta, GA, USA Bassel El-Rayes, M.D.
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Chapter 1
Pancreatic Cancer Epidemiology
and Environmental Risk Factors

Mahender Yellu, Chandana Kamireddy, and Olugbenga O. Olowokure

Pancreatic cancer (PC) is one of the leading causes of cancer deaths worldwide. It is
the fourth leading cause of cancer-related death in both men and women in the United
States and has <10% 5-year overall survival rate for all stages [1]. Worldwide, PC is
the eighth leading cause of cancer death in men (about 138,100 deaths annually) and
the ninth in women (about 127,900 deaths annually). In general it affects more indi-
viduals residing in the Western and industrialized parts of the world with the highest
incidence reported in New Zealand, Black American and Hawaiians and the lowest
incidence reported among people living in Nigeria and India [2, 3]. Based on data
obtained from the surveillance epidemiology and end results (SEER) database, the
incidence and death rate of PC is 12.4 and 10.9 per 100,000 men and women per
year, respectively. In the United States, an estimated 53,070 people will be diagnosed
with PC in the year 2016, and 41,780 people will die secondary to it [1]. PC occurs
less commonly before age 45, but its incidence rises sharply thereafter with more
than half of the patients over 70 years at diagnosis. As the average lifespan is expected
to increase in the future, it is likely that PC would become more prevalent.

Over 85% of exocrine PCs are adenocarcinomas with other variants making up
the rest [4]. Majority of PCs are idiopathic in nature with exception of few cases
where an actual risk factor could be identified. Some of the nonfamilial risk factors
that have been identified which may contribute to the development of PC include
smoking, alcohol, diabetes, impaired glucose metabolism, insulin resistance, obe-
sity, infections, coffee and non-blood group ‘O’. Age is considered one of the most
common risk factors with an obvious dramatic increase in incidence of PC as one
gets older. Racial factor may play a role in development and outcome of PC.
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Analysis based from the SEER database in the United States reveals African Americans
having the highest incidence of PC and American Indian/Alaska natives are at lowest risk
(Fig. 1.1) [1]. These are closely mirrored by the death rates with blacks having the highest
(Fig. 1.2). Asians are found to have better survival which may be attributed to the aggres-
siveness of the disease, timing of diagnosis and operative approaches. Blacks appear to
have more frequent Kras mutations as opposed to other races [5].

2 Blacks

0 Whites
1975-1984

1985-1994
All races
1995-2004

. 2005-2013
= All races = Whites = Blacks

Fig. 1.1 US average age-adjusted incidence rates (per 100,000) by all races, whites and blacks

mN

14
12

10

Blacks

0 Whites
1975-1984

1985-1994 All races

1995-2004

= All races = Whites = Blacks 2005-2013

Fig. 1.2 US average age-adjusted death rates (per 100,000) by all races, whites and blacks
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Inherited Risk Factors

Familial Pancreatic Cancer

Approximately 5-10% of patients have a family history of PC, and it is estimated
that 10-15% of patients will have a genetic cause specific for PC [6]. Risk appears
to be particularly high for individuals from families with a case of PC diagnosed
under the age of 50. Patients from affected families tend to present at an earlier age
than those with non-inherited disease [7]. Patients with family history of PCs may
present at a later stage similar to sporadic PC [8]. Inherited PC is broadly divided
into two categories, familial PC in which a specific genetic abnormality has not
been identified and defined syndromes in which patients are at increased risk for PC
and various other malignancies. Familial pancreatic cancer (FPC) is generally
defined as a patient who does not meet the criteria for a known genetic predisposi-
tion syndrome but has an inherited predisposition based upon family clustering in
families with multiple first and second degree relatives with adenocarcinoma of the
pancreas.

Inherited genes alone may be inadequate to cause PC, but it is suspected that a
complex interaction of many factors leads to the development of PC. Some of them
include variable gene penetrance, environmental factors, family size and chance.

The risk of developing PC in FPC depends on the number of affected blood rela-
tives. For example, first-degree relatives of patients with PC are at highest risk, and
this is supported by two prospective studies. Families enrolled in National Familial
Pancreas Tumor Registry were followed to estimate the risk and incidence of PC in
first-degree relatives of patients with PC. This was compared with the SEER data-
base [8] and revealed an 18-fold increase in PC in patients with first-degree relatives
having PC and 57-fold increase in patients with three or more family members
affected with PC [8]. This study concluded that the risk was largely confined to rela-
tives over age 60 years and recommended screening high-risk patients. An exten-
sion of this study was performed with an increased study population of 5179
individuals of whom 3957 individuals had at least one first-degree relative with PC
from 839 kindreds (370 familial PC kindreds, 468 sporadic PC kindreds). The study
revealed that the expected rate of PC was significantly elevated in members of
familial PC kindreds [9.0; 95% confidence interval (CI), 4.5-16.1] but not in the
SPC kindreds (1.8; 95% CI, 0.22-6.4). In individuals with three, two or one
first-degree relatives, the risk was (32.0; 95% CI, 10.2-74.7), (6.4; CI, 1.8-16.4)
and (4.6; CI, 0.5-16.4), respectively [6].

In a Canadian population-based study, an attempt to analyse germline mutations
was made using next-generation sequencing and a custom multiple gene panel [9].
Probands were selected from Ontario Pancreas Cancer Study (OPCS) and included
a sample size of 290 patients. Eleven pathogenic mutations were identified in this
study including three in ATM, one in BRCAI, two in BRCAZ2, one in MLHI, two in
MSH2, one in MSH6 and one in TP53. The prevalence of mutations in all 13 genes
was 3.8% (95% confidence interval, 2.1-5.6%). Carrier status was associated sig-
nificantly with breast cancer in the proband or first-degree relative (p < 0.01),
colorectal cancer in the proband or first-degree relative (<0.01) but not family
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history of PC, age at diagnosis or stage at diagnosis. This study concluded that in
known predisposition genes, a small but clinically important proportion of PC is
associated with mutations. It also demonstrated the value of using a multiple-gene
panel in PC due to the heterogeneity of mutations identified [9].

A susceptibility locus was mapped to chromosome 4q32-34 in a large kindred
with family history of PC in an autosomal dominant inheritance pattern [10].
Studying all detoxifying genes, CYP1B1-4390-GG and uridine 5-diphosphoglucur
onosyltransferase were found to reduce the risk of PC, whereas variants in others,
such as GSTMI, increased the risk. The exact mechanism through which these
genes might contribute to the development of PC is still unknown [11]. Autosomal
dominant penetrance was noted in a small study of 47 patients from 18 nuclear
families (defined as a family group consisting of a pair of adults and their children);
two or more cases of PC was observed in the first-degree relatives [12].

Genetic Predisposition Syndromes
Hereditary Pancreatitis

Hereditary pancreatitis accounts for 3—6% of all pancreatitis. These patients have
an increased risk of PC with a lifetime risk of about 40-55% [13]. There are at
least three different inherited patterns, autosomal dominant hereditary pancreatitis
(most common), autosomal recessive hereditary pancreatitis associated with cys-
tic fibrosis and mutations in the serine protease inhibitor Kazal type 1 gene
(SPINK-1) and complex genetics. Autosomal dominant hereditary pancreatitis is
most often caused by a mutation in serine protease 1 gene (PRSS1) located on
chromosome 7q35, which encodes cationic trypsinogen with variable expressivity
and penetrance of about 80%. The cumulative risk of PC in a French study of 78
families with 200 patients was 10, 19 and 54 percent at 50, 60 and 75 years,
respectively [13]. The same study reported that at ages 50 and 75 years, the cumu-
lated risk of PC was 11% and 49% for men and 8% and 55% for women.

Breast Cancer-Associated Gene Mutations

Mutations in BRCA1 and BRCA?2 genes have been studied, although the percentage
of their association with PC has been varied. PC is considered an integral part of
hereditary breast-ovarian syndrome (HBOC). BRCA2 was found to be more com-
monly associated with PC compared to BRCA1 [12]. Thompson et al. studied the
risk of BRCA1 mutation in a population-based study of over 11,000 individuals and
found a significant association with PC (RR 2.26, p 0.004) [14]. However, in a study
involving 66 patients with PC from National Familial Pancreas Tumour Registry
who had at least two additional relatives with PC, it was noted that none of these
patients harboured BRCA1 gene mutations [15]. In another study, PC approximately
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doubled in female BRCA carriers [16]. In addition to several other cancers, BRCA2
was associated with PC with a relative risk of 5.9 [17]. A study with 187 Jewish
patients with PC, of whom tissue was available for 145 patients. Eight subjects
(5.5%) had a BRCA founder mutation (two with BRCA1 [1.3%], six with BRCA2
[4.1%]). As many mutation carriers in this series did not have a family history of
typical BRCA-associated cancers, the authors suggested clinicians may wish to
consider the diagnosis of pancreatic cancer in an Ashkenazi individual an indepen-
dent reason to consider BRCA founder mutation testing [18].

Partner and localizer of breast cancer 2 (PALB2) gene mutations have been found
to be associated with familial breast cancer in 1-2% and PC up to1-4%. BRCA2
(FANCD1) and PALB2 (FANCN) are Fanconi anaemia genes that function in a
FA-breast cancer (BRCA) DNA repair pathway. Slater et al. identified three truncat-
ing mutations (3.7%) in PALB2 gene each producing different stop codons after
direct sequencing of 13 exons that affected index patients of 81 FPC families [19].

Familial Atypical Multiple Mole Melanoma

Familial atypical multiple mole melanoma (FAMMM) syndrome is an autosomal
dominant disorder and is associated with PC which is the second most common
cancer associated with this syndrome. In this syndrome FAMMM phenotype with
both malignant melanoma and PC, CDKN2A (p16) mutation was found to be sig-
nificant. The affected family members could have incidence of PC over 20 times
compared to the general population [20].

Peutz-Jeghers Syndrome

Peutz-Jeghers (PJ) syndrome is an autosomal dominant disorder characterized by
hamartomatous gastrointestinal polyps and mucocutaneous pigmentation [21].
Germline mutations in SKT11 gene are associated with PJ syndrome and both
somatic and germline mutations have been identified in patients with PC [22]. A 100-
fold increase in PC was noted compared to general population in 13 unrelated kin-
dreds with PJ syndrome [21]. In a systematic review of 1 meta-analysis and 20 cohort
studies, a significant increase in PC was noted in patients with PJ syndrome [23].

Ataxia Telangiectasia

Ataxia telangiectasia (AT) is an autosomal recessive disorder, characterized by pro-
gressive cerebellar ataxia, oculocutaneous telangiectasia and cellular and humoral
immune deficiency; a twofold increase in PC was observed in blood relatives of
patients with AT [24]. However, the risk of PC in patients with ATM mutations is
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still being studied actively. In a study using next-generation sequencing, only
severely affected families with three or more PC cases were studied, and this
revealed four deleterious ATM mutations among 87 families (p = 0.009) [25].

Lynch Syndrome

Hereditary nonpolyposis colorectal cancer (HNPCC) also called Lynch syndrome is
an autosomal dominant disease caused by germline mutations in mismatch repair
genes (MMR), MLH1, MSH2, MSH6 and PMS2. MSH2 is the most common muta-
tion making up to 60%, followed by MLH1 approximately 30%. The association
between Lynch syndrome and PC was studied, with an increased risk identified
[26]. Data analysis of over 6, 000 individuals from 147 families with MMR gene
mutations revealed 21.1% of families (47 PCs) having at least one case of PC with
a cumulative risk of about 1.31% up to age 50 years and 3.68% up to age 70 years
representing an 8.6-fold increase in risk of PC compared to the general population
[27]. Medullary phenotype and wild type Kras gene status were associated with
poor differentiation; therefore, evaluation of these patients for Lynch syndrome may
be useful [28].

Other Risk Factors

Chronic Pancreatitis

Chronic pancreatitis although rare, regardless of its etiology (alcoholic, non-
alcoholic, hereditary, tropical), is associated with PC [29]. The risk of developing
PC in chronic pancreatitis is about 5% but can be several fold higher for someone
with chronic pancreatitis secondary to hereditary and tropical causes. It is believed
that PC can occur after one to two decades of repeated episodes of pancreatitis;
however, if it occurs 1-2 years after the initial episode of pancreatitis, it is possibly
due to tumour-related ductal obstruction [30]. Multiple case-control and cohort
studies have found similar increase in risk of PC in patients with chronic pancre-
atitis [31, 32].

Cystic Fibrosis

Cystic fibrosis (CF) has been associated with PC although the data is not as strong
as for chronic pancreatitis. CF is an autosomal recessive condition caused by a
defect in protein cystic fibrosis transmembrane conductance regulator (CFTR)
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which regulates mucus in lung and gastrointestinal tract. The risk of PC in patients
with cystic fibrosis is relatively low, approximately 1/100,000/year (nine PCs in
1.2 million person-years) [33]. Since the average lifespan of cystic fibrosis is
increasing, it is felt that the incidence of PC in these patients will rise in the future.
Two studies analysed the risk of PC in patients with cystic fibrosis, the first one
included 712 patients and found no significant excess risk, but the second study
with 412 patients noted a significantly increased risk of pancreatic and small intes-
tine cancers [34-36].

Diabetes and Glucose Metabolism

Diabetes has been linked to PC; however, conflicting reports have been published.
The relationship is bidirectional, and new onset of diabetes in a middle-aged,
lower BMI individual that has no family history of diabetes could increase one
suspicion for an association with PC. One must however remember that until fea-
tures are identified that differentiate PC-associated diabetes from other causes of
new-onset diabetes, CT screening in order to discover a small number of PCs is
not feasible. In some patients PC could unmask the diabetes. The incidence of PC
in diabetics was found to be 2.2-fold higher than the normal population in one
study, but the calculated absolute risk was much lower at 0.5% [36]. Diagnosis of
diabetes within 3 years of diagnosis of PC is much more common compared to the
diagnosis of other types of cancer [37]. Gestational diabetes may also increase the
risk of PC [38].

In a meta-analysis of 11 case-control and 9 cohort studies of having at least
1 year elapsed between diagnosis of diabetes and PC, the relative risk of PC was 2.1
with 95% CI 1.6-2.8. The relative risk in cohort studies (RR = 2.6; 95% CI: 1.6—
4.1) was found to be higher compared to case-control studies (RR = 1.8; 95% CI:
1.1-2.7). The meta-analysis concluded that patients with long standing history of
diabetes may have increased risk for developing PC [39].

Abnormal glucose metabolism has been implicated in developing PC. Post-load
plasma glucose concentration and risk of PC mortality were evaluated in a prospec-
tive study in the absence of self-reported diabetes [40]. This association was noted
to be independent of other risk factors including age, race, cigarette smoking and
BMI and was found to be unchanged within the first 5 years of follow-up even after
exclusion of subjects who died due to this malignancy. The Chicago Heart
Association (CHA) Detection Project in Industry cohort project with 12 years of
follow-up found that the baseline glucose load was higher in patients who died of
PC compared to those who have normal glucose load; however, the effect was
found only in men [41]. Men who had normal glycaemic index, PC mortality and
post-load plasma glucose concentration were inversely associated according to
another study [42].
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Pernicious Anemia and ABO Blood Group

The occurrence of atrophic gastritis with hypergastrinaemia was thought to be
associated with both gastric and PC in patients with pernicious anaemia. In a
7-year follow-up of a Swedish cohort study of over 300 participants, the associa-
tion between pernicious anemia and PC was found to be significant (p < 0.02,
Poisson analysis). Pancreatic malignancy was the primary cause of death in 4%
of 134 patients who died during follow-up. Among 127 unselected patients with
PC, the prevalence of pernicious anemia was found to be 3% [43]. In another
population-based study of patients with pernicious anemia, younger age at diag-
nosis was noted to be associated with PC [44]. Compared to blood group ‘O’
individuals, individuals with non-blood group ‘O’ appear to have a higher inci-
dence of PC. An increased risk of PC in subjects with non-blood group ‘O’ as
compared to blood group ‘O’ was demonstrated in one study, with two large
independent prospective cohorts. The Nurses’ Health Study and the Health
Professionals Follow-Up Study reported incidence rates of pancreatic cancer per
100,000 person-years for blood group O, A, AB and B were 28.9, 39.9, 41.8 and
44.5, respectively [45].

Environmental Risk Factors

PC is distributed unequally throughout the world; in some countries, the incidence is
as high as five to seven times compared to low-risk countries [46]. Environmental fac-
tors likely contribute to this unequal distribution. These factors among others likely
include smoking, occupational exposure, alcohol, dietary habits and medications.

Smoking

An association of smoking and PC has been well known for decades, and this was
particularly evident when smoking increased in Japan between 1950s and 1990s
which has now plateaued due to decreased smoking. It is estimated that about 15%
decrease in PC would occur if all patients who smoke suddenly stop smoking [47].
Therefore quitting smoking would reduce the incidence of a sizeable number of PC
cases [47].

Smoking tobacco has been consistently associated with PC, and there are multi-
ple articles published in various journals that are related to smoking and PC. It is
thought that carcinogens from smoking reach the pancreas via the blood stream,
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although direct exposure to pancreatic ductal system from ingested tobacco is also
a possibility [48]. A pooled analysis of 12 case-controlled studies demonstrated
increased risk of PC in smokers with an odds ratio of 1.2 in former smokers and
2.2 in current smokers. The risk increased proportionally with amount and duration
of smoking [48]. Exposure to second-hand smoke may also result in increased risk
of PC [49].

In a large cohort study conducted in the Netherlands, an increased risk of PC
per increment of 10 years of smoking (HR, 1.15; 95% CI, 1.08-1.22) and per
increment of 10 cigarettes/day (HR of 1.08, 95% CI, 0.98—1.19) was observed.
No association was noted with PC risk and passive smoking exposure in women.
The risk of PC in smokers has been reduced to that in non-smokers after quitting
smoking for more than 20 years [50]. Historically epidemiological data showed
that implementation of smoking reduction programs showed a decline in the PC
mortality [51].

Effect of cigar and pipe smoking and smokeless tobacco use on risk of PC was
analysed in a large pooled analysis of case-control studies. Results showed that
cigar smoking alone or the combination of cigarette with cigar or pipe smoking has
been associated with increased PC similar to that of cigarette smoking [52]. The
increased risk was thought to be due to similar composition of cigars and cigarettes.
No significant association for pipe smoking on excess risk of PC was found in a
meta-analysis [52].

Effect of smokeless tobacco on PC has been controversial. A systematic review
of the effect of smokeless tobacco in Europe and North America showed no increased
risk, whereas cohort studies conducted in Norway and Sweden suggested increased
risk. The difference in the effects may be due to the differences in the smokeless
tobacco products between the populations considered [52, 53]. The tobacco-specific
nitrosamines with the greatest proportions in snuff (4-(nitrosomethylamino)-1-(3-
pyridyl)-1-butanone [NNK] and N’-nitrosonornicotine [NNN]) have been impli-
cated to be carcinogenic to the pancreas, and these tobacco-specific nitrosamines
have been found in the pancreatic juice of smokers compared to non-smokers [54].

Smoking has a late-stage effect on pancreatic carcinogenesis suggested by the
greater risk for total exposure delivered at lower intensity for longer duration than
for higher intensity for shorter duration [55]. A nested case-control study of 272
members of 28 familial PC kindreds found smoking to increase the risk of PC in
kindred especially in males under the age of 50 years. It was also found to hasten the
onset of the disease by approximately one decade in the subjects who smoke. A
similar effect of smoking hastening the onset of PC was found in individuals with
hereditary pancreatitis. This further highlights the importance of the need for behav-
ioural modification in individuals who have a high familial risk [56, 57]. Table 1.1
highlights some of the important studies and meta-analysis demonstrating the asso-
ciation of smoking and PC.
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Alcohol

The direct effect of alcohol on the incidence of PC is difficult to ascertain due to the
concomitant use of tobacco in many instances, but direct insult from heavy alcohol
consumption and indirect effect through development of chronic pancreatitis are felt to
be some of the reasons. Several mechanisms have been proposed to explain the effect
of alcohol on pancreas. Oxidative and non-oxidative damage from the metabolites of
alcohol can initiate inflammatory and fibrotic cascades resulting in subsequent carci-
nogenesis. Molecular and genetic characteristics in individuals such as specific muta-
tions in the Kras oncogene were found to be more common in alcohol consumers with
PC. A molecular study was done in genetically engineered mouse models where onco-
genic Kras mutation is activated in pancreatic cell types. It demonstrated that insults to
the pancreas, in the form of acute and chronic pancreatitis, in the context of oncogenic
Kras mutation can dramatically increase the risk of malignant transformation [58, 59].

PC-related deaths identified from cancer prevention study II in non-smokers
found that consuming three or more drinks of liquor per day can increase the risk of
pancreatic cancer independent of smoking [60]. However, pooled analysis of ten
case-control studies with over 5000 subjects found insignificant association of alco-
hol and PC with <4 drinks per day but noted increased risk with >9 drinks per day
[61]. Similar conclusion was made in another meta-analysis in which low to moder-
ate alcohol intake was found to have no significant effect on PC risk, but high alco-
hol intake especially high liquor intake was associated with increased risk. This
could be explained by the association of the high alcohol intake with chronic pan-
creatitis [62]. Also acetaldehyde, the main metabolite of alcohol, is considered car-
cinogenic by several studies. The increased risk associated with high liquor intake
compared to other alcoholic beverages like beer and wine could be explained by the
substantially higher concentration of alcohol in liquor compared to others [62].

A multicentric cohort study showed alcohol and tobacco use to be associated
with earlier onset of PC. Patients who drink excess alcohol were found to have a
median of 5.3 years earlier age of presentation compared to non-alcoholics [63].

Occupational Exposure

Occupational exposure is largely preventable, and one meta-analysis estimated that
12% of all PCs may be attributable to this [64]. A statistically significant association
was found in a meta-analysis conducted by Ojajarvi et al. for chlorinated hydrocar-
bon compounds and nickel compounds [64]. Chlorinated hydrocarbons are used in
variety of applications and products such as solvents, pesticides and plastics.
Although there are different types of hydrocarbons, only metal degreasers and dry
cleaners were found to be significantly associated with risk of PC, whereas others
have increased risk but were non-statistically significant [65]. Chlorinated hydrocar-
bon pesticides include insecticides and organochlorines (dichlorodiphenyltrichloro-
ethane, DDT), and the latter was restricted due to reported health concerns. In a
case-control study, exposure to DDT was found to have increased risk of PC by
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4.8-fold with mean duration of exposure of 47 months; a 7.4-fold increase in risk was
noted [66]. Other pesticides such as fungicides and herbicides such as pendimethalin
and S-ethyl dipropyl carbamothioate (EPTC) were found to have a significant
increased risk of PC [67, 68]. Polycyclic aromatic hydrocarbons (PAH) include hun-
dreds of compounds and are used in manufacturing various products. In a meta-
analysis, the use of PAH was noted to be associated with a non-statistically significant
increased risk of PC [64]. N,N-Diethyl-meta-toluamide (DEET) was shown to have
some neurological effects, but it has not been linked to an increased risk in PCs [69].

Dietary Habits

The association of dietary habits and PC has been studied in large prospective trials.
One prospective study evaluated five healthy lifestyle patterns assigning a score of
one point for each category consisting of strict Mediterranean diet, non-smoking,
limited alcohol, BMI of 18-25 kg/m? and regular exercise. This study reported a
58% reduction in PC for patients who scored all five points [70]. Another prospec-
tive study found that eating red meat especially when cooked at very high tempera-
tures is associated with increased risk of PC but only in men [71]. Conflicting results
have been published regarding the relationship between eating vegetables and fruits
and their association with PC. For example, a population-based study included over
half a million participants and found that there is no significant association between
consuming vegetables, fruits and PC [72]. The relationship between total or avail-
able carbohydrate intake, glycaemic index, glycaemic load and PC was also studied
with no association found except increased risk with high fructose intake [73].
These findings need to be confirmed by other studies. It is suspected that high fat
content is a risk factor for PC; however, the evidence has been conflicting [74, 75].

The data regarding the association of coffee and pancreatic cancer is conflicting.
A study aimed at evaluating the association of coffee with PC was conducted by
MacMohan et al. in the 1980s. This study found a significant dose-response rela-
tionship with a relative risk of 1.8 for drinking up to two cups per day and 2.7 with
three or more cups per day. This significance persisted even after adjusting it for
cigarette smoking [76]. A large meta-analysis of 14 prospective studies concluded a
decreased risk of PC (4% reduction with one cup per day) in subjects drinking cof-
fee, with a pooled relative risk of 0.82 for regular coffee drinkers, 0.86 for low to
moderate coffee drinkers and 0.68 for high coffee drinkers [77].

Medications

Human PC harbours renin-angiotensin system (RAS) and expresses angiotensin II
and angiotensin II type 1 receptor. The role of local RAS in multiple pathways of
carcinogenesis is well known, and in pancreatic cancer it appears to interfere with
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cell proliferation, apoptosis and angiogenesis [ 78, 79]. Research studying the impact
of angiotensin converting enzyme inhibitors (ACEI) and angiotensin receptor block-
ers (ARB) on PC has also been conducted. ACEI and ARBs have showed protective
effect against PC, according to one study reported by Khurana et al. [80]. They
reported similar outcome in patients at Veteran Affairs (VA) after controlling for
common variables [81]. One Taiwan-based case-control study examined about
12,000 participants taking either ACEI or ARBs and found reduced risk of PC even
after adjusting for other variables [80]. On the other hand, some studies reveal
increased risk of cancer incidence with ARBs (Sipahi et al., 2010) [82]. A retrospec-
tive study evaluated the effect of ACEI and ARBs on PC patients receiving gem-
citabine therapy showed improved prognosis of the disease in advanced stages [83].

Dipeptidyl peptidase-4 (DPP-4) inhibitors (sitagliptin, saxagliptin and alogliptin)
and glucagon-like peptide-1 (GLP-1) receptor agonists (exanetide and liraglutide)
are incretin-based drugs and a relatively new group of drugs being used in the man-
agement of diabetes. An analysis of the FDA adverse event reporting database sug-
gests that the sitagliptin and exanetide could have some unintended side effects. It
showed the rate of PC reported was 2.7 and 2.9 times higher with sitagliptin and
exanetide, respectively, compared to other oral antidiabetic drugs. In a rat model,
sitagliptin caused increased pancreatic ductal turnover and acinar to ductal metapla-
sia. Similar characteristics of ductal proliferation and metaplasia have been seen
with chronic pancreatitis in humans. This could explain the increased concern as
chronic pancreatitis increases risk of PC [84].

A large international multicentre cohort study reported that the use of incretin-
based drugs in diabetic patients followed for up to 8 years was not associated with
an overall increased risk of PC compared with the use of sulfonylureas. The risk did
not vary by class and evidence of a duration-response relation was lacking. However,
additional prospective studies are required in this regard with long-term surveil-
lance owing to the latency of this cancer [85].

Two other large multicentre cardiovascular outcome trials in patients with type 2
diabetes treated with incretin-based drugs—the Saxagliptin Assessment of Vascular
Outcomes Recorded (SAVOR study) and the Examination of Cardiovascular
Outcomes with Alogliptin versus Standard of Care (EXAMINE study) were con-
ducted. Both trials found no increase in the rate of acute or chronic pancreatitis in
the patients on DPP-4 inhibitor treatment [86—88]. The FDA and European Medicine
Agency (EMA) conducted an extended review of more than 200 trials, preclinical
and epidemiological studies, and reported that there is no causal relationship
between DPP-4 inhibitors and either pancreatitis or PC [89]. Onitilo et al. reviewed
the association of diabetic medications with pancreatic cancer and found that hyper-
insulinemia and drugs that increase circulating insulin such as exogenous insulin,
insulin analogues and insulin secretagogues have been associated with increased PC
risk with a hazard ratio of 4.63 [90].

Statins have been considered to have antineoplastic properties. They were shown
to inhibit the signalling pathways involved in pancreatic tumorigenesis. Secondly,
they are anti-angiogenic and anti-inflammatory and have pro-apoptotic effects. A
meta-analysis of 16 studies with over 7000 PC patients showed a non-significant
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decreased risk of PC in all statin users (RR 0.89) [91]. The use of fish oil is routinely
recommended due to their cardioprotective nature, but its effect on cancer is less
well understood. Based on a mouse model, eicosapentaenoic acid, a component of
fish oil was noted to decrease the risk of PC [92]. However no human studies have
confirmed this finding.

NSAIDs

NSAIDs including aspirin have been explored as emerging agents for chemopreven-
tion for different cancers, including PC. The major mechanism by which aspirin is
thought to have antineoplastic effect is via the inhibition of COX-1/COX-2 and
modulation of NFkB or STAT3 pathway [93-95]. The effect of aspirin on PC reveals
conflicting results with some studies showing a protective effect, while others found
no association [96-99]. A large pooled analysis of 25,570 patients in eight random-
ized trials showed survival benefit with daily aspirin use (at a dose of 75 mg). The
benefit was also shown to increase with the duration of treatment [93, 100].

The UK General Practice Research Database studied the effect of NSAIDs on
PC and found reduced risk if consumed for over 5 years [101]. A randomized con-
trolled study using aspirin for cardiovascular risk reduction found significant reduc-
tion in PC if used for over 5 years; however, this was not as strong in a follow-up
study in the US Cancer Prevention Study II Nutrition Cohort [102—104]. Naproxen
can induce cell apoptosis by downregulating bcl-2 and upregulating Bax [104].

Selenium, an antioxidant was found to be inversely associated with the risk of
PC, but the observed association was attenuated by selenium supplementation
[105]. Vitamin D has demonstrated reduced risk of PC and other cancers; therefore,
its use in cancer prevention is currently being evaluated [106]. Possible mechanisms
include 1,25-dihydroxyvitamin D3 receptor expression in pancreatic cell lines or
calcitriol, and its analogues inhibit PC cell proliferation, induce differentiation and
promote apoptosis [106, 107]. In one study, no association was found between the
use of retinol and calcium intake and PC [108].

Obesity

Obesity defined as a body mass index greater than 30 kg/m? has been linked to an
increased risk of many cancer types with PC also noted to have an increased inci-
dence in obese individuals. A meta-analysis involving six case-control and eight
cohort studies aimed at assessing the risk of obesity in PC found an increased risk
of PC per unit increase in body mass index. The estimated risk in obese (30 kg/m?)
patients was 19% higher as compared with normal individuals [109]. Another meta-
analysis analysing 21 prospective studies noted an increased relative risk of 1.12
with every 5 kg/m? increase in body mass index [110]. A subsequent meta-analysis
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showed a non-statistically significant increased risk of PC with every 5 kg/m?
increase in body mass index. According to this study the calculated relative risk for
men was 1.07 and that for women was 1.12 [111].

Infections

Infections such as Helicobacter pylori and hepatitis B virus in one study each were
shown to increase the risk of PC [112, 113]. In another study, hepatitis C viral infec-
tion was noted to increase the risk of PC slightly, but the effect was found to be
non-significant when adjusted to common variables [114].

Screening and Surveillance

There is currently no consensus on screening individuals for PC. Patients with high
risk based on inherited cancer susceptibility syndromes and hereditary pancreatitis
have severalfold increased risk of PC. In 2007, Brand RE et al. published sugges-
tions of the expert consensus group on inherited diseases of the pancreas; however,
they could not reach a consensus on the specific approaches to screening in high-
risk individuals and recommended that surveillance be performed only as part of a
peer-reviewed screening protocol. Even though there are no consensus on when to
start or stop screening or how often to perform screening, the consensus group rec-
ommended that familial PC screening be considered at age 40—45 or 10-15 years
younger than the youngest relative with PC, and one should tailor individual recom-
mendations taking into account additional factors such as the patient’s level of con-
cern, study protocols and clinical history.

Current arguments against screening for PC are mainly threefold, with no study
ever showing that screening improves survival till date. The yield of screening has
not been uniformly high, and although intraductal papillary mucinous neoplasms
(IPMNs) and pancreatic intraepithelial neoplasia (PanIN) act as precursor lesions to
invasive PC, only a small fraction of such patients progress to PC.

Tumour markers are not always reliable, and CT imaging is unable to assess non-
dilated pancreatic ducts in addition to radiation exposure. Invasive approaches such
as endoscopic retrograde cholangiopancreatography (ERCP) may not be appropri-
ate due to high cost, risk of morbidity and mortality with such procedures, while
endoscopic ultrasound (EUS) is highly operator dependent. A very small study
combining both EUS and ERCP tested 35 members of 13 FPC families and found
abnormal findings in 15 individuals. Those with abnormal findings had a surgical
resection done, either total (12 individuals) or partial pancreatectomy (3 individu-
als). The study concluded that PC screening is cost-effective with increased patient
life expectancy in selected members of familial pancreatic cancer kindreds; how-
ever, the cost-effectiveness of repeated screening remains to be determined [115].
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A multicenter study evaluated asymptomatic individuals with increased risk of PC
at Johns Hopkins Institute and Mayo Clinic. Patients in this study were screened
with EUS, and abnormal tissue was aspirated using fine-needle aspiration. Out of 38
patients, six were found to have abnormal tissue of which only two had clinically
significant neoplasia. The study concluded that screening individuals with EUS is
feasible [116]. Although based on these small studies EUS appears to be feasible for
screening for PC, these are not powered to make definite conclusions.
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Chapter 2
Anatomy of the Pancreas and Biliary Tree

Constantinos P. Zambirinis and Peter J. Allen

Pancreas

The pancreas derives its name from the Greek words “zav” (whole) and “kpéag” (flesh),
due to its fleshy consistency as well as the absence of bones or ligaments [1]. The pan-
creas has a complex microscopic structure and functions as both an exocrine and an
endocrine organ. The exocrine component, which is responsible for the digestive func-
tions of the pancreas, represents the bulk of the organ’s mass (approximately 98%). The
exocrine component is composed of an intricate network of blind sacs (acini) that pro-
duce an array of digestive enzymes and form small ductules that interconnect to form
larger ducts of progressively increasing caliber, ultimately leading to the main pancre-
atic duct. This acinar network is supported by loose connective tissue that contains blood
vessels, nerves, and pancreatic stellate cells. Interspersed within the exocrine gland are
the pancreatic islets of Langerhans, which constitute the endocrine component of the
pancreas. The islets of Langerhans are clusters of B, «, 8, PP, and € cells (in decreasing
order of abundance), which are responsible for the production of the hormones insulin,
glucagon, somatostatin, pancreatic polypeptide, and ghrelin, respectively.

Embryology

The developmental biology of the pancreas has attracted the interest of the scientific
community not only because of the complexity of the pancreatic structure but also
because of the multiple diseases that result from developmental aberrations of this
organ. Although significant progress has been made with the recent advances of
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molecular biology that enable lineage tracing of the different cell types, many
aspects of pancreatic development remain unclear.

The pancreas originates from the foregut as two separate primordia suspended in
the mesentery. These separate components fuse to form the final organ that rests in
the retroperitoneum (Fig. 2.1). Near the end of the fourth week of gestation, a mes-
enchymal condensation is formed dorsal to the primitive foregut, at the level of the
future duodenum. This in turn induces the underlying foregut endodermal lining to
form the dorsal pancreatic bud (Fig. 2.2). Specifically, mesenchymal fibroblast
growth factor 2 (FGF2) and activin relieve the inhibition imposed on the foregut
endoderm by Sonic Hedgehog (SHH) signaling, therefore enabling differentiation
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Fig. 2.1 Embryologic development of the pancreas. (a—d) Successive stages in the development
of the pancreas from the fifth to eighth weeks. (e—g) Diagrammatic transverse sections through the
duodenum and developing pancreas. Growth and rotation (arrows) of the duodenum bring the
ventral pancreatic bud toward the dorsal bud, and the two buds subsequently fuse. Reproduced
with permission from [2]
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into the pancreatic primordium. The latter results from epithelial expression of the
transcription factors pancreatic and duodenal homeobox 1 (PDX/7) immediately fol-
lowed by pancreas-specific transcription factor la (PTF1A) [3]. The importance of
these transcription factors in pancreatic development is underscored by the fact that
mutations in either gene lead to pancreatic agenesis. Both PDX1 and PTF1A have
been exploited in various genetically engineered mouse models of pancreatic dis-
eases, especially in mouse models of pancreatic cancer [5]. Furthermore, uncoordi-
nated expression of pancreas-licensing signals can facilitate the development of
ectopic pancreatic tissue—most commonly found in the mucosa of the stomach,
duodenum, jejunum, or the ileal diverticulum (of Meckel)—that may lead to atypi-
cal gastrointestinal symptoms (e.g., bleeding or even cancer).

At the microscopic level, pancreatic development follows a process of branch-
ing morphogenesis. The inner cells of the growing pancreatic buds that lack con-
tact with the surrounding tissues form microlumens (Fig. 2.2a). Adjacent
microlumens subsequently fuse to form duct-like structures, while the epithelial
lining is separated into proximal “trunk” and distal “tip” regions. The cells at the
trunk regions will develop into cells with ductal and endocrine function. The cells
of the tip region initially remain multipotent, but after progressive branching and
elongation, the distal tip cells commit to the acinar lineage and will have exocrine
function. Complex expression patterns of multiple transcription factors regulate
the fate of each cell to give rise to the different lineages found in the adult pancreas
(Fig. 2.2b).

Pancreatic parenchymal cells proliferate early in gestation resulting in an increase
in the volume of the developing gland. The dorsal bud grows earlier than the ventral
bud, taking a progressively oblong shape. The rotation of the stomach and duode-
num influences the anatomy and orientation of the pancreatic primordia (Fig. 2.1).
The ventral pancreatic bud follows the rotation of the duodenum, moving first to the
right and then to its final dorsal position (Fig. 2.1). The two buds fuse in the retro-
peritoneum to form a single organ. The ventral bud eventually lies posterior to the
superior mesenteric vessels and posterior and inferior to the dorsal pancreatic bud,
giving rise to the bulk of the uncinate process and the inferior portion of the head of
the pancreas. The rest of the head of the pancreas, the neck, body, and tail are all
derived from the dorsal bud.

Each of the two pancreatic buds has its own separate main duct (Fig. 2.1). The
duct of the ventral bud lies in continuity with the main bile duct. The two ductal
systems join into one during the rotation of the duodenum and the pancreas (Figs. 2.1
and 2.3a). The ventral bud forms the proximal main pancreatic duct (of Wirsung),
while the duct of the dorsal bud forms the rest of the main pancreatic duct spanning
the majority of the gland. The proximal part of the duct of the dorsal bud persists as
an accessory pancreatic duct (of Santorini) that opens in the minor duodenal papilla
(Fig. 2.3a).

Abnormalities in the rotation and/or fusion of the two pancreatic buds may result
in pathologic entities. The most common congenital anomaly of the pancreas is
pancreas divisum. It is a consequence of failure of fusion of the ventral and dorsal
duct system and can be subclassified depending on the extent of communication and
the location of the two duct systems (Fig. 2.3a). It is found in approximately 10% of
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Fig. 2.3 Rotation of the pancreas primordia and its ductal system and related anomalies. (a) The
rotation of the duodenum brings the two pancreatic buds together. Their ducts, initially separate,
usually fuse to form the adult main pancreatic duct that drains into the duodenum. Failure of fusion
results in pancreas divisum, whereby the two parts of the pancreas remain distinct to variable
extent, each with its own duct [Source: UpToDate.com; Graphic 78,995 Version 3.0]. (b) Improper
rotation of the pancreatic buds may lead to annular pancreas, in which the gland encircles the
duodenum. This birth defect produces complete obstruction (atresia) or partial obstruction (steno-
sis) of the duodenum. Reproduced with permission from [2]
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Atypical ductal configuration

Anomalous pancreatobiliary ductal junction

Cystic malformations

individuals, and although it is generally asymptomatic (in over 95% of individuals),
it may manifest as recurrent abdominal pain with or without acute pancreatitis.
Another notable, albeit rare, developmental anomaly is termed annular pancreas. In
this case the ventral pancreatic bud has a bifid configuration, which leads to the
encirclement and risk of potential strangulation of the duodenum during the rotation
and fusion sequence (Fig. 2.3b). Approximately half of patients with annular pan-
creas also have pancreas divisum [6, 7]. A list of congenital pancreatic anomalies is
shown in Box 2.1.
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Surgical Anatomy

In the healthy adult, the pancreas is a soft, glandular organ, situated in a transverse
to slightly oblique retroperitoneal position, immediately anterior to the spine at the
level of L1-L2 vertebrae (Fig. 2.4). Its volume varies significantly among individu-
als (mean 70-80 mL) and is greater in males. It increases with age, peaking in the
fourth decade, while the organ progressively atrophies after 60 and is replaced with
fat.

The pancreas is divided into five parts: the head, neck, body, tail, and uncinate
process (Fig. 2.4). The neck, head, and uncinate process form a C-loop to the ana-
tomic right of the midline that follows the natural curvature of the duodenum and is
in intimate relationship with the superior mesenteric vessels. The body extends lat-
erally to the anatomic left, posterior to the stomach, with the tail terminating in the
splenic hilum. The organ is surrounded by a thin capsule that is loosely attached to
its surface. Most of the anterior surface of the pancreas is coated with peritoneum,
except where it is crossed by the transverse mesocolon and the root of the mesen-
tery, as well as at its contact areas with the first part of the duodenum and the splenic
hilum (Fig. 2.4).

Common hepatic artery

Inferior vena cava Celiac trunk  Splenic artery Stomach (cut)

Hepatic portal vein

Portal triad 4 Hepatic artery proper
(Common) bile duct

Right free margin of lesser omentum

Suprarenal gland
Duodenum
Right kidney
(retroperitoneal) ,

Left
colic
(splenic)
flexure

Attachment
of transverse
mesocolon

Right colic
(hepatic)
flexure

Transverse

colon (cut)
Transverse Left kidney (retroperitoneal)

lon

colon (cuf Attachment of
transverse mesocolon
Inferior mesenteric vein
(retroperitoneal)

Middle colic artery and vein Jejunum (cuf)
Superior mesenteric artery and vein

Uncinate process

Duodenojejunal flexure

Root of mesentery (cut)

Fig. 2.4 The pancreas in situ. Reproduced with permission from [8]
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The head of the pancreas is the thickest part of the gland. Anteriorly, it is related
to the origin of the transverse mesocolon. Posteriorly, the head is related to the infe-
rior vena cava (IVC), the right gonadal vein near its entrance into the vena cava, and
the right crus of the diaphragm. The common bile duct runs either on the posterior
surface of the pancreatic head or is embedded within the parenchyma of the gland.

The transitional zone between the head and the body of the pancreas is termed
the neck. It is defined by its anatomic location anterior to the formation of the portal
vein (usually by the confluence of the superior mesenteric and splenic veins). It is
approximately 2 cm wide, and it is usually the most anteriorly located portion of the
pancreas. Anteriorly the neck is covered by peritoneum and is related to the pylorus.
Its posterior aspect is grooved by the superior mesenteric vein (SMV) and the portal
vein (PV).

The body of the pancreas is anatomically the largest region. Its anterior surface
is covered by the peritoneal layer that constitutes the posterior wall of the lesser sac
(Fig. 2.5a). Toward the inferior border of the pancreas, the peritoneal layer is
reflected anteroinferiorly to form the transverse mesocolon (Fig. 2.5). The posterior
surface of the body lies on the fusion fascia of Toldt in the retroperitoneum and is
related to the abdominal aorta and the origin of the superior mesenteric artery
(SMA), the left crus of the diaphragm, the left renal vein, the left kidney, and the left
adrenal gland, from right to left (Figs. 2.4 and 2.5a). The pancreas is surrounded by
multiple blood vessels. The splenic vein runs on the posterior surface of the gland
in a groove of variable depth, sometimes almost entirely embedded within the pan-
creatic parenchyma (Fig. 2.5). The celiac trunk and its branches emanate along the
superior border of the body, with the common hepatic artery running to the right and
the splenic artery to the left (Figs. 2.4 and 2.5b). The inferior border of the pancreas
is crossed posteriorly by the inferior mesenteric vein (IMV), typically at its conflu-
ence with the splenic vein, and it serves as a useful landmark for identification of the
former vessel on cross-sectional imaging (Fig. 2.5b).

The tail of the pancreas is the relatively mobile, leftmost part of the pancreas that
is confined between the layers of the splenorenal ligament together with the splenic
artery and the origin of the splenic vein (Figs. 2.4 and 2.5a). It is 1.5-3.5 cm long in
adults and may extend up to the hilum of the spleen in 50% of cases. The tail of the
pancreas is at risk of injury during splenectomy at the time of ligation of the splenic
vessels.

The uncinate process is generally considered as a separate part of the pancreas
due to its distinct embryologic origin and its location posterior to the superior mes-
enteric vessels (Figs. 2.4 and 2.5). It is wedged between the superior mesenteric
vein and artery anteriorly and the aorta posteriorly (Fig. 2.5b). Superiorly, it relates
to the left renal vein. It lies immediately superior to the third part of the duodenum,
such that uncinate process tumors may compress the former leading to gastroduode-
nal obstruction symptoms (Figs. 2.4 and 2.5b).

The main pancreatic duct of Wirsung begins at the tail of the pancreas and runs
through the body roughly halfway between the superior and inferior border
(Fig. 2.3a). It receives multiple small ductules throughout its course that drain the
pancreatic parenchyma, thus increasing progressively in diameter from 1 mm in the
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(Common) bile duct
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Fig. 2.6 Pancreatic duct and sphincter of Oddi. (a) Anatomy of the pancreatic duct at its junction
with bile duct within the duodenal wall. (b) Schematic representation of the sphincter of Oddi:
notch (A), biliary sphincter (B), transampullary septum (C), pancreatic sphincter (D), membra-
nous septum of Boyden (E), common sphincter (F), smooth muscle of duodenal wall (G).
Reproduced with permission from [8] (a); [9] (b)

tail to 3 mm in the head. It deviates inferiorly and posteriorly at the head. The pan-
creatic duct and bile duct are separated by the transampullary septum before joining
in a “Y” configuration within the duodenal wall (Fig. 2.6). The terminal part of the
two ducts is surrounded by a complex circular arrangement of smooth muscle fibers
known as the sphincter of Oddi (Fig. 2.6). The sphincter of Oddi is anatomically
distinct from the muscular layers of the duodenum, and it has a dual function: (a) to
regulate flow of biliary and pancreatic secretions into the duodenal lumen and (b) to
impede reflux of intestinal content into the pancreatobiliary ductal system.

The accessory duct of Santorini runs superior and parallel to the duct of Wirsung.
It drains part of the head of the pancreas into the minor duodenal papilla, roughly
2 cm proximal to the papilla of Vater. The main and accessory ducts communicate
to a variable extent or may be completely separate. Multiple anatomic variations
have been described, some of which might predispose to pancreatitis. Pancreas divi-
sum is the most common and has been described above.

Regional Blood Supply and Lymphatic Drainage

The celiac trunk emerges from the aorta upon its passage through the aortic hiatus of
the diaphragm, just superior to the border of the pancreas (Fig. 2.4). It runs anteriorly
for a very short distance and then typically trifurcates into the left gastric artery
(LGA), the splenic artery, and the common hepatic artery (CHA) (Figs. 2.4 and
2.7a). The LGA may occasionally arise directly off of the aorta as a separate branch
(Fig. 2.4). The splenic artery, the largest of the three celiac branches, runs a tortuous
course posterior to the superior border of the pancreas toward the splenic hilum
(Fig. 2.4). The splenic artery provides blood supply to the stomach via multiple short
gastric arteries as well as the left gastroepiploic artery, the pancreas, and the spleen.
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Fig. 2.7 Arterial inflow to the liver, biliary tree, and pancreas. (a) Usual anatomy of the celiac
trunk. LH left hepatic artery; MH middle hepatic artery; RH right hepatic artery. Reproduced with
permission from: [9]. (b) Common anatomic variations of the branches of the celiac trunk

The CHA initially travels forward into the retroperitoneum and then curves to the
right just above the pancreas. It gives rise to the gastroduodenal artery (GDA) and
the right gastric artery, after which it becomes the proper hepatic artery. The proper
hepatic artery ascends in the hepatoduodenal ligament to the left of the CBD and
anterior to the portal vein for a short distance (Fig. 2.5a) and divides into left hepatic
(LH) and right hepatic (RH) arteries (Fig. 2.7a). The LH artery extends vertically
toward the base of the umbilical fissure of the liver, giving off one or more branches
to the caudate lobe as well as a branch to the quadrate lobe (segment IV) known as
the middle hepatic artery. The RH artery usually passes behind the common hepatic
duct and enters the hepatocystic triangle on its way to the right liver. It gives off the
cystic artery that supplies the gallbladder, as well as branches to the caudate lobe.

The SMA arises from the aorta in an acute angle at the level of L1, about 1 cm
distal to the origin of the celiac trunk (Fig. 2.5b). It runs inferiorly, posterior to the
neck of the pancreas, the PV and SMV, and anterior to the left renal vein, the unci-
nate process, and the third part of the duodenum, eventually continuing into the
small bowel mesentery to branch off into colic, ileal, and jejunal arteries (Fig. 2.5b).
Near its origin it is surrounded by fatty tissue containing lymphatics and nerves
which is frequently violated by pancreatic tumors. Preservation of this fatty plane is
a critical determinant of resectability of pancreatic cancer.

The classic anatomy of the arterial blood supply to the liver, biliary tree, and pan-
creas is found in only approximately 60% of cases. A great degree of variability exists,
and knowledge of these variations is critical for liver and pancreatic surgery (Fig. 2.7b).
The CHA may arise from the SMA instead of the celiac trunk (Fig. 2.7b-A),
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coursing to the left of the portal vein and posterolateral to the CBD. This variation is
important because it places the CHA at risk of operative injury should it go unrecog-
nized. The GDA may originate from the right hepatic artery (Fig. 2.7b-B) and may be
duplicated. The RH artery arises from the SMA in up to 25% of cases (Fig. 2.7b-C, E)
and may, or may not, anastomose with the LH artery. In a similar proportion of cases,
the LH artery may be replaced by a branch arising from the left gastric artery
(Fig. 2.7b-D) or duplicated (Fig. 2.7b-F). In rare occasions, either of the two hepatic
arteries may be derived independently from the celiac trunk.

The pancreas is a richly vascularized organ. Consistent with its embryologic
origin from the foregut-midgut junction, the pancreas receives its arterial inflow
from branches of the celiac trunk as well as the SMA, which form multiple arcades
within and around the gland (Fig. 2.8). The head and uncinate process along with
the adjacent duodenum are supplied by two main arterial vessels: the superior
pancreaticoduodenal artery (SPDA), a branch of the gastroduodenal artery, and
the inferior pancreaticoduodenal artery (IPDA), a branch of the SMA (Fig. 2.8).
Each of these arteries divides into anterior and posterior branches. The anterior
arteries unite to form the anterior (or ventral) pancreaticoduodenal arcade, and the
posterior branches may unite in a posterior (dorsal) arcade (Fig. 2.8). The two
arcades are connected by multiple small arteries that either run in the pancreatico-
duodenal groove or traverse the pancreatic parenchyma. Usually a large branch
known as the communicating artery (or middle pancreaticoduodenal arcade) runs
between the main and accessory pancreatic ducts to connect the anterior arcade
with the SPDA.

The body and tail of the pancreas are supplied by branches of the splenic artery
(Fig. 2.8). These arteries enter the substance of the gland at its superior and inferior
borders. During pancreatectomy, they should be ligated at the borders of the pan-
creas prior to transection, to prevent bleeding. Three large branches deserve special
attention. The most prominent is the dorsal pancreatic artery, usually originating
from the initial 2 cm of the splenic artery (Fig. 2.8). It supplies multiple small

Splenic artery

Right gastroepiploic artery
Gastroduodenal artery
Arteria caudae pancreatis

(Artery to the tail of the
pancreas)

Posterior superior
pancreaticoduodenal artery

Arteria pancreatica magna
(Greater pancreatic artery)
Transverse pancreatic artery

Anterior superior
pancreaticoduodenal artery

~ Left branch, dorsal pancreatic artery
Right branch, dorsal pancreatic artery

Anterior inferior Jejunal branches

pancreaticoduodenal artery
Posterior inferior
pancreaticoduodenal artery

Superior mesenteric artery

Fig. 2.8 The arteries supplying the pancreas form a rich anastomotic network around and within
the gland. Reproduced with permission from [10]
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branches and divides into right and left terminal branches. The right runs toward the
head to unite with the pancreaticoduodenal arcades, while the left branch courses
toward the tail, eventually uniting with the transverse pancreatic artery. The other
two large named branches are the great pancreatic (arteria pancreatica magna) and
the artery to the tail of the pancreas (arteria caudae pancreatis), both of which may
join the transverse pancreatic artery running along the inferior border of the gland.

The pancreas drains into multiple peripancreatic lymph node stations via an
extensive lymphatic network. Lymphatic vessels lying within the connective tissue
septa of the gland unite to form larger branches that travel along the regional arter-
ies. The lymphatic drainage of the body and tail of the pancreas occurs into the
nodes of the splenic artery, the inferior pancreatic, and the splenic hilar and from
there to the celiac and preaortic nodes. The neck and head of the pancreas have a
much wider drainage to the nodal stations of the supplying arteries. Lymph node
status is one of the most important prognostic factors of pancreatic cancer; there-
fore, adequate resection and appropriate staging (including number of involved
lymph nodes and presence of lymphatic invasion) are paramount for appropriate
management of these patients.

Innervation

The pancreas has a rich autonomic innervation that contributes to the regulation of
both the exocrine and the endocrine functions of the gland. Parasympathetic nerve
fibers distributed throughout the gland within the interlobular connective tissue
transmit impulses to and from the vagus via its hepatic, gastric, and celiac branches.
This is integrated with additional feedback from enteric neurons of the stomach and
duodenum as well as sympathetic efferent neurons. In addition, sympathetic nerves
innervate the intrapancreatic blood vessels and ducts, causing vasoconstriction and
inhibiting exocrine secretion. Pain associated with pancreatic diseases is conveyed
via visceral afferents of the celiac plexus and thoracic splanchnic nerves to the T6—
T12 dorsal root ganglia, thus explaining its poor localization and ill-defined nature.
However, in cases of extensive inflammatory or infiltrative processes involving the
retroperitoneum, the regional somatic nerves may be involved leading to pain local-
ized to the lower thoracic spine.

Biliary Tree

The biliary tree comprises a series of epithelium-lined ductal structures which func-
tion as a reservoir for the bile produced by the liver as well as a conduit for its
delivery into the intestine. The biliary tree is divided into intrahepatic and extrahe-
patic portions, with the latter being further subdivided into the extrahepatic bile
ducts and the accessory biliary apparatus (gallbladder and cystic duct). An in-depth
understanding of the anatomy of the biliary tree and its associated vasculature
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constitutes essential knowledge that must be possessed by every upper abdominal
surgeon and general surgeon. Cholecystectomy is the most common abdominal pro-
cedure performed in developed countries, and biliary injury during this procedure
continues to occur.

Embryology

The events leading to the embryologic development of the liver and biliary tree have
some similarity to the ones described above for the pancreas. The liver primordium
appears in the middle of the third week of gestation as an outgrowth of the endoder-
mal lining at the ventral aspect of the distal foregut. The hepatic progenitor cells, or
hepatoblasts, proliferate rapidly and penetrate the basal lamina to expand into the
septum transversum—a mesodermal plate separating the pericardial cavity and the
future abdominal cavity. As this outgrowth (termed hepatic diverticulum or liver
bud) continues to grow into the septum transversum, the connection to the distal
foregut becomes progressively narrower leading to the formation of the bile duct
(Fig. 2.1). The part of the septum transversum lying between the liver and the ven-
tral abdominal wall eventually transforms into the falciform ligament, while the part
of it between the liver primordium and the foregut forms the lesser omentum. An
evagination at the ventral aspect of the developing bile duct gives rise to the gall-
bladder and cystic duct. Bile formation commences around the 12th week of
gestation.

Bidirectional communication of the endodermal liver primordium with the sep-
tum transversum mesenchyme and the overlying cardiac mesoderm is critical for
liver specification. The entire gut endoderm has the potential to form liver tissue, but
this is suppressed by the action of surrounding tissues, particularly the notochord.
Bone morphogenetic proteins (BMPs) originating from the septum transversum
enable the endoderm to respond to liver-inducing signals [11]—a phenomenon
termed hepatic competence and mediated by expression of forkhead box protein A
(FOXA) transcription factors. Next, fibroblast growth factors (FGF) from the car-
diac mesoderm disinhibit the liver specification program, which is tonically
repressed, leading to liver induction. Vessel-forming endothelial cells also contrib-
ute to this process.

The proliferating hepatoblasts give rise to both mature hepatocytes and biliary
epithelial cells, while the surrounding mesoderm of the septum transversum forms
the stromal cells of the liver (primarily liver sinusoidal endothelial cells, hepatic
stellate cells, and Kupffer cells) and its vasculature. Notably, at this stage of
embryogenesis, the liver is an important site for hematopoiesis. Portal and hepatic
vein radicals begin to form derived from the vitelline veins. The bipotential hepa-
toblasts initially express genes for adult hepatocytes (ALB, HNF4A) and biliary
epithelial cells (KRT19). Subsequently, they downregulate either of the two and
commit to the opposite lineage (Fig. 2.9a). This event appears to depend on the
proximity of the cells to portal vein tributaries, possibly under the control of
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Fig. 2.9 Embryologic development of the liver and biliary tree. (a) Model of hepatoblast differen-
tiation into hepatocytes or biliary epithelial cells (BEC). Hepatoblasts are bipotential, which is
reflected in expression of both hepatocytes (albumin) and BECs (CK19). Interaction with the peri-
portal mesenchyme promotes differentiation to BECs by expression of BEC promoting (OC1, OC2,
HNF1p) and repression of mature hepatocyte (HNF4 and C/EBP) transcription factors. On the
contrary, hepatoblasts not influenced by periportal mesenchyme signals (such as Wnt and TGF-f)
undergo differentiation toward mature hepatocytes. Additional signals from the periportal mesen-
chyme (Notch, EGF, and HGF) facilitate ductal plate remodeling, while other factors (OSM, Dex,
HGF, and Wnt) promote hepatocyte maturation. Reproduced with permission from Zorn, A.M.,
Liver development (October 31, 2008), StemBook, ed. The Stem Cell Research Community,
StemBook, doi/10.3824/stembook.1.25.1, http://www.stembook.org. Copyright 2008 Aaron
M. Zorn. (b) Formation of bile duct progresses from the hilum to the periphery of the liver. Sections
at different stages of maturation are shown, with the least mature at the periphery (ductal plate; Sect.
1) and mature bile ducts near the hilum (Sect. 4). Part of the ductal plate cells form asymmetrical
ducts that result in mature bile ducts, while the rest regress. Reproduced with permission from [12]

signals such as transforming growth factor-p (TGF-f) and Wnt originating in the
periportal mesenchyme (Fig. 2.9).

A subpopulation of hepatoblasts encircles the portal veins to form a band of
potential biliary epithelial cells. This band is termed the “ductal plate,” and its con-
stituent cells are called cholangiocytes (Fig. 2.9b). Soon this transforms into a
bilayer with focal dilations. The latter give rise to the intrahepatic bile ducts in the
portal triads. Remodeling of the ductal plates begins at the oldest ductal plates sur-
rounding the larger portal veins near the hilum and progresses toward the periphery
of the liver, following the portal vein system. The remaining ductal plate cells that
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were not incorporated into bile ducts then involute via apoptosis. The ductal plate is
an important source of vascular endothelial growth factor (VEGF) that drives
hepatic artery development [12]. The significance of the developmental relationship
between the bile ducts, the portal vessels (hepatic artery, portal vein), and the portal
mesenchyme is highlighted by ductal plate malformations that result from inappro-
priate interactions and ductal plate remodeling [13]. For example, Alagille syn-
drome is an autosomal dominant disease associated with mutations in JAGI and
NOTCH? in which the bile ducts are absent from the portal tract, whereas there are
increased numbers of hepatic arteries and fibrosis.

It is worth mentioning that ductal plate malformations are fundamentally differ-
ent from biliary atresia. Biliary atresia begins with a normally developed biliary
tree that is subsequently obliterated by inflammation and fibrosis due to perinatal
environmental insults to the fetus (infectious and/or noninfectious). It involves pre-
dominantly the extrahepatic biliary tree and manifests as progressive neonatal jaun-
dice that culminates in cirrhosis at a very young age, if left untreated. Although
rare, it is critical that it is recognized as early as possible since portoenterostomy
(Kasai operation and its variants) can have dramatically better outcomes if per-
formed prior to 3 months of age and possibly spare the infant from a liver transplan-
tation procedure.

Surgical Anatomy

The surgical anatomy of the biliary tree is intertwined with the hepatic anatomy due
to their common embryologic origin and their integrated physiologic role. Although
multiple classifications of the hepatic structural anatomy have been proposed, the
most surgically relevant is the one described by Couinaud [14]. The liver is subdi-
vided into eight distinct segments—each with its own discrete biliary drainage, vas-
cular inflow that enters the segment as a pedicle, and vascular outflow (Fig. 2.10a).
The functional unit of the liver is the hepatic lobule, which consists of sheets of
hepatocytes radiating outward from a central vein (Fig. 2.11). At the periphery of
these polygonal units are multiple portal triads—each composed of a branch of the
hepatic artery, a branch of the portal vein and a bile duct, encased within trabeculae
of connective tissue termed portal tracts. The hepatic artery and portal vein branches
represent the vascular inflow to the hepatic lobule. The blood then circulates between
the hepatocytes in spaces termed sinusoids in a centripetal manner, subsequently
draining into the central vein (Fig. 2.11). The latter are tributaries of the hepatic
veins and constitute the vascular outflow of the hepatic lobule, ultimately draining
into the IVC. As the hepatocytes carry out their metabolic functions, they secrete
bile into canaliculi that terminate at the bile duct tributaries found within the portal
triads. Bile duct tributaries from adjacent lobules merge to form bile ductules of
progressively larger caliber, which eventually lead to the segmental bile ducts, each
draining one of the eight liver segments (Fig. 2.10).
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Fig. 2.10 Biliary drainage of the liver. (a) The functional division of the liver and its segments
according to Couinaud’s nomenclature, along with the biliary drainage of the two functional
hemilivers is shown. Reproduced with permission from [9]. (b) The overall arrangement of the
intrahepatic and extrahepatic biliary tree. Note that segment I (caudate lobe) often drains via both
right and left hepatic ducts. The dashed line represents the level of the liver parenchyma at the
porta hepatis. Reproduced with permission from [10]
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Fig. 2.11 Microarchitecture of the liver. Reproduced with permission from [10]
Intrahepatic Bile Duct Anatomy

The left liver (segments II, III, and IV) drains its bile into the left hepatic duct, and
the right liver (segments V, VI, VII, and VIII) drains into the right hepatic duct
(Fig. 2.10). Bile ducts generally course above the corresponding portal venous
branches. Segmental branches join to form sectoral ducts, which derive their names
from their location within the liver parenchyma (Fig. 2.10b). Thus, the bile ducts of
segments I and III merge to form the left lateral sectoral duct, which is
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subsequently joined by the duct of segment IV to form the left hepatic duct.
Similarly, the ducts of segments VI and VII form the right posterior (or lateral) sec-
toral duct, and the ducts of segments V and VIII form the right anterior (medial)
sectoral duct. The right posterior sectoral duct runs a horizontal course and turns
inferiorly to join the vertically coursing right anterior sectoral branch to form the
right hepatic duct. The smaller caudate lobe (segment I) has a more pervasive biliary
drainage such that in 78% of cases, it drains into both the right and left hepatic
ducts, while in 15 and 7% of cases, it drains exclusively into the left or right hepatic
duct system, respectively (Fig. 2.10b).

The biliary anatomy is subject to significant variation (Fig. 2.12) [9, 14, 15].
Such anatomic variations are more common in women [16]. Up to 15% of individu-
als lack a defined right hepatic duct; instead a “trifurcation pattern” is encountered,
whereby the common hepatic duct (CHD) is formed by the union of the right poste-
rior and right anterior sectoral ducts with the left hepatic duct (Fig. 2.12). An equally
common variant involves a right sectoral duct (more often the anterior) with low
insertion directly into the CHD. Less frequently a right sectoral duct (usually the
posterior) may drain into the left hepatic duct. Variations involving ectopic drainage
of individual segmental ducts may also occur [17]. Notably, a subvesical duct has
been reported in 20-50% of cases, joining either the CHD or the right hepatic duct.
It does not drain any specific liver territory and never communicates with the gall-
bladder, unlike the true ducts of Luschka [18]; however, it is at risk of injury and
postoperative biliary leak during cholecystectomy if appropriate dissection with
preservation of the cystic plate is not performed. Anatomic variations of the left-
sided ductal system are less common and usually involve either variations of the site
of drainage of segment I'V duct (most commonly joining the duct of segment III) or
multiple segmental branches emerging from segment IV.

Extrahepatic Bile Duct Anatomy

The extrahepatic biliary tree can be divided into the extrahepatic bile ducts and the
accessory biliary apparatus (Fig. 2.10b). The former comprises the extrahepatic seg-
ments of the right and left hepatic ducts, joining to form a single main bile duct that
drains into the duodenum. The right hepatic duct is nearly vertical with a short
extrahepatic course (0.5-2.0 cm). The extrahepatic portion of the left hepatic duct
runs a more horizontal course, posterior to the inferior border of the quadrate lobe
(segment IV), and is longer (1.5-3.5 cm in adults). It is worth noting that ligation of
an extrahepatic duct results in atrophy of the corresponding hepatic lobe with a high
probability of subsequent cholangitis and even abscess formation. Therefore, any
bile duct injury should be repaired when recognized and whenever feasible.

The right and left hepatic ducts unite anterior to the portal venous bifurcation
and the origin of the right branch of the portal vein (Fig. 2.10b). This confluence is
situated to the right of the hepatic hilar fissure, immediately posterior to the quad-
rate lobe of the liver. The hepatic plate/sheath system is a fusion of the Glisson
capsule and the connective tissue enclosing the biliary and vascular elements
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2%

Fig. 2.12 Anatomic variations of the bile ducts. Main variations of the hepatic duct confluence
[14]. (a) Typical anatomy of the confluence. (b) Triple confluence. (¢) Ectopic drainage of a right
sectoral duct into the common hepatic duct (C1, right anterior [ra] duct draining into the common
hepatic duct; C2, right posterior [rp] duct draining into the common hepatic duct). (d) Ectopic
drainage of a right sectoral duct into the left hepatic ductal system (D1, right posterior sectoral duct
draining into the left hepatic [lh] ductal system; D2, right anterior sectoral duct draining into the
left hepatic ductal system). (e) Absence of the hepatic duct confluence. (f) Absence of right hepatic
duct and ectopic drainage of the right posterior duct into the cystic duct
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Fig. 2.13 The hepatic plate/sheath system. (a) Schematic representation (top) and in situ appear-
ance (bottom) of the plate/sheath system, showing the cystic plate (CP) covered by the gallbladder,
the hilar plate (HP), and the umbilical plate (UP). The large, curving arrows indicate the plane of
dissection of the cystic plate during cholecystectomy and of the hilar plate during approaches to
the left hepatic duct. S4P, segment 4 pedicle; RPP, right posterior pedicle. (b) The biliary conflu-
ence and left hepatic duct can be exposed by lifting the quadrate lobe upward after incision of the
Glisson capsule at its base. This technique, “lowering of the hilar plate” [19], generally is used to
display a dilated bile duct above an iatrogenic stricture or hilar cholangiocarcinoma. Reproduced
with permission from [20] (photograph), and [9] (schematics)

(Fig. 2.13). It consists of flat fibrous planes on the undersurface of the liver termed
“plates,” and tubular extensions termed “sheaths” that radiate into the liver paren-
chyma to transmit the portal bilio-vascular structures. Familiarity with the anatomy
of the plate system is very important as it is ideal for dissection of perihepatic
structures due to its avascular nature. Thus, the hilar plate can be divided at the
inferior border of the quadrate lobe, and the latter elevated to facilitate access to the
biliary confluence and left hepatic duct—a maneuver termed lowering of the hilar
plate (Fig. 2.13) [19].

The main bile duct is divided in two portions by the entry of the cystic duct (CD)
(Fig. 2.10b). The upper portion, the CHD, is approximately 2—-3 cm long and has an
average diameter less than 6 mm in adults. It descends in the free edge of the lesser
omentum, situated anterior to the portal vein and to the left of the hepatic artery
proper. The lower portion is the common bile duct (CBD). The CBD has a luminal
diameter of less than 8 mm (based on radiological measurements) that may increase
in people older than 60 years (Box 2.2). It is 68 cm long and can be subdivided in
three parts according to its relations to the duodenum and pancreas (Fig. 2.10b). The
supraduodenal part (3—4 cm long) descends posteroinferiorly anterior to the IVC,
situated within the hepatoduodenal ligament anterolaterally to the PV and to the
right of the hepatic artery (Fig. 2.5a). The retroduodenal part crosses behind the first
part of the duodenum, to the right of the GDA. The retropancreatic part runs through
the parenchyma of the head of the pancreas (or occasionally behind it), anterior to
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Box 2.2 Size of common Structure Diameter (luminal)
pancreatobiliary structures Cystic duct 1-3 mm

Common hepatic duct <6 mm

Common bile duct <8 mm

Main pancreatic duct <3 mm

Right and left Right and left hepatic arteries

hepatic ducts

Hepatoeystic

triangle Calot’s triangle

Common

hepatic duct Hepatic artery proper

Anterior layer of
lesser omentum (cut edge)

Cystic
artery

Cystic duct Right gastric artery

Common hepatic arte!
Hepatic s v

portal vein Gastroduodenal artery

Liver — .- S Stomach
: X L Hepatic ducts

(Common)
bile duct

e,
Cystic duct Right Left

— e,

Gallbladder Spiral Smooth
rt

Superior (1st)
part of

duodenum

- Common
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duct

Transverse
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colon (cuf)
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pancreas

(Common)
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Hepatopancreatic ampulla (of Vater)

Major duodenal papilla (of Vater)

Fig. 2.14 Anatomy of the gallbladder and cystic duct. Note the hepatocystic triangle, limited by
the common hepatic duct, right hepatic duct, cystic duct, and inferior liver edge. The triangle of
Calot is limited by the common hepatic duct, the cystic duct, and the cystic artery. Reproduced
with permission from [8]

the right renal vein and posterior to the SPDA. Its caudal end enters into the wall of
the second portion of the duodenum together with the main pancreatic duct of
Wirsung in a’Y configuration. The two ducts unite within the duodenal wall forming
a common channel, 2—10 mm long, that is focally dilated, and hence it is called the
hepatopancreatic ampulla of Vater (Figs. 2.6 and 2.14).

Gallbladder and Cystic Duct

The accessory biliary apparatus is comprised of the gallbladder and CD (Fig. 2.14)
and functions as a reservoir for bile during periods of fasting as well as a modifier
of bile composition, mainly by concentrating it. The gallbladder is classically
described as flask shaped. It varies in size and its volume can reach up to 50 mL. It
consists of a fundus, a body, and a neck. The neck lies close to the porta hepatis. It
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transitions into the body at an angle, forming the infundibulum (or Hartmann’s
pouch) which is more prominent in the presence of gallstone disease. The neck and
body lie anterior to the second part of the duodenum (Fig. 2.14). The fundus is
located more anterolaterally and may project beyond the liver edge in close proxim-
ity to the anterior abdominal wall at the level of the ninth costal cartilage. If elon-
gated, the fundus may be highly mobile, and, in rare occasions, it can result in
folding back on the body. This variant, termed “Phrygian cap,” can be identified
radiologically and may be misinterpreted as an apparent septum in an otherwise
normal gallbladder or at times be confused for a malignancy. Various rare anomalies
of the gallbladder anatomy have been described [15].

The gallbladder is situated within the cystic fossa on the undersurface of the liver
and serves as the external sign of the division between the right and left liver
(Cantlie’s line) (Fig. 2.14). Its surface is covered by peritoneum except at the cystic
fossa, where it is intimately associated with the liver. The neck almost always has a
short peritoneal attachment to the liver (mesentery) that usually contains the cystic
artery. Occasionally, the gallbladder may be completely surrounded by peritoneum
and be suspended from the liver in its own mesentery, rendering the gallbladder
susceptible to torsion. On the other hand, less frequently it might be situated deep
into the hepatic parenchyma or even be completely buried within the liver (intrahe-
patic gallbladder). The latter case may be misinterpreted as gallbladder agenesis.
Even more uncommon is the scenario where the gallbladder lies to the left of the
round ligament.

The connective tissue between the gallbladder and the liver comprises the cystic
plate (Fig. 2.13a). It is ovoid anteriorly and narrows posteriorly to join the sheath of
the right portal pedicle and the hepatic plate. During cholecystectomy, the dissec-
tion of the gallbladder off the liver proceeds along the avascular plane between the
cystic plate and the gallbladder, which is filled with areolar tissue. Caution should
be exercised in cases of chronic inflammation in which the cystic plate might be
scarred and contracted, bringing the bilio-vascular structures of the right pedicle in
close proximity to the gallbladder. In such cases, dissection of the gallbladder can
be performed in a “top-down” or retrograde fashion to minimize the risk of injury
to the right pedicle structures. Occasionally, the cystic plate may be penetrated by
submillimeter accessory bile ducts that drain directly into the gallbladder. These are
termed “ducts of Luschka” and are important because if severed during cholecystec-
tomy, they can result in clinically significant bilomas postoperatively. Further, a
subvesical duct from the right hemiliver may be deeply embedded in the cystic plate
on its way to joining the right hepatic duct or the CHD, and it is at risk of injury if
the cystic plate is not recognized and preserved at the time of cholecystectomy.

The CD arises from the neck of the gallbladder and descends in a posteromedial
direction to join the CHD, marking the beginning of the CBD. It is lined by mucosa
that has multiple crescentic intraluminal projections arranged in a spiral configura-
tion, which are termed the “valves of Heister” (Fig. 2.14). The CD has a luminal
diameter of 1-3 mm and is usually 2—4 cm long. Its length varies depending on the
type of union with the extrahepatic bile duct system. In 75-80% of cases, the CD
enters the main bile duct in a supraduodenal location; however, this union may
occur more caudally at the retroduodenal or even retropancreatic part of the
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CBD. Conversely, the CD may occasionally join the right hepatic duct or even a
right hepatic sectoral duct. The orientation and mode of union may also vary. Most
commonly, the CD joins the CHD from the right side in an angular fashion. However,
the CD may merge in a parallel or even spiral fashion, at the anterior, posterior, or
medial aspect of the main bile duct. Rarely, the gallbladder or cystic duct may
receive aberrant drainage directly from intrahepatic ducts.

Regional Blood Supply and Lymphatic Drainage

The main regional arteries supplying the hepatobiliary structures (celiac trunk, hepatic
artery, SMA) and their variations have been described above. The right and left
hepatic arteries branch off the hepatic artery proper and enter the liver enclosed in
sheaths of connective tissue that are part of the plate/sheath system, forming the right
and left portal triads. They bifurcate into smaller branches along with the portal vein
and bile duct branches to form pedicles corresponding to individual segments. The
right hepatic (RH) artery usually passes behind the CHD and enters the hepatocystic
triangle of Calot (Fig. 2.14). However, in some cases it courses anterior to the bile
duct, which is important in surgical exposure of the latter. The hepatocystic triangle is
defined as the triangular space bordered by the common hepatic duct, the cystic duct,
and the inferior surface of the right lobe of the liver (Fig. 2.14). It is of critical impor-
tance during cholecystectomy, as it has to be dissected in order to identify and ligate
the cystic artery en route to the gallbladder. The term “hepatocystic triangle” is nowa-
days used interchangeably with “Calot’s triangle,” although the original definition of
the latter included the cystic artery instead of the inferior surface of the liver as the
superior border. Notably, if there is a replaced or accessory common or right hepatic
artery, it usually runs behind the cystic duct to enter the triangle of Calot.

The cystic artery usually arises from the RH artery and may cross the common
hepatic duct anteriorly or posteriorly. It divides into anterior and posterior branches
upon contact with the gallbladder. This division, however, may occur before the
artery reaches the gallbladder wall, in which case one of the two branches may be
unrecognized and divided without proper ligation during cholecystectomy, leading
to hemorrhage. Multiple variations of the anatomy of the cystic artery exist; hence,
the surgeon should be vigilant and prepared to recognize them in order to avoid
inadvertent hemorrhage or injury to biliary structures in an attempt to control the
bleeding. The venous drainage of the gallbladder occurs via multiple small cystic
veins that traverse the cystic plate to join segmental portal veins. Uncommonly, dis-
tinct cystic veins run parallel to the cystic artery to empty into the main portal vein.

The blood supply of the main bile duct can be considered by dividing the latter
in three parts: hilar, supraduodenal, and retropancreatic. The supraduodenal duct is
supplied by branches of the GDA, the superior pancreaticoduodenal artery, the ret-
roduodenal artery, the RH, and the cystic artery (Fig. 2.15). These branches run in
an axial fashion at the 3 and 9 o’clock positions of the duct (Fig. 2.15a). They form
a rich anastomotic network on the surface as well as within the wall of the duct
(Fig. 2.15b). The hilar ducts receive ample blood supply from the neighboring
arteries, in continuity with the epicholedochal plexus of the supraduodenal part
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Fig. 2.15 (a, b) Arterial blood supply to the extrahepatic bile ducts showing the epicholedochal
arterial plexus. HA, hepatic artery. Reproduced with permission from [15]
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Fig. 2.16 Lymphatic drainage of gallbladder and biliary tract. Reproduced with permission from [15]

(Fig. 2.15a). The retropancreatic part of the duct is mainly supplied by branches of
the retroduodenal artery that run around the duct to contribute to its arterial plexus
(Fig. 2.15a). The veins of the extrahepatic bile ducts follow the same course as the
corresponding arteries coursing mainly at the 3 and 9 o’clock positions. They com-
municate with the venous outflow of the gallbladder and drain into the portal venous
system indirectly, via the liver.

The lymphatic drainage of the gallbladder is mainly to the hepatoduodenal
ligament lymph nodes (Fig. 2.16). This can occur via the cystic node, which
lies in the hepatocystic triangle, via lymphatics that descend along the CBD,
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or via lymphatics of the hepatic aspect of the gallbladder that drain into
intrahepatic lymph vessels first. Subsequently the lymph can drain into
multiple peripancreatic nodal stations, ultimately reaching the celiac, supe-
rior mesenteric, and preaortic lymph nodes.

Innervation

The extrahepatic biliary tree and gallbladder are innervated by branches of the
hepatic plexus. The hepatic plexus is an integrated network composed of sympa-
thetic fibers from the celiac and superior mesenteric plexus and parasympathetic
fibers derived mainly from the anterior branch of the vagus. The latter provide motor
stimulation to the bile ducts and gallbladder and inhibit the sphincter of Oddi.
Sympathetic afferent fibers are the primary source of pain sensation, via the greater
and lesser splanchnic nerves.
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Chapter 3
Pathology: Premalignant and Malignant
Diseases and Molecular Genetics

Wei Chen, Ming Jin, and Wendy L. Frankel

Introduction
Epidemiology

Although pancreatic cancer barely makes the top ten most common cancers in the
USA, it is the fourth leading cause of cancer death according to Cancer Statistics
2016 [1]. The incidence and death rates of pancreatic cancer continue to increase.
Total deaths due to pancreatic cancers are projected to increase dramatically, and
pancreatic cancer will become the second leading cause of cancer-related deaths
(after lung cancer) by 2020 [2].

Most pancreatic cancers are already advanced in stage at the time of diagnosis.
The nonspecific presenting symptoms and the retroperitoneal location of the pan-
creas make it challenging for early detection of pancreatic cancer. The most com-
mon clinical presentation of pancreatic cancer includes back pain, unexpected
weight loss, jaundice, pruritus, diabetes mellitus, depression, acute pancreatitis, and
migratory thrombophlebitis. Imaging studies, pancreatic cyst fluid analysis, serol-
ogy, fine needle aspiration cytology, and core needle biopsy are the major diagnostic
modalities.
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With a 5-year relative survival rate of only 6%, pancreatic cancer is listed as
one of the deadliest cancers in the Recalcitrant Cancer Research Act (2013)
[3]. It should also be noted that the survival rate for pancreatic cancer has not
improved substantially for the last 40 years, and research efforts are essential
for improving prevention, detection, and treatment of pancreatic cancer.

Histology of the Normal Pancreas

The pancreas is composed of exocrine (85%) and endocrine (15%) tissue.
Microscopically, the pancreas is organized into lobules (Fig. 3.1a). The cellu-
larity in each lobule is composed predominantly of exocrine acini, which
secrete pancreatic enzymes that drain into the ductal system (Fig. 3.1b).
Scattered within the lobules are the islets of Langerhans where 90% of endo-
crine cells in the pancreas reside (Fig. 3.1b). The remainder of the endocrine
cells distributes among the acini and larger ducts. While the ductal system
represents only a small portion of the pancreatic tissue, over 90% of pancreatic
neoplasms originate from the ducts.

Fig. 3.1 Normal pancreas. Lobules of exocrine acini surround a central pancreatic duct (a, 20x).
Intermediate power (b, 200x) demonstrates an islet of Langerhans (arrowheads) and an interlobu-
lar pancreatic duct (arrow) in a background of normally crowded pancreatic acini [a and b:
Hematoxylin & eosin (H&E) stain]
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Classification of Pancreatic Neoplasms

According to WHO 2010 classification [4], primary tumors in the pancreas are
divided into four major categories: epithelial tumors (benign and malignant), mature
teratoma, mesenchymal tumors, and lymphomas (see Table 3.1). Among these, epi-
thelial tumors are the predominant tumor type in the pancreas.

Secondary tumors refer to neoplasms that have spread to the pancreas from an
extrapancreatic primary. They account for 4-15% of all malignancies in the pan-
creas found at autopsy [5, 6]. The most common secondary tumors of the pancreas
include (1) by direct extension (cancers of the ampulla of Vater, duodenum, and
distal common bile duct) and (2) by lymphohematogenous spread (renal cell carci-
nomas, melanomas, colorectal carcinomas, breast carcinomas, and sarcomas).

Table 3.1 WHO 2010 classification of tumors of the pancreas

Epithelial tumors

Benign

 Acinar cell cystadenoma

* Serous cystadenoma

Premalignant lesions
* Pancreatic intraepithelial neoplasia with high-grade dysplasia

* Intraductal papillary mucinous neoplasm (IPMN)

¢ Intraductal tubulopapillary neoplasm (ITPN)

* Mucinous cystic neoplasm (MCN)

Malignant

Ductal adenocarcinoma

— Adenosquamous carcinoma

— Colloid carcinoma (mucinous noncystic carcinoma)

— Hepatoid carcinoma

— Medullary carcinoma

— Signet ring cell carcinoma
— Undifferentiated carcinoma with and without osteoclast-like giant cells

Acinar cell carcinoma

Acinar cell cystadenocarcinoma
IPMN and MCN with an associated invasive carcinoma

(continued)
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Table 3.1 (continued)
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¢ Mixed carcinomas (mixed acinar-ductal carcinoma, mixed acinar-neuroendocrine carcinoma,
mixed acinar-neuroendocrine-ductal carcinoma, and mixed ductal-neuroendocrine carcinoma)

e Pancreatoblastoma

 Serous cystadenocarcinoma

* Solid pseudopapillary neoplasm

Neuroendocrine neoplasms

Pancreatic neuroendocrine microadenoma

Neuroendocrine tumor (NET)

— Nonfunctional pancreatic NET, G1, G2

—NET G1

—NET G2

Neuroendocrine carcinoma (NEC)

— Large cell NEC

— Small cell NEC

EC cell, serotonin-producing NET (carcinoid)

Gastrinoma

Glucagonoma

Insulinoma

Somatostatinoma

VIPoma

Mature teratoma

Mesenchymal tumors

Extrapancreatic mesenchymal tumors

¢ Gastrointestinal stromal tumor (GIST)

* Leiomyosarcoma

* Liposarcoma

e Desmoid tumor

Primary mesenchymal neoplasms

* Lymphangiomas

* Lipomas

* Solitary fibrous tumor

* Perivascular epithelioid cell neoplasms (PEComas)

» Desmoplastic small round cell tumors

Lymphomas

Secondary tumors

Modified from WHO classification of tumors of the digestive system, IARC, Lyon 2010
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Pancreatic Intraepithelial Neoplasia

Epidemiology, Radiology, and Macroscopic Findings

Pancreatic intraepithelial neoplasia (PanIN) is a mucinous intraductal epithelial pro-
liferation that by definition involves ducts that are less than 1 cm in diameter (most
less than 0.5 cm). Of note, the normal pancreatic ductal cells do not show visible
cytoplasmic mucin on H&E-stained sections, except the large interlobular ducts.

Low-grade PanIN is a relatively common incidental finding that is present in
50% of older adults [7]. In contrast, high-grade PanIN is a recognized precursor
lesion to invasive pancreatic ductal adenocarcinoma.

Due to their small size, PanIN is typically appreciated on microscopic slides
rather than from gross or radiological examination. However, subtle radiographic
findings of localized lobular atrophy may be a clue for the finding of PanIN in
patients with a strong family history of pancreatic carcinoma [8].

Grading

The original three-tiered grading system for dysplasia (low-, intermediate-, and
high-grade dysplasia) in PanINs, intraductal papillary mucinous neoplasms
(IPMNss), and mucinous cystic neoplasms (MCNs) has been recently revised to a
two-tiered grading system (low- and high-grade dysplasia) [9]. This is because
many of the low- or intermediate-grade lesions have revealed a very low risk of
progression to invasive cancer [10]; therefore, it is more clinically relevant to group
them together as a low-grade category, reflecting their less aggressive biology and
need for conservative management of these lesions. The term high-grade dysplasia
is reserved for those lesions at the uppermost end of the spectrum and is equivalent
to “carcinoma in situ.”

Because low-grade PanIN lesions (PanIN-1 and PanIN-2 in WHO 2010 classifi-
cation) are so common and of no proven clinical significance, there is no need to
report them in the pathology reports, especially in patients with an invasive adeno-
carcinoma [9]. In contrast, high-grade PanINs (PanIN-3 in WHO 2010) should
always be reported, especially in the absence of an invasive carcinoma as they may
serve as surrogate markers for invasion elsewhere in the pancreas [11].
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This revised two-tiered grading system is based solely on histology, and the
lesions are graded on the basis of the highest degree of architectural and cytologic
atypia identified anywhere within the lesion. The following terminology is recom-
mended for grading and reporting dysplasia in PanIN according to the Baltimore
consensus [9]:

Low-grade PanIN
High-grade PanlIN (‘“‘carcinoma in situ”)

Histology

Histologically, the mucinous epithelium in PanIN is either flat or papillary in con-
figuration. Both the main pancreatic duct and peripheral pancreatic lobules can be
involved by PanIN. PanlN is frequently multifocal with varying degrees of dyspla-
sia within the gland.

Low-grade PanIN includes the former PanIN-1 and PanIN-2 in WHO 2010 clas-
sification. PanIN-1 demonstrates flat or papillary mucinous epithelium that lacks
cytologic atypia (Fig. 3.2a and b). PanIN-2 typically shows papillary mucinous epi-
thelium that always harbors nuclear atypia including loss of polarity, nuclear crowd-
ing, nuclear enlargement, and hyperchromasia (Fig. 3.2c and d). Mitoses are rare
and without atypical forms.

High-grade PanIN refers to the former PanIN-3/carcinoma in situ and is assigned
as pTis in the pTNM staging. They typically show papillary and micropapillary
architecture with variable cribriforming, budding, and luminal necrosis and are
characterized by severe cytologic atypia (macronucleoli and frequent/abnormal
mitosis) (Fig. 3.2e and f).

Resection Margins

In the absence of invasive carcinoma, high-grade PanIN at the resection margin may
warrant additional surgery, since high-grade PanIN lesions are often associated with
an invasive carcinoma [12]. On the other hand, in patients with invasive carcinoma,
the presence of PanINs of any grade at the resection margin does not seem to affect
patient survival [13].
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Fig. 3.2 Pancreatic intraductal neoplasia (PanIN) with various degrees of dysplasia. According to
2015 Baltimore consensus, low-grade dysplasia includes the former PanIN-1 (a and b) and
PanIN-2 (¢ and d) of WHO 2010 classification, and high-grade dysplasia refers to the former
PanIN-3/carcinoma in situ (e and f). When compared to low-grade dysplasia, high-grade dysplasia
shows high-grade architectural and cytologic atypia and frequent mitotic figures (a, ¢, e, 200x; b,
d, £, 400x)



56 W. Chen et al.

Molecular Genetics

As a precursor lesion to invasive ductal carcinoma, PanIN shares remarkably similar
molecular abnormalities as the carcinoma. KRAS oncogene activation appears to
occur early in the sequence, while mutation of tumor suppressor genes takes place
later (loss of CDKN2A in the middle stage, SMAD4 and TP53 mutations in the late
stage) [14, 15].

Pancreatic Ductal Adenocarcinoma

Conventional Ductal Adenocarcinoma
Epidemiology, Radiology, and Macroscopic Findings

More than 90% of pancreatic neoplasms have a ductal origin, and 80-90% of these
lesions are invasive ductal adenocarcinomas. Most patients are between 60 and
80 years of age. Incidence is about 50% higher in men than in women. In the USA, the
rate of pancreatic ductal adenocarcinoma is 50-100% higher in African Americans
than in whites living in the same areas. The best known risk factors for pancreatic
cancers are tobacco smoking, high intake of dietary saturated fat, chronic pancreatitis,
diabetes, and obesity [16-20]; heavy drinking of alcohol may weakly increase the risk.

Radiographically, ductal adenocarcinomas appear as hypodense masses on com-
puted tomography (CT) imaging in 92% of cases. “Double-duct” sign (dilation of
both the biliary and pancreatic ducts) points to cancer arising in the head of the
pancreas.

Macroscopically, ductal adenocarcinomas are white-yellow, sclerotic, and poorly
defined masses that efface the normal lobular architecture of the pancreatic gland.
More than 75% of ductal adenocarcinomas are solid tumors. Most arise in the head
of the pancreas (60—70%), and the rest are located in the body (5-15%) and the tail
(10-15%). Very rarely, heterotopic pancreatic tissue in the gastrointestinal tract can
give rise to pancreatic carcinoma. Tumors involving the pancreatic body/tail are
typically larger than that involving the head of the pancreas. The mean diameter of
pancreatic head tumor is 2.5-3.5 cm.

Histology

Microscopically, pancreatic ductal adenocarcinomas form well- to poorly differen-
tiated glandular or ductal structures (Fig. 3.3) that diffusely infiltrate the pancreatic
parenchyma and elicit florid desmoplastic stromal reaction. Compared to the poorly
differentiated ones, the well- to moderately differentiated carcinomas show better
glandular differentiation, more mucin production, less mitoses, and less nuclear
atypia and polymorphism.
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Fig. 3.3 Pancreatic ductal adenocarcinoma. Gross photo (a) shows cut surfaces of a pancreas
containing invasive carcinoma (arrowhead) arising in an intraductal papillary mucinous neoplasm
(arrow). Examples of various morphologies of pancreatic ductal adenocarcinoma range from crib-
riforming glands (b, 200x), duct-like structures (¢, 400x), and abortive/poorly formed glands to
cords and single infiltrating cells (d—f, 200x). Note the prominent stromal desmoplastic reaction to
the invasive carcinoma in ¢ (a—f: H&E stain)

Perineural invasion (Fig. 3.4a and b) and lymphovascular invasion (Fig. 3.4c) are
the two major mechanisms for tumor spread, and both are diagnostic of an invasive
carcinoma. Other clues for diagnosing pancreatic adenocarcinoma include “naked”
tumor glands in peripancreatic fat (Fig. 3.4d), glands directly adjacent to vascular
structures (Fig. 3.4e), and glands containing epithelial cells with greater than four
times variation of nuclear size (Fig. 3.4f).
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Fig. 3.4 Diagnostic features of invasive pancreatic ductal adenocarcinoma. Perineural invasion (a,
400x; b, 200x), lymphovascular invasion (¢, 400x), isolated gland in peripancreatic fat (d, 200x),
atypical gland immediately adjacent to blood vessel (e, 100x), and pleomorphism of tumor nuclei/
four times variation of nuclear size (f, 400x) (a—f: H&E stain)

The following histological types of pancreatic ductal adenocarcinomas appear to
have no prognostic significance: foamy gland pattern (Fig. 3.5a), clear cell features
(Fig. 3.5b and c), and large duct features. In contrast, some histologic variants of
ductal adenocarcinoma are of more significant prognostic value, and these will be
discussed in the section “ductal adenocarcinoma variants and mixed neoplasms of
the pancreas.”
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Fig. 3.5 Common histologic features of pancreatic ductal adenocarcinomas. Foamy gland pattern
(a) and clear cell features (Figs. b and ¢) (a—c: H&E stain, 400x)

Differential Diagnosis

Chronic pancreatitis may mimic pancreatic ductal carcinoma on clinical and patho-
logic examination. The former often affects younger patients (<40 years) and diffusely
involves the gland without a discrete mass. Groove pancreatitis may be indistinguish-
able from pancreatic carcinoma clinically and radiologically. Histologically, no malig-
nant cells are found, but reactive stoma is common. Groove pancreatitis also shows
characteristic thickening and fibrosis of the duodenal wall around the minor ampulla,
with frequent cyst formation that is lined by inflamed granulation tissue. The fibrosis
may extend into the head of the pancreas and may involve the common bile duct.

Sometimes, ampullary/periampullary carcinomas and cholangiocarcinomas of
the distal common bile duct may mimic ductal adenocarcinoma of the pancreatic
head. Careful examination of the epicenter of the mass and the identification of
precursor lesions are essential.

Staging and Grading
According to the new eighth edition of American Joint Committee on Cancer

(AJCC) staging, pT1 to pT3 tumors are staged primarily based on tumor size, and
pT4 tumor is based on invasion of large vessels (Table 3.2). This change from AJCC
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Table 3.2 AJCC eighth edition pTNM definitions of carcinoma of exocrine pancreas and poorly
differentiated neuroendocrine carcinoma

pTX | Primary tumor cannot be assessed

pTO No evidence of primary tumor

pTis Carcinoma in situ

pT1 Tumor <2 cm in greatest dimension

pTla | Tumor <0.5 cm in greatest dimension

pTlb | Tumor >0.5 cm and <1 cm in greatest dimension
pTlc | Tumor 1-2 cm in greatest dimension

pT2 Tumor >2 cm and <4 cm in greatest dimension

pT3 Tumor >4 c¢m in greatest dimension

pT4 Tumor involves celiac axis, superior mesenteric artery, and/or common hepatic artery,
regardless of size

pNX | Regional lymph nodes cannot be assessed

pNO No regional lymph node metastasis

pN1 Metastasis in one to three regional lymph nodes

pN2 Metastasis in four or more regional lymph nodes

pMO | No distant metastasis

pM1 | Distant metastasis

seventh edition alleviates the difficulty in histologic evaluation of extrapancreatic
extension in the prior staging edition. The pancreas does not have a capsule, and the
distinction between the pancreas and extrapancreatic soft tissue often is obscured by
fibrosis as part of the tumor or chronic pancreatitis.

While WHO endorses the sophisticated Kloppel’s grading scheme that is based
on glandular differentiation, mucin production, mitoses, and nuclear atypia, such
grading system is not widely used by practicing pathologists. A four-tiered grading
system, recommended by AJCC, is most commonly used for the grading of pancre-
atic ductal adenocarcinoma. It is based solely on glandular differentiation, similar to
that used in the grading of bowel adenocarcinomas:

G 1 Well differentiated

G2 Moderately differentiated
G3 Poorly differentiated

G4 Undifferentiated

Ductal Adenocarcinoma Variants

Some histologic variants of pancreatic ductal adenocarcinoma show prognostic
value. Colloid carcinomas and medullary carcinomas tend to have better prognosis
than conventional ductal adenocarcinoma, whereas the other histologic variants
(adenosquamous carcinoma, signet ring cell carcinoma, hepatoid carcinoma, and
undifferentiated carcinoma) appear to pursue a more aggressive clinical course.
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Adenosquamous Carcinoma

Adenosquamous carcinoma represents 1-4% of exocrine pancreatic malignancies.
This neoplasm shows both ductal and squamous differentiation (Fig. 3.6a), and by
definition, each component should account for at least 30% of the neoplasm. Patients
with resected adenosquamous carcinoma have a poorer prognosis (median survival
7-11 months) than those with pure adenocarcinoma. Furthermore, the presence of
any squamous component in the neoplasm appears to portend a worse prognosis [21].

Colloid Carcinoma

Colloid carcinoma often arises from IPMN and MCN, and it is characterized by
large extracellular stromal mucin pools (at least 80% of the neoplasm) with floating
neoplastic cells (Fig. 3.6b). Colloid carcinomas seem to have a more favorable
prognosis than conventional ductal adenocarcinomas [22]. Unlike conventional
ductal adenocarcinomas, loss of SMAD4 is not usually seen in colloid carcinoma.

Fig. 3.6 Histologic variants of pancreatic ductal adenocarcinoma. Adenosquamous carcinoma (a)
consists of both glandular (arrowheads) and squamous (arrows) differentiation. Colloid carcinoma
(b) shows large stromal mucin pools with floating neoplastic cells. Signet ring cell carcinoma (c¢)
is composed of discohesive cells with large intracytoplasmic mucin and eccentric crescent-shaped
nuclei (arrows). Undifferentiated carcinoma (d) demonstrates sheets of malignant cells and may
contain osteoclast-like giant cells (arrows) (a—d: H&E stain, 200x)
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Signet Ring Cell Carcinoma

Signet ring cell carcinoma is extremely rare in the pancreas and the prognosis is very
poor. By definition, at least 50% of the neoplasm is composed of discohesive cells
with large intracytoplasmic mucin and eccentric crescent-shaped nuclei (Fig. 3.6¢).
A gastric or breast primary should be considered before making this diagnosis.

Medullary Carcinoma

Medullary carcinoma is a poorly differentiated carcinoma with characteristic syncy-
tial growth pattern, pushing borders and increased numbers of tumor-infiltrating
lymphocytes. Some are associated with microsatellite instability and Lynch syn-
drome and have better prognosis than conventional ductal adenocarcinoma.

Hepatoid Carcinoma

Hepatoid carcinoma of the pancreas is extremely rare. Pancreatic metastases from an
occult hepatocellular carcinoma should be excluded before rendering this diagnosis.

Undifferentiated (Anaplastic) Carcinomas

Undifferentiated carcinomas occur in elderly patients and have poor prognosis. The
median survival time is only 5 months after surgical resection. There is often an
associated in situ or invasive adenocarcinoma or an associated MCN. A subset of
undifferentiated carcinomas have osteoclast-like giant cells (Fig. 3.6d).

Carcinomas with Mixed Differentiation

These are neoplasms that have significant (>30%) components of more than one
distinct direction of differentiation (ductal, neuroendocrine, or acinar). The neoplas-
tic neuroendocrine cells are typically high grade, and the mixed ductal-
neuroendocrine carcinomas behave like the usual ductal adenocarcinoma. Mixed
acinar-neuroendocrine carcinoma and mixed acinar-ductal carcinoma are rare neo-
plasms. Mixed acinar-neuroendocrine-ductal carcinoma is extremely rare.

Molecular Genetics

Genetic abnormalities involving four genes (KRAS, CDKN2A, TP53, SMAD4) have
been found in most pancreatic ductal adenocarcinomas [23, 24] (Table 3).
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Table 3 Common gene mutations associated with pancreatic ductal adenocarcinomas

Mutation frequency in pancreatic ductal

Genes adenocarcinoma
KRAS >95%

CDKN2A (formerly known as p16, INK4A, CDKN) 95%

TP53 50-80%
SMAD4 55%

Table 4 Hereditary syndromes and pancreatic cancer

Increased risk
Associated hereditary | Mode of of pancreatic
Genes syndromes inheritance | cancer Histology
STK11 (19p) Peutz-Jeghers Autosomal | 132-fold IPMN
syndrome dominant
PRSS1 (7q), Hereditary pancreatitis | Autosomal | 53-fold Ductal
SPINKI (5q) dominant adenocarcinoma
(PRSS1);
autosomal
recessive
(SPINK1)
CDKN2A (9p) Familial atypical Autosomal | 13-22-fold Ductal
multiple mole dominant adenocarcinoma
melanoma (FAMMM)
Unknown Familial pancreatic Autosomal | 9-32-fold
cancer (three or more dominant
relatives with
pancreatic cancer)
MSH?2 (2p), Lynch syndrome Autosomal | Ninefold Medullary
MLH1 (3p), and dominant carcinoma
others
BRCA2 (13q), Familial breast cancer | Autosomal | Three- to Ductal
PALB?2 (16p), and other Fanconi dominant tenfold adenocarcinoma
FANCC (9q), anemia genes (BRCA2),
FANCG (9p), twofold
and possibly (BRCAI)
BRCAI (17q)
APC Familial adenomatous | Autosomal | fourfold Ductal
polyposis (FAP) dominant adenocarcinoma;
IPMN

Data source from WHO classification of tumors of the digestive system, IARC, Lyon 2010; Shi
et al. Arch Pathol Lab Med 2009, 133:365-374

Approximately 10% of pancreatic cancers have a familial basis [25]. Table 4 lists
select genetic abnormalities and their associated hereditary syndromes that are
implicated in pancreatic cancers [26—34].

In addition, alternations of many other core signaling pathways have also been
found in pancreatic ductal adenocarcinoma [35], including apoptosis, G1/S phase
transition, DNA damage control, hedgehog signaling, cell adhesion/invasion,



64 W. Chen et al.

integrin signaling, MAPKS8 (JNK) signaling, GTPase signaling, transforming
growth factor-p (TGF-p) signaling, and NOTCH signaling. Epigenetic changes have
been described in pancreatic cancer, including DNA hyper- or hypo-methylation
and aberrant microRNA expression.

Intraductal Neoplasms of the Pancreas

Intraductal neoplasms of the pancreas are defined as macroscopic cystic or mass-
forming epithelial neoplasms with ductal differentiation that grow primarily within
the ductal systems of the pancreas. The minimal size of 1 cm separates intraductal
neoplasms from PanIN (less than 0.5 cm). Intraductal neoplasms include intraductal
papillary mucinous neoplasm (IPMN) and intraductal tubulopapillary neoplasm
(ITPN), both are slow-growing intraductal tumors that are radiologically and grossly
detectable [4].

Intraductal Papillary Mucinous Neoplasm
Epidemiology, Radiology, and Macroscopic Findings

Increasing numbers of intraductal neoplasms are detected due to the increased use
of cross-sectional imaging in recent years. [IPMN accounts for at least 5% of all
pancreatic neoplasms. The average patient age is in the seventh to eighth decade.
The majority of IPMN (80%) are located in the head of the pancreas.

IPMNs are radiographically and grossly cystic (dilated ducts), with variable
amounts of intraluminal mucin. Based on the involvement of the ductal system,
IPMNs can be divided into main duct type, branch duct type, and combined type.
Main duct type IPMNs are more likely to harbor high-grade dysplasia and invasive
carcinoma than branch duct type. The clinical behavior of combined duct type mir-
rors that of main duct type.

Histology

As its name suggests, the microscopic appearance of IPMN is that of cystically
dilated ducts lined by flat to papillary epithelium with variable amounts of intracy-
toplasmic mucin. Depending on the histomorphology and differentiation, IPMN can
be divided into four major epithelial subtypes (WHO 2010): gastric type (50%),
intestinal type (35%), pancreatobiliary type (15%), and oncocytic type (rare)
[36-40].

Gastric type resembles gastric foveolar epithelium with tall columnar mucinous
cells (Fig. 3.7a). It is the most common subtype, usually located in branch ducts,
and is associated with low-grade dysplasia. Intestinal type resembles adenomas of
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Fig. 3.7 Histological types of intraductal papillary mucinous neoplasm (IPMN). The gastric type
(a) contains tall columnar foveolar mucin cells. Intestinal type (b) demonstrates intestinal epithe-
lium with goblet cells. Pancreatobiliary type (c¢) is composed of cuboidal cells arranged in complex
papillae. Oncocytic type (d) is characterized by cells with prominent nucleoli and abundant eosino-
philic cytoplasms that are arranged into complex, multilayered epithelium. Intraductal papillary neo-
plasms (ITPN) (e and f) lack visible mucin and are composed of tubulopapillary structures with extensive
high-grade dysplasia and foci of necrosis (f, arrows) (a—f: H&E stain, a, b, ¢, d, f, 200x; e, 20x)

gastrointestinal tract (Fig. 3.7b); it is mainly found in the main duct and is often
associated with intermediate- to high-grade dysplasia. Pancreatobiliary type is
composed of cuboidal cells arranged in complex papillae (Fig. 3.7¢); it is typically
found in the main duct and frequently harbors high-grade dysplasia. Oncocytic
type is characterized by cells with abundant eosinophilic cytoplasms that are
arranged into complex, multilayered, focally cribriforming epithelium (Fig. 3.7d);
high-grade dysplasia is the rule.
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The oncocytic variant of IPMN is also termed intraductal oncocytic papillary
neoplasm (IOPN) by some authorities, due to its differing molecular characteristics
and better prognosis than conventional IPMN [41-43].

Immunohistochemistry for mucin glycoproteins (MUCs) is useful in distinguish-
ing morphological subtypes [4, 37]. In general, gastric-type IPMNs express
MUCSAC, but not MUC1 or MUC?2. Intestinal-type IPMNs are known for strong
and diffuse expression of intestinal markers MUC2 and CDX2, in addition to
MUCSAC. Pancreatobiliary-type IPMNs express MUC1 and MUCSAC, but not
intestinal markers (MUC2 and CDX2). Oncocytic-type IPMNs express MUC6
(pyloric-type mucin) and MUCS5AC (focal), as well as diffuse reactivity to mito-
chondrial elements.

Grading

As discussed previously in PanIN grading, the original three-tiered grading system
for dysplasia (low-, intermediate-, and high-grade dysplasia) IPMNs has been
recently revised to a two-tiered grading system (low- and high-grade dysplasia) [9].
The former low- and intermediate-grade dysplasia is now to be categorized as low
grade, which is in line with the more indolent biologic behavior of these lesions in
contrast to the high-grade dysplasia ones. The following terminology is recom-
mended for grading dysplasia in IPMN [9]:
For tumor-forming intraepithelial neoplasm without invasion:

IPMN, low-grade
IPMN, high- grade

For IPMN with an associated invasive carcinoma:

IPMN, __ grade, with an associated invasive carcinoma

Invasive Carcinoma Arising in IPMN

One third of IPMNs are associated with invasive adenocarcinoma. There are two
distinct types of invasive adenocarcinoma arising in IPMN: tubular adenocarci-
noma and colloid carcinoma. Tubular (conventional ductal) adenocarcinomas often
arise in pancreatobiliary-type, intestinal-type, and less commonly gastric-type
IPMN. Colloid carcinoma is mostly associated with intestinal-type IPMN and is
characterized by abundant stromal mucin pools with floating malignant epithelium.
Colloid carcinoma seems to portend a better prognosis than tubular adenocarci-
noma [22, 44].
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Resection Margins

In the absence of invasive carcinoma, the clinical significance of the presence of
IPMN at a resection margin is debatable. There are conflicting data regarding asso-
ciation between recurrences and the presence of IPMN at a margin, although high-
grade dysplasia at the margin is reported and may have significance [45—49].
Regardless of the margin status, careful clinical follow-up after resection of IPMN
of any grade is important due to the multifocal nature of IPMNs [50].

Intraductal Tubulopapillary Neoplasm

Intraductal tubulopapillary neoplasms (ITPNs) account for less than 1% of all pancre-
atic exocrine neoplasms and only 3% of intraductal neoplasms of the pancreas [51-53].
Patients with ITPNs are a decade younger than patients with IPMNs. ITPNs are often
indistinguishable from IPMNs preoperatively. About half of ITPNs occur in the head
of the pancreas, a third diffusely involve the gland, and 15% are localized to the tail.

Macroscopically, ITPNs represent neoplastic proliferation within dilated pancre-
atic ducts; however, they do not produce mucin and do not have cystic change.

Microscopically, ITPNs are composed of tubulopapillary structures with exten-
sive high-grade dysplasia (Figs. 3.7e and f). Approximately 40% of cases have an
associated invasive adenocarcinoma. Immunohistochemically, ITPNs express
MUCI (90%) and MUC6 (60%) while lacking MUC2 and MUCS5AC. ITPNs are
thought to have different molecular tumorigenesis and have a better prognosis than
IPMNs. The major histologic differential diagnosis includes IPMN (pancreatobili-
ary type) and intraductal acinar cell carcinoma.

Molecular Genetics

IPMN shares similar, but not identical, mutation profiles as pancreatic ductal adeno-
carcinoma. Similar to ductal adenocarcinoma, activating point mutations in codon
12 of KRAS are present in 30—80% of IPMNs [54, 55]. Allelic losses of CDKN2A,
TP53, and SMAD4 are found in up to 40% of IPMNSs, and these losses increase with
increasing degree of dysplasia [56—58].

The following genes are mutated in IPMNs but not in pancreatic ductal adeno-
carcinomas [59-61]: RNF43 (75% of IPMNs), GNAS (60%), APC (25%), and
PIK3CA (10%). BRAF mutation is seen in a small number of IPMNs [54].
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ITPN shows different mutation profile than IPMN, which potentially could
explain their differing histomorphology and prognosis. Studies have found that
ITPNSs typically lack KRAS or TP53 mutations, while abnormal nuclear accumula-
tion of f-catenin is observed in some cases [51].

Pancreatic Neuroendocrine Neoplasms

Epidemiology, Radiology, and Macroscopic Findings

Pancreatic neuroendocrine tumors (PanNETSs) are uncommon and represent 1-2%
of all pancreatic neoplasms. The peak incidence is between 30 and 60 years, and the
mean age at presentation is 50 years. The majority of cases are non-syndromic and
sporadic; rare cases are associated with multiple endocrine neoplasia syndrome
(MEN1), von Hippel-Lindau syndrome, and tuberous sclerosis.

About 60-70% of all pancreatic NETs are functioning tumors. The most common
type is insulinoma, followed by glucagonoma, gastrinoma, and somatostatinoma [62].
Serotonin-producing tumors account for about 25% of PanNETs, and they uniquely
involve main pancreatic ducts [63]. It is important to note that positive immunohisto-
chemical staining for peptide hormone does not correlate with the tumor functional
type; nonfunctional tumors may stain for multiple peptides. Therefore, immunostains
for specific hormones are not routinely performed in PanNET specimens.

Macroscopically, PanNETs are well demarcated, solitary, and white-yellow to
pink-brown in color. Rare cystic PanNETs are present. Nonfunctioning NETs are
generally larger than functioning PanNETs likely due to later detection. PanNETSs
are typically >2 cm in diameter (often 5 cm or more).

Histology
Well-Differentiated Pancreatic Neuroendocrine Tumor

Well-differentiated PanNETs are composed of a monotonous population of round
cells arranged in nests, trabeculae, pseudoacinar, and solid patterns (Fig. 3.8a—c).
The nuclear chromatin is dispersed and classically described as “salt and pepper”
(Fig. 3.8d). The morphological appearance generally does not predict functional
status with two exceptions: amyloid deposits may be seen with insulinoma, and
glandular structures containing psammoma bodies are often seen with somatostatin
cell tumors. Diffuse positivity for synaptophysin and chromogranin (Fig. 3.8e)
immunostains is typical for well-differentiated PanNET. The Ki-67 proliferation
index is low (Fig. 3.8f). Occasionally, well-differentiated PanNET may show less
common histologic features, such as oncocytes, rhabdoid cells, clear cells, and vac-
uolated lipid-rich cells. A subset of well-differentiated neoplasms has a high prolif-
erative index but is still considered well differentiated [64, 65].
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Fig. 3.8 Pancreatic neuroendocrine tumors. Well-differentiated pancreatic neuroendocrine tumors are
composed of monotonous population of round cells arranged in pseudoacini (a, 200x), trabeculae
(b, 200x), and nests (¢, 200x). The nuclear chromatin is dispersed and classically described as “‘salt-and-
pepper” pattern (d, 400x). A chromogranin immunostain is diffusely positive (e, 200x). Ki-67 labeling
index is low (£, 400x). g and h demonstrate a poorly differentiated neuroendocrine carcinoma, small cell
type. It is characterized by sheets of cells with high nuclear cytoplasmic ratio, frequent apoptosis (g,
arrowheads; 400x) and a characteristic of crush artifact (g, arrow; 400x). Ki-67 labeling index is high
(h, 400x%) (a—d, e and g: H&E stain)
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Poorly Differentiated Pancreatic Neuroendocrine Carcinoma

Poorly differentiated neuroendocrine carcinomas (NEC) are high-grade neuro-
endocrine tumors that are either small cell type (Fig. 3.8g and h) or large cell
type. They constitute 2—3% of all pancreatic endocrine neoplasms and are char-
acterized by the lack of a low-grade organoid appearance and the presence of
>20 mitoses per 10 high-power fields (HPF). In the pancreas, large cell carci-
nomas are more common than small cell carcinomas [66]. Aggressive features
such as brisk mitoses, tumor necrosis, perineural invasion, and lymphovascular
invasion are often present. Typically, no reactivity for peptide hormones is
found in pancreatic NECs.

The small cell variant is morphologically similar to small cell carcinoma of the
lung, composed of small- to medium-sized cells with high nuclear-cytoplasmic ratio
and prominent nuclear molding. Synaptophysin and chromogranin stains are typi-
cally very focal and weak.

The large cell variant resembles large cell neuroendocrine carcinoma of the lung,
composed of large cells with abundant eosinophilic cytoplasm and prominent nucle-
oli. Synaptophysin and chromogranin stains typically show more reactivity than
that seen in the small cell variant. The mitotic count is typically greater than 10 per
10 HPE.

Differential Diagnosis
Acinar Cell Carcinoma

Acinar cell carcinoma represents 1-2% of pancreatic neoplasms and is charac-
terized by exocrine/acinar cell differentiation. It typically follows an aggres-
sive course (5-year survival of 6%). These tumors may mimic PanNET due to
the similar nested to solid growth pattern. Careful examination of nuclear fea-
tures may be helpful in the distinction: NET shows stippled chromatin without
prominent nucleoli, whereas acinar cell carcinoma demonstrates vesicular
nuclei with prominent nucleoli. Unlike ductal adenocarcinoma, stromal desmo-
plasia is absent in acinar cell carcinoma. Immunohistochemistry is also valu-
able in the differential diagnosis. Acinar cell carcinoma is positive for trypsin
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and chymotrypsin and negative for chromogranin, whereas neuroendocrine
tumor is negative for trypsin and chymotrypsin and diffusely positive for syn-
aptophysin and chromogranin. Acinar cell carcinoma appears to have different
molecular genetics than pancreatic ductal adenocarcinoma.

Solid Pseudopapillary Tumor

Solid pseudopapillary tumor (Fig. 3.9a) is a rare pancreatic neoplasm of unclear
cellular origin and shows unique demographic features. Patients are usually
20-30 years old and usually women. The prognosis is excellent with >80% of
patients cured with surgical resection, although metastasis and recurrence occur in
up to 10% of cases. Histologically, the bland cytology mimics neuroendocrine
tumor (uniform round to oval nuclei with finely dispersed chromatin). However, the
architecture reveals the “solid pseudopapillary” nature of the tumor secondary to
preservation of perivascular neoplastic cells and loss of tumor cells away from the
vessels (Fig. 3.9b). By immunohistochemistry, solid pseudopapillary tumor is posi-
tive for p-catenin (nuclear reactivity), CD10, and a-1-antitrypsin and negative for
chromogranin. Pancreatic neuroendocrine tumors show the opposite pattern of
staining.

Fig. 3.9 Solid pseudopapillary neoplasm. Gross appearance (a) is a well-circumscribed tumor.
Histologic sections (b, 200x) show papillary structures composed of bland neoplastic cells
arranged around the fibrovascular core (b: H&E stain)
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Pancreatoblastoma

Pancreatoblastoma is the most common malignant pancreatic neoplasm of child-
hood, but it is a rare tumor in adults. It is comprised of a variable mixture of acinar,
endocrine, squamoid nests, and stromal components. Loss of 11p is the hallmark
genetic alteration in these tumors. In contrast, PAnNET shows uniform endocrine
differentiation and lacks squamoid nests.

Grading and Staging

Pancreatic neuroendocrine tumors are histologically graded into three categories
according to the current (2010) WHO classification, based on mitotic count and
Ki-67 labeling index (Table 5).

This classification is straightforward in most cases; however, it is important to
point out that not all G3 tumors are poorly differentiated. A subset is well differenti-
ated but with increased Ki-67 (>20%), with or without increased mitotic count.
These well-differentiated G3 NETs have a lower average Ki-67 than poorly differ-
entiated NEC (40% vs. 70%) and show better outcome (2- and 5-year survivals of
74.9 and 29.1% vs. 22.5 and 16.1%) [64].

According to the new eighth edition of AJCC cancer staging, well-differentiated
PanNET is staged using similar criteria as pancreatic ductal carcinoma (Table 3.2),
primarily based on tumor size (pT1-pT3) and invasion of large vessels (pT4). For
pT staging, the tumor size cutoffs for pT1, pT2, and pT3 tumors are <2, 2—4, and
>4 cm. Unique to the PanNET staging criteria is that invasion of adjacent organs is
also part of the staging of pT3 and pT4 tumors. If PanNET invades into duodenum
or bile duct, it is classified as pT3 regardless of the tumor size. If PanNET involves
the stomach, spleen, colon, or adrenal gland, it is considered pT4.

Table 5 Grading criteria of pancreatic neuroendocrine tumors (WHO 2010)

Ki-67
WHO labeling
Classification grade Mitotic count index
Well-differentiated neuroendocrine tumor, grade 1 | G1 <2 per 10 and <2%
high-power
fields (HPF)
Well-differentiated neuroendocrine tumor, grade 2 | G2 2-20 per 10 or 3-20%
HPF
Poorly differentiated neuroendocrine carcinoma G3 >20 per 10 HPF | or >20%
(small cell carcinoma or large cell endocrine
carcinoma), grade 3

Modified from WHO classification of tumors of the digestive system, IARC, Lyon 2010
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Molecular Genetics

The molecular alterations in PanNETs are different from those of pancreatic ductal
adenocarcinoma; common genetic mutations associated with the latter (7P53,
KRAS, CDKN2A, SMAD4) are not found with significant frequency in pancreatic
NETs [67-70]. DAXX and ATRX mutations, as well as mTOR pathway (PTEN,
TSC2, PIK3CA) abnormalities, are found in 43% and 14% of PanNET, respectively
[71]. Chromatin remodeling and PI3K/Akt/mTOR pathways are involved in most
well-differentiated PanNET, while mutations in 7P53 and RB may contribute to the
development of poorly differentiated NECs [72].

Of particular interest is the utilization of unique molecular signatures in distin-
guishing high-grade (G3) well-differentiated PanNET from poorly differentiated
NECs, since the prognosis and treatment differ. For example, DAXX and ATRX
mutations are present in most well-differentiated PanNET, but not seen in poorly
differentiated NECs. In contrast, alterations in RB, TP53, or SMAD genes are seen
in poorly differentiated NEC, but not in well-differentiated NETs [64, 65, 71, 73].

Somatic MENI mutations are seen in about 20% of sporadic PanNETs [74-78].
Loss of 11q13 or more distal parts of the long arm of chromosome 11 appears to be
a frequent event in PanNET tumorigenesis [79-81].

Cystic Lesions

Pseudocyst

Pseudocyst is a peripancreatic unilocular cyst containing necrotic contents rich in
pancreatic enzymes. The cyst is lined by a thick fibrous pseudocapsule without lin-
ing epithelium. Pseudocysts range from a few to 20 cm and occasionally are multi-
ple. They are typically associated with history of acute pancreatitis and elevated
serum amylase levels.

Histologic sections of the pseudocyst demonstrate an inflamed fibrotic pseudo-
capsule surrounding necrotic adipocytes and debris. Extensive sampling of the cyst
is usually required before rendering the diagnosis of pseudocyst, to exclude the
possibility of other neoplastic epithelial cysts.

Intraductal Papillary Mucinous Neoplasm

For detailed discussions, please see above section “intraductal neoplasms of the
pancreas.”



74 W. Chen et al.

Serous Cystic Neoplasm

Serous cystadenoma is a relatively uncommon neoplasm, accounting for 1-2% of
all pancreatic neoplasms [4]. Serous cystadenocarcinoma is even rarer, representing
1-3% of serous cystic neoplasms. These lesions usually occur in the body/tail of the
pancreas and show a female predominance (female to male ratio of 3:1). Patient’s
mean age is 66 years.

The characteristic gross/radiological appearance is a well-circumscribed
tumor composed of numerous small cysts (>1 mm to 1 cm in diameter) and con-
tains central fibrous scar (Fig. 3.10a). These tumors less often show a macrocys-
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Fig. 3.10 Serous microcystic adenoma. Gross appearance (a) is a well-circumscribed tumor with
central fibrous scar and numerous small cysts. The cysts are lined by cuboidal clear cells (b, 200x;
¢, 400x, H&E stain) due to cytoplasmic accumulation of glycogen. The glycogen can be high-
lighted by periodic acid-Schiff (PAS) stain (d, magenta granules; 400x) and will be digested by
diastase (e, PAS with diastase; 400x)
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tic or solid configuration. Serous cystic neoplasm may be associated with VHL
gene mutation.

Microscopically, the cyst epithelium is composed of single layer of flat to cuboi-
dal clear cells (Fig. 3.10b and c), with no or little cytologic atypia. Interestingly, the
clearing of the cytoplasm is due to cytoplasmic glycogen accumulation, not mucin,
as demonstrated by periodic acid-Schiff (PAS) stain with and without diastase
(Fig. 3.10d and e). Due to the bland morphology/similarity to serous adenoma,
malignancy (serous cystadenocarcinoma) is defined by the presence of distant
metastasis.

Mucinous Cystic Neoplasm

Mucinous cystic neoplasm (MCN) accounts for about 8% of surgically resected
cystic lesions of the pancreas [4]. It occurs almost exclusively in women (female to
male ratio of 20:1). The mean patient age is 50 years. MCN with an associated inva-
sive carcinoma occurs in patients who are 5—10 years older than patients with non-
invasive MCNs. Greater than 95% of MCNs occur in the body and tail of the
pancreas.

Microscopically, MCNs resemble mucinous neoplasms of the ovary. The
cyst lining is classically composed of tall columnar mucinous cells, although
some cases show predominantly cuboidal cells with no obvious mucin.
The hallmark of MCNs is the subepithelial, cellular, spindle cell stroma
(Fig. 3.11a—c), which is diagnostically crucial to establish the correct diagnosis
of MCN in cases that have extensive epithelial denudation. This ovarian-type
stroma is found at least focally in all MCNs and is regarded as diagnostic pre-
requisite for MCN. The ovarian-type stroma demonstrates sex cord stromal
differentiation and is positive for progesterone receptor (Fig. 3.11b), estrogen
receptor, calretinin, CD99, and inhibin. MCNs may exhibit variable epithelial
dysplasia (Fig. 3.11d).

As discussed previously in PanIN and IPMN grading, the original three-
tiered grading system for dysplasia (low-, intermediate-, and high-grade dys-
plasia) has been recently revised to a two-tiered grading system (low- and
high-grade dysplasia), with merging of low- and intermediate-grade dysplasia
[9]. The morphologic types of MCN include gastric, intestinal, pancreatobili-
ary, and oncocytic [36].

The following terminology is recommended for grading dysplasia in MCN:

For tumor-forming intraepithelial neoplasm without invasion:

MCN, low-grade
MCN, high-grade

For MCN with an associated invasive carcinoma:

MCN, __ grade, with an associated invasive carcinoma
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Fig. 3.11 Mucinous cystic neoplasm (MCN) (a—d) and lymphoepithelial cyst (e—f). MCN shows
characteristic of subepithelial ovarian-type stroma (a, 100x), which is positive for estrogen and
progesterone receptor (b, 100x). The cyst lining consists of variable mucinous epithelium (c,
400x) that may develop epithelial dysplasia (d, 100x). In contrast, the cyst wall of a lymphoepithe-
lial cyst contains lymphoid follicles (e, 40x) which underlie a stratified squamous epithelium (f,
400x) (a and c—f: H&E stain)

Lymphoepithelial Cyst

Lymphoepithelial cyst is a rare cystic neoplasm of the pancreas. It occurs predomi-
nantly in men in the fifth to sixth decade. Unlike its counterpart in the salivary
gland, lymphoepithelial cyst of the pancreas does not have association with HIV
infection, lymphoma, and autoimmune conditions. It most often occurs in the
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periphery of the pancreas in the body or tail region or in peripancreatic soft tissue.
Grossly, the thin-walled cyst contains serous to caseous cyst contents and has a
smooth cyst lining.

Microscopically, the cyst is lined by a stratified squamous epithelium with vari-
able amount of keratinization. Lymphoid tissue with lymphoid follicles surrounds
the squamous epithelium (Fig. 3.11e and f).

Cystic Change in Typically Solid Tumors

Occasionally, some solid tumors of the pancreas may undergo cystic degeneration
and bear a cystic gross appearance. The cystic change may be related to central
necrosis of the tumor. Grossly, the cyst may contain serous to serosanguinous fluid
with or without necrotic debris. Pancreatic tumors that may have cystic change
include ductal adenocarcinoma, pancreatic neuroendocrine tumor, acinar neo-
plasms, solid cystic pseudopapillary neoplasms, and metastatic tumors.

Careful microscopic examination of the periphery of the cyst usually identifies
recognizable neoplastic cells. Extensive sampling of the cyst may be needed before
establishing a correct diagnosis.

Cytology Overview

Indication and Cytology Sample Procuring

The primary indication for pancreatic biopsy is a mass or biliary duct stricture with
clinical suspicion of neoplasm. While NCCN and surgical guidelines state that
biopsy proof of malignancy is not required before surgical resection for resectable
patients when the clinical suspicion of cancer is high [82, 83], many clinicians
request a cytology or tissue diagnosis before surgical intervention. For unresectable
tumors, a positive biopsy or aspirate is usually required before administration of
chemotherapy.

Fine needle aspiration (FNA) biopsy, particularly endoscopic ultrasound-guided
FNA (EUS-FNA) biopsy, has become a well-established diagnostic tool and tech-
nique of choice for the diagnosis of pancreatic lesions [84—86]. Tissue biopsy is less
often used by some due to the difficulty in interpretation, relatively lower diagnostic
accuracy, and higher complication rates. FNA biopsy can be obtained by a variety
of imaging guiding techniques. EUS-FNA biopsy is simple, accurate, and safe. In
most institutions, it has essentially replaced tissue biopsy and other image-guided
FNA techniques. To date, the vast majority of EUS-FNA needles are designed to
obtain cytologic specimens. It has been highly effective for most pancreatic tumors
with reliable diagnostic accuracy, but some authors believe it can be of limited value
in disease entities whose diagnosis relies on tissue architecture or ancillary studies.
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Recently, needles with novel tip shapes have been designed to attempt to obtain a
core biopsy in addition to cytology [87—89]. Many controversial questions remain
as to the actual effectiveness of obtaining true core tissue, sample preparation, ease
of interpretation, etc.

In addition, pancreatobiliary tract brushing by endoscopic retrograde cholangi-
ography (ERCP) is a useful diagnostic modality for biliary stricture rather than a
distinct mass lesion.

Sample Preparation and Rapid On-Site Evaluation

Cytology sample preparation is different from routine H&E histologic preparation.
FNA and biliary brushing specimens can be prepared by conventional smear, liquid-
based preparation, cytocentrifugation (cytospin), and cell block. In most institu-
tions, a combination of preparation methods is used to maximize the diagnostic
yield. Conventional smear combined with cell block preparation is most commonly
used for FNA specimens. Usually, half of conventional smear slides are stained with
Diff-Quik staining method at the time of on-site evaluation, and the other half are
stained with Papanicolaou staining method (either alcohol fixed or air-dried fol-
lowed by rehydration) after the procedure. The purpose of cell block preparation is
to have the ability to perform ancillary studies when necessary including immuno-
histochemistry stains, special stains, and molecular testing. Liquid-based prepara-
tion or cytocentrifugation instead of conventional smear is mostly used for biliary
brushing samples.

Many studies have shown that rapid on-site evaluation for solid pancreatic
lesions is helpful for overall diagnostic yield and appropriate sample triage [90, 91].
However, there are studies indicating that it has limited value with experienced
operators performing the procedure [92]. It is generally accepted that on-site evalu-
ation offers limited value for cystic lesions.

Diagnostic Accuracy and Reporting Terminology

EUS-FNA has high diagnostic sensitivity and specificity for pancreatic solid
lesions. The false negative rate varies depending on its definition [93]. Sampling
error is more common than interpretation error. The broadly accepted false positive
rate is approximately 0—1% [94-96]; however, there are reports indicating higher
rate (as high as 4-5%). The diagnostic accuracy for cystic lesions is much lower.
Conventional cytology reporting categories (including nondiagnostic, negative
for malignancy, atypical, suspicious, and malignant) apply to pancreatic cytology.
In 2014, Papanicolaou Society of Cytopathology developed a set of guidelines for
pancreatobiliary cytology (Table 3.6) [97-99]. The proposed terminology scheme
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Table 3.6 Papanicolaou I. Nondiagnostic
So;let.y of Cytopathology II. Negative for malignancy
guidelines for

pancreatobiliary cytology 1II. Atypical
(2014) IV. Neoplastic

* Benign

— Serous cystadenoma
* Other
— Premalignant mucinous cyst

Intraductal papillary mucinous neoplasm (IPMN)
Mucinous cystic neoplasm (MCN)

— Neoplasm of low-grade malignant behavior

Pancreatic neuroendocrine tumor (PanNET)

Solid pseudopapillary tumor (SPT)

V. Suspicious

VI. Positive/malignant

recommends a six-tiered system: nondiagnostic, negative for malignancy, atypi-
cal, neoplastic, suspicious, and positive/malignant. The guidelines are designed
to stratify the risk of malignancy with diagnostic categories for guiding appropriate
management algorithms. Unique to this scheme is the “neoplastic” category, which
is separated into “benign” (serous cystadenoma) and “other” (premalignant muci-
nous cyst including IPMN and MCN and neoplasm of low-grade malignant behav-
ior including NET and solid pseudopapillary tumor).

Normal Pancreas and Benign Gastrointestinal (GI) Tract
Contamination

Being able to identify normal pancreatic elements and benign GI tract contamina-
tion is essential for pancreatic cytology interpretation. The vast majority of the nor-
mal pancreas consists of acinar cells.

Benign biliary ductal cells and normal islets of Langerhans, even if sampled,
should be in the minority. The FNA of normal pancreas is often cellular. The acinar
cells typically exhibit tight/cohesive clusters with two-dimensional microacinar
and/or three-dimensional grape-like clusters, pyramidal or polygonal cell borders,
basally oriented nuclei, and apical cytoplasmic zymogen granules (better appreci-
ated on Diff-Quik-stained smears) (Fig. 3.12). Normal islet cells are rarely
appreciated.

Benign ductal epithelial cells display cohesive, flat, well-organized, evenly
spaced, and monolayer sheets with “honeycomb” appearance. The cells are cuboi-
dal to columnar, have round and regular nuclei, have evenly distributed chromatin,
and have inconspicuous nucleoli. Benign GI tract ductal epithelial cell contamina-
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Fig. 3.12 Benign acinar cells exhibit tight/cohesive clusters with two-dimensional microacinar
and/or three-dimensional grape-like clusters [a: Diff-Quik (DQ) stain, 40x; b: DQ stain, 400x]

Fig. 3.13 Benign gastrointestinal tract ductal epithelial cells display well-organized monolayer
sheets with “honeycomb” appearance. Characteristics of the duodenal epithelium are the scattered
distinct goblet cells within the sheets (a: DQ stain, 200x). Characteristics of the gastric epithelium
is the presence of foveolar cells with intracellular mucin cups and distinct cell borders
[b: Papanicolaou (Pap) stain, 200x]

tion is unavoidable and very common in pancreatic FNA. Pancreatic head lesions
are sampled through duodenal wall, and body/tail lesions are sampled through gas-
tric wall. Both duodenal and gastric ductal contamination appears flat, well-
organized architecture similar to normal biliary ductal epithelial cells and can be
difficult to distinguish. Characteristics of the duodenal epithelium are the scattered
distinct goblet cells within the sheets (Fig. 3.13a). Characteristics of the gastric epi-
thelium is the presence of foveolar cells with intracellular mucin cups and distinct
cell borders (Fig. 3.13b). Benign GI tract ductal epithelial cell contamination can be
difficult to distinguish from biliary ductal epithelium with low-grade PanIN or low-
grade premalignant mucinous cyst. The distinction from high-grade lesions is usu-
ally not difficult.
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Pancreatic Ductal Adenocarcinoma

Most conventional pancreatic ductal adenocarcinoma is readily recognizable, and
EUS-FNA diagnosis is straightforward. On low power, the cellularity is typically
moderate to high (Fig. 3.14a). On high power, ductal epithelial cells demonstrate
architectural crowding, overlapping, and three-dimensional clusters (Fig. 3.14b).
Some authors describe the disorganized groups as “drunken honeycomb” arrange-
ment. The most consistent nuclear features include nuclear enlargement, nuclear
membrane irregularity, and anisonucleosis with 4:1 variation within the same group.
Intracellular mucin, signet ring cells, and mitosis are not always present but helpful
if they are. Poorly differentiated ductal adenocarcinoma can show dyshesive or iso-
lated cells and hyperchromasia (Fig. 3.14c). In well- and moderately differentiated
tumors, it is not uncommon to see pale chromatin with small eccentrically located

]

Fig. 3.14 Example of pancreatic ductal adenocarcinoma. Cellular aspirate (a: DQ stain, 20x)
demonstrates architectural crowding and overlapping with nuclear enlargement, nuclear mem-
brane irregularity, and anisonucleosis with 4:1 variation within the same group (b: Pap stain,
400x). Poorly differentiated ductal adenocarcinoma can show dyshesion and hyperchromasia (c:
Pap stain, 400x), but in well- to moderately differentiated tumors, it is not uncommon to see pale
chromatin with small eccentrically located nucleoli (d: Pap stain, 400x)
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Fig. 3.15 Foamy gland pattern pancreatic ductal adenocarcinoma. It is deceptively benign appear-
ing with low nuclear/cytoplasmic ratio and abundant foamy cytoplasm, closely resembling gastric
foveolar epithelium (a: DQ stain, 400x; b: Pap stain, 400x)

nucleoli (Fig. 3.14d). Background desmoplastic stroma is very common in resection
specimens of pancreatic ductal adenocarcinoma, but this stroma is not always aspi-
rated on FNA. Necrosis can be seen. Pancreatic ductal adenocarcinoma with foamy
gland pattern can become a diagnostic pitfall because it is deceptively benign look-
ing with low nuclear/cytoplasmic ratio and abundant foamy cytoplasm (Fig. 3.15).
It closely resembles gastric foveolar epithelium. Pure foamy gland pattern is not
common; this pattern typically intermingles with conventional ductal adenocarci-
noma. Stelow et al. reported that 23% of pancreatic ductal adenocarcinoma FNA
had a variable degree of foamy changes [100].

There are several variants of pancreatic ductal adenocarcinoma listed in WHO
(2010). The most relevant variants for cytology diagnosis are adenosquamous cell
carcinoma and anaplastic/undifferentiated carcinoma, because different treatment
options or clinical trials may apply. For adenosquamous cell carcinoma, one com-
ponent often predominates and features of dual differentiation may be focal
(Fig. 3.16). By definition, at least 30% of each component is required for diagnosis.
A pure squamous carcinoma should raise the suspicion of a metastasis but may also
represent under-sampling of an adenosquamous cell carcinoma. In a case of adeno-
carcinoma predominating, careful evaluation of cytomorphology helps to exclude
squamous contamination [101]. In contrast to conventional pancreatic ductal adeno-
carcinoma, undifferentiated carcinoma is poorly cohesive, is cellular with scant
stroma, and has marked pleomorphism (Fig. 3.17). Accurate diagnosis relies on the
exclusion of metastatic undifferentiated/high-grade tumor from another site.

The differential diagnosis of pancreatic ductal adenocarcinoma includes conven-
tional chronic pancreatitis, autoimmune pancreatitis, groove pancreatitis, reactive
ductal atypia, incidentally sampled PanIN, and metastatic adenocarcinoma from other
sites. Various types of chronic pancreatitis may lead to an atypical diagnosis [102,
103] and typically feature low cellularity, mild ductal atypia (Fig. 3.18), fibrous tissue
fragments, variable acinar component, and background chronic inflammatory cells.
Certainly, a combined evaluation of cellularity and cytomorphology is important.
Type 1 autoimmune pancreatitis (lymphoplasmacytic sclerosing pancreatitis) deserves
particular consideration and should be excluded preoperatively, because a simple
course of steroids has both diagnostic and treatment value [ 12, 13]. Clinical-radiological



3 Pathology: Preneoplastic and Neoplastic Disease and Molecular Genetics 83

Fig. 3.16 Adenosquamous cell carcinoma.One component often predominates and features of
dual differentiation may be focal. a (DQ stain, 400x): Squamous carcinoma predominates; b (Pap
stain, 200x): adenocarcinoma predominates

Fig. 3.17 Undifferentiated
carcinoma is poorly
cohesive, is cellular with
scant stroma, and has
marked pleomorphism
(Pap stain, 400x)

Fig. 3.18 Reactive ductal
epithelia atypia that can be
seen in the setting of
chronic pancreatitis (Pap
stain, 400x)
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correlation is essential for the diagnosis, and elevated serum IgG4 is the most sensi-
tive and specific laboratory indicator. Incidentally sampled PanIN can contaminate
the aspirate, but the quantity of neoplastic cells from PanIN should be much less than
those in pancreatic ductal adenocarcinoma [104]. Isolated low-grade PanIN is not
uncommon, and the clinical significance is regarded to be negligible. For metastatic
adenocarcinoma, knowing the history and an adequate and cellular cell block for
immunohistochemical stains are crucial for definitive diagnosis.

Pancreatic Neuroendocrine Tumor (PanNET)

Similar to pancreatic ductal adenocarcinoma, EUS-FNA diagnosis of PanNET has
high sensitivity and specificity [105, 106].

Well-differentiated PanNET comprises most PanNET and is the second most
common solid neoplasm in the pancreas. The aspirate smear is typically moderate to
high in cellularity with loosely cohesive, pseudo-rosette forming or single monoto-
nous small cells (Fig. 3.19). The nuclei are uniform and round to oval and may
appear eccentric with plasmacytoid appearance. The chromatin is finely stippled
(salt and pepper) (better highlighted by Papanicolaou stain). The cytoplasm is mod-
erate to abundant and granular. Vacuolated and oncocytic PanNETs have been
described [107, 108]. Oncocytic variant of PanNET can have abundant cytoplasm,
prominent nucleoli, and more anisonucleosis than conventional NET (Fig. 3.20).
Poorly differentiated PanNEC is much less common than PanNET. The aspirate
smears demonstrate either typical small cell neuroendocrine carcinoma as seen in the
lung (Fig. 3.21) or high-grade neuroendocrine carcinoma defined by high Ki-67
labeling or mitotic count. Immunohistochemical stains performed on the cell block
section are usually performed to confirm the neuroendocrine differentiation. Studies
have shown that Ki-67 labeling performed on cell blocks can be used to grade
PanNETSs, but limitations exist particularly for grade 2 tumors. The major reasons for
discordance include non-tumor cell contamination and insufficient sampling [109].

The reported false negative rate in PanNET is about 10% [105, 106]. The main
factors causing inadequate sampling include location in the pancreatic head, pres-
ence of rich stromal fibrosis, and cystic PanNET. Interpretation errors are caused by
low tumor cellularity, diluting benign acinar cells, and lack of material for confirma-
tory immunohistochemical stains.

The false positive rate is reported to be less than 1%. The benign mimics include
benign acinar cells and florid islet cell aggregation in the setting of chronic pancre-
atitis. Normal acinar cells are the most common diagnostic pitfall of PanNET. In
contrast to loose clusters or single cells in PanNET, the clusters of normal acinar
cells are tighter with microacinar and/or grape-like architecture, the nuclei are
basally located, and the cytoplasm shows zymogen granules. When acinar cells
exhibit loss of apical cytoplasmic zymogen granules, the distinction can be very
difficult based on individual cell cytomorphology. Islet cell aggregation associated
with chronic pancreatitis is another benign mimic. The relative low cellularity,
admixed reactive ductal cells and lymphocytes, and background fibrotic stromal
fragments are all helpful features suggesting chronic pancreatitis.
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Fig. 3.19 Well-differentiated pancreatic neuroendocrine tumor is characterized by moderate to
high cellular smear with loosely cohesive, pseudo-rosette forming or single monotonous small
cells (a: DQ stain, 200x; b: Pap stain, 400x)

Fig. 3.20 Oncocytic variant of pancreatic neuroendocrine tumor shows abundant cytoplasm,
prominent nucleoli, and more anisonucleosis than conventional well-differentiated neuroendocrine
tumor (a: DQ stain, 200x; b: Pap stain, 400x)

Fig. 3.21 Poorly
differentiated pancreatic
neuroendocrine carcinoma
(Pap stain, 400x) with
high-grade
cytomorphologic features
and background necrosis,
apoptosis, and mitosis
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The major entities causing misclassification include solid pseudopapillary tumor
and acinar cell carcinoma. Because of the overlapping cytomorphology among
these entities, immunohistochemical stains as previously described are often
required for the distinction.

Classic solid pseudopapillary tumor demonstrates pseudo-papillae with myxoid
or hyalinized vascular stalks (Fig. 3.22a). The neoplastic cells are monotonous and
have round to oval nuclei often with nuclear grooves, finely textured chromatin, and
granular cytoplasm. Compared to PanNET, the smears are more cellular, and the
cells are more oval than round with more clustering. Marked degenerative change
can be seen. Extracellular metachromatic globules are a characteristic feature
(Fig. 3.22b). Slender cytoplasmic processes (cercariform) and clear cytoplasmic
vacuoles have been described [110, 111]. Immunohistochemical stain evaluation
(B-catenin most important) on cell block section is crucial for definitive diagnosis.

Acinar cell carcinoma has a distinctive cytological appearance but is frequently
misdiagnosed on cytology, probably due to the extreme rareness and lack of aware-
ness [112]. FNA smears are highly cellular with loosely cohesive clusters or iso-
lated/naked tumor nuclei (Fig. 3.23). Microacinar structure recapitulates normal
acinar architecture. The tumor cells have round to oval nuclei, smooth nuclear con-
tour, and delicate granular cytoplasm. Prominent nucleoli are the characteristic.
Immunohistochemical stains are essential for correct diagnosis.

L2 ..“ . =
doo Yauitnd)

P T

Fig. 3.22 Classic solid pseudopapillary tumor demonstrates pseudo-papillae with vascular stalks
(a: Pap stain, 200x). Extracellular metachromatic globules are characteristic (b, DQ stain, 400x)

Fig. 3.23 Acinar cell carcinoma smears are highly cellular with loosely cohesive clusters or iso-
lated/naked tumor nuclei. Prominent nucleoli are characteristic (a: DQ stain, 400x; b: Pap stain,
400x)
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Cystic Lesions of the Pancreas

The cytologic diagnostic approach for pancreatic cystic lesions is very differ-
ent from solid lesions. While cytomorphology evaluation is important, it is a
component of multifactorial overall assessment which also includes clinical-
radiological findings and cystic fluid analysis [113—-115]. For the management
of pancreatic cysts, the first question is whether the cyst is a premalignant
mucinous cyst, and the second is whether there is high-grade epithelial
dysplasia.

Cyst Fluid Analysis

Cyst fluid analysis is often prioritized over cytology preparation for cystic lesions
with no solid features by imaging, because of the low diagnostic yield on cytology
preparation alone.

The first step is cyst fluid analysis by traditional biochemistry (Table 3.7).
Studies have shown that the most reliable indicator to distinguish mucinous
from nonmucinous pancreatic cysts is carcinoembryonic antigen (CEA) (a cut-
off value >192-200 ng/ml), with approximately 80% accuracy in the diagnosis
of a mucinous pancreatic cyst [114, 116]. However, cyst fluid analysis has no
role in distinguishing the grade of epithelial dysplasia. Amylase can be ele-
vated in both pseudocysts and cystic mucinous neoplasms but is typically not
elevated in serous cystadenoma. New molecular testing has become available,
but the practical utility remains controversial [117]. KRAS mutation is an early
oncogenic mutation in the adenoma-carcinoma sequence, commonly seen in
cystic mucinous neoplasms, but does not distinguish low-grade PanIN, which
is very common and can be seen in otherwise unremarkable pancreas. It adds
no value if CEA is elevated. GNAS mutation has been shown helpful in distin-
guishing IPMN from MCN.

To date, cytomorphology evaluation is still the most accurate test for the
detection of high-grade dysplasia/malignancy in pancreatic cystic mucinous neo-
plasms. Similar to CEA levels, the presence of KRAS mutation and GNAS
mutation has no established value in distinguishing premalignant from malig-
nant lesions. Newer molecular testing panels/DNA profiling will continue to
evolve.

Table 3.7 Cyst fluid analysis for pancreatic cystic lesions

Cyst type Amylase CEA KRAS GNAS
IPMN High High + +
MCN High/low High + -
Pseudocyst High/low Low - -
Serous cystadenoma Low Low - -
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Premalignant Mucinous Cyst: Intraductal Papillary Mucinous
Neoplasm (IPMN) and Mucinous Cystic Neoplasm (MCN)

Surgical resection of all pancreatic cysts is not necessary, and surgical resection of all
pancreatic mucinous cysts is logistically not possible. Therefore, the goal of management
is detection of high risk mucinous cysts before the development of invasive carcinoma.

In general, cytologic distinction between IPMN and MCN is not possible on
FNA aspirate. The subepithelial ovarian-type stroma seen in MCN is usually not
appreciated on cytology. The goal of cytologic evaluation is to identify the presence
or absence of thick neoplastic mucin and high-grade epithelial dysplasia or carci-
noma. Thick, colloidal-like mucin with or without mucinous epithelium is diagnos-
tic of a neoplastic mucinous cyst (Fig. 3.24a). The distinction between low-grade
dysplasia and GI tract contamination is not possible by cytology in most cases
(Fig. 3.24b). High-grade epithelial dysplasia is characterized by tight clusters or
isolated cells with nuclear enlargement, high nuclear-cytoplasmic ratio, irregular
nuclear contour, and variably vacuolated cytoplasm (Fig. 3.24c—d).

Fig. 3.24 Premalignant mucinous cyst. Thick, colloidal-like mucin with or without mucinous
epithelium is diagnostic of a neoplastic mucinous cyst (a: DQ stain, 200x). (b) (Pap stain, 400x):
low-grade dysplasia is difficult to distinguish from benign gastrointestinal tract mucosal contami-
nation. (c) (Pap stain, 400x): high-grade dysplasia. (d): (cell block preparation, H&E stain, 400x):
an area containing both low-grade dysplasia (/eft) and high-grade dysplasia (right)



3 Pathology: Preneoplastic and Neoplastic Disease and Molecular Genetics 89

Fig. 3.25 Pseudocyst with
debris and pigment (DQ
stain, 200x)

Pseudocyst

The typical cytomorphologic features of pseudocyst include nonmucinous turbid
fluid with admixed inflammatory cells, histiocytes, yellow pigment and debris
(Fig. 3.25). No epithelial lining cells are present; however, benign GI tract contami-
nation can be seen. The cyst fluid analysis shows high amylase without elevated
CEA.

Serous Cystadenoma

The cytologic diagnosis of serous cystadenoma is challenging. An FNA diagnosis
of nondiagnostic or nonspecific/negative for malignancy interpretation is common
because the aspirate is often hypocellular. When the neoplastic cells are present,
they are cuboidal and bland appearing with clear and finely vacuolated cytoplasm in
a background of clean or bloody fluid. The cyst fluid analysis is low in amylase and
CEA.

Lymphoepithelial Cyst

The FNA aspirate of lymphoepithelial cyst is characterized by anucleated and
nucleated squamous cells and variable keratin debris and cholesterol clefts
(Fig. 3.26). The lymphocytes within the cystic wall are not always sampled. The
cyst fluid analysis is unremarkable.
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Fig. 3.26 Lymphoepithelial cyst with anucleated keratin debris and nucleated squamous cells (a:
DQ stain, 200x; b: Pap stain, 200x). The lymphocytes within the cystic wall are often not
sampled
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Chapter 4
Screening for Pancreatic Cancer: Who
to Screen and How to Follow-Up?
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Abbreviations

CAPS  Cancer of the Pancreas Screening Consortium
DM Diabetes mellitus

EUS Endoscopic ultrasound

FDR First-degree relative

FNA Fine needle aspiration

FPC Familial pancreatic cancer

PDAC Pancreatic ductal adenocarcinoma

SDR Second-degree relative

Introduction

Pancreatic cancer (i.e., pancreatic ductal adenocarcinoma (PDAC)) is now the third
most common cause of cancer-related death in the United States [1]. The annual
incidence of PDAC is approximately 40,000 cases, with projections that PDAC will
become the second most common cause of cancer death by 2030 [2]. There have
been only small improvements in the 5-year survival rate over the last two decades,
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which remains <10%. The majority of patients are diagnosed at a late stage of dis-
ease, which is unfortunate as the 5-year survival rate for patients diagnosed with an
earlier stage of disease that permits surgical resection is much higher at approxi-
mately 25%. Thus, early detection of PDAC has the potential to improve outcomes
by allowing more patients to receive potentially curative therapies that already exist.
Considering the relatively low prevalence of PDAC, it is not currently feasible to
screen the general population, so testing is concentrated on those at increased risk.
This is most accurately referred to as “surveillance” indicating that testing is per-
formed in patients at increased risk for the disease of interest; however, in this chap-
ter we use the phrase “screening” to be consistent with previously published
literature. This chapter further reviews the rationale for PDAC screening, including
clinical challenges and current approaches.

Rationale for PDAC Screening

PDAC is one of the most aggressive solid tumors due to a combination of delayed
cancer stage at the time of diagnosis, aggressive tumor biology, and ineffective ther-
apies. At the time of cancer diagnosis, >50% have metastatic disease, with <10%
having localized disease [1]. There are multiple explanations for the delayed stage
at cancer diagnosis, including the nonspecific nature of symptoms, including
abdominal pain, back pain, and weight loss. Furthermore, these symptoms typically
do not begin until later in the disease progression, which is particularly true for
localizing symptoms such as jaundice. In the absence of an accurate disease bio-
marker, early detection using current strategies requires the use of cross-sectional
imaging (using CT or MRI) and/or endoscopic ultrasonography (EUS). Thus, early
detection of PDAC requires testing asymptomatic patients with imaging and/or
EUS.

True screening of asymptomatic patients in the general population for PDAC is
challenging due to the low disease prevalence. The following scenario illustrates the
futility of general population screening using a single hypothetical screening test
with excellent diagnostic accuracy:

Based on the 2010 census there were slightly over 40 million adults in the US who were 65
or older. Assuming that all 53,000 of the estimated new PDAC cases in 2016 occurred
within this population demographic a hypothetical screening test that was 98% sensitive
and 98% specific would detect 51,940 cancers. However, in the process this would also
produce 798,940 false positive screening results with a meager positive predictive value of
6.1%. In addition to the potential for test-related anxiety, each false positive result would
generate unnecessary, and costly, cross-sectional imaging and/or invasive endoscopic
assessment of the pancreas.

Based on this example, it is clear that even a cheap, noninvasive test satisfying
this hypothetical test’s diagnostic accuracy would lead to an unacceptable number
of false-positive results requiring unnecessary additional testing and, therefore,
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would not be effective. Thus, it is necessary to further enrich the “screening popula-
tion” with patients who are more likely to develop PDAC [3]. The various nonge-
netic risk factors for developing PDAC, including obesity, diabetes mellitus (DM),
cigarette smoking, and chronic pancreatitis, are discussed in detail in Chap. 1. It is
notable, however, that the majority of identified risk factors only confer a moder-
ately increased risk (RR ~1.5-2.5) [4]. Although it is important to consider the
influence of these factors when considering the disease pathogenesis, the relatively
small increased risk remains inadequate to accomplish successful early detection.
Most experts agree that screening should be considered in those with a risk factor
associated with a relative risk >5 or with a combination of factors resulting in a
cumulative lifetime risk for PDAC of >5% [5]. The risks associated with new-onset
DM after age 50 and/or family history of PDAC fulfill these thresholds for which
PDAC screening may be effective.

Risk of PDAC Associated with New-Onset DM

Diabetes is a complex risk factor for PDAC with a bidirectional association and dif-
ferent magnitude of risk based on the DM duration [6]. Additionally, emerging data
suggest that different antidiabetic therapies can increase or decrease PDAC risk.
The prevalence of DM in those diagnosed with PDAC is high and exceeds that
observed in other common cancers [7]. Interestingly, the DM often develops within
36 months of PDAC diagnosis and precedes the onset of cancer-related symptoms
by >12 months [8, 9]. The risk for PDAC in those with long-standing DM is only
modest (RR 1.5) in comparison to the risk associated with new-onset DM (RR 5.4)
[9]. There is accumulating evidence suggesting that new-onset DM may represent a
paraneoplastic syndrome for many patients with PDAC, which has been reviewed
elsewhere [9].

The magnitude of increased risk for new-onset DM suggests this may be use-
ful to include as a criterion for PDAC screening. A population-based cohort
study demonstrated that indeed the risk for PDAC is increased in those with
new-onset DM (observed: expected ratio of 7.94) [10]. However, in this study of
the 2122 subjects with new-onset diabetes, only 0.85% had underlying
PDAC. Even though new-onset DM may be incorporated into a PDAC screening
algorithm, additional filters are needed to minimize false positives and improve
the cost-effectiveness. Recent small studies have demonstrated that weight loss
at the time of DM onset and a blunted pancreatic polypeptide response to mixed
meal can help discriminate between new-onset DM secondary to PDAC and pre-
sumed type 2 DM [11, 12]. At least one clinical trial to validate these findings is
currently enrolling subjects (NCT02001337). In the interim, it is recommended
that new-onset DM in a high-risk individual should lead to initiation of screen-
ing [5].
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Risk of PDAC Associated with Family History of PDAC

In addition to these modifiable risk factors, family history is important to consider
regarding the risk for PDAC. It is estimated that 5—10% of patients with PDAC have
a positive family history of PDAC in either a first- or second-degree relative [4]. The
relative risk for development of PDAC varies depending on the number of affected
relatives, the relatedness of relatives (i.e., first vs. second degree), and/or the pres-
ence of germline mutations associated with a hereditary cancer syndrome. The life-
time cumulative risk for PDAC in the general population is approximately 1.5%,
and relative risk for PDAC is approximately 4.6, 6.4, and 32.0 based on the presence
of one, two, or three affected first-degree relatives, respectively (when studied in
those with a familial pancreatic cancer kindred) [13]. The familial pancreatic cancer
(FPC) syndrome has been defined as a family with >2 first-degree relatives with
PDAC who do not meet criteria for a known PDAC-associated hereditary syndrome
[5]. The onset of PDAC at an age < 50 within an FPC kindred appears to further
increase the risk for PDAC, an effect that was not observed in families not fulfilling
FPC criteria (i.e., sporadic PDAC kindreds) [14].

Risk of PDAC Associated with Germline Mutations

In addition to the number of affected relatives, it is important to consider whether or
not an identifiable hereditary cancer syndrome is present. In recent large studies, the
frequency of germline mutations for all patients with PDAC (irrespective of family
history) is approximately 3—5% [15, 16]. In these studies, the most commonly iden-
tified mutations were in the BRCA2 and ATM genes. Other less common genes
which have also implicated in the genetic predisposition for PDAC include BRCAI,
PALB2, STKI11, APC, TP53, and CDK2NA (which encodes the p/6 gene). Further
discussion of these genetic defects is provided in Chap. 1 and elsewhere [17]. The
PRSS1 gene mutation does not cause a hereditary cancer syndrome, but is associ-
ated with hereditary pancreatitis and a dramatically elevated risk for PDAC.

There are few data and no current universal consensus to guide which patients
should be screened for a potential germline mutation. For example, the updated
NCCN guidelines (2016) for PDAC recommend considering a referral for genetic
counseling “for PDAC patients who are young or who have a family history of can-
cer,” but no further guidance is provided. Based on the increased probability of hav-
ing abnormal genetic testing, we recommend genetic counseling and consideration
of testing in selected scenarios, as well as in all affected individuals with an Ashkenazi
Jewish ancestry (Box 4.1) [18]. When testing is performed, we recommend a genetic
testing panel including analysis for hereditary breast-ovarian cancer syndromes
(BRCA1/2 and PALB2), familial atypical mole melanoma syndrome (CDKN2A), and
ataxia-telangiectasia mutation (ATM) carriers as well as testing for Peutz-Jeghers
syndrome (STK11), Lynch syndrome (MLHI1, MSH2, MSH6, PMS2, and EPCAM),
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and hereditary (PRSST) pancreatitis if there is suggestive personal or family history
present [17]. The risk for PDAC associated with familial adenomatosis polyposis
syndrome and Li-Fraumeni syndrome is believed to be increased but has not been
well characterized, and these conditions can be readily identified clinically.

Box 4.1 Referral for genetics evaluation should be considered in the

following patient scenarios:

e PDAC patient with >1 affected relatives (any relationship)

e PDAC patient with a personal or family history of extrapancreatic cancer
associated with a hereditary PDAC syndrome (e.g., breast, ovarian, colon,
or melanoma)

* PDAC patient with cancer diagnosis <40 years old

* Unaffected patient with >2 affected relatives (at least one first-degree
relative)

There are several important considerations that will likely further expand the
indications for genetic screening. In addition to the practical considerations of
decreased testing costs and increased accessibility, the genetic contribution within
the seemingly “sporadic” cases of PDAC is increasingly recognized, as illustrated
above. Importantly, the genetic profile of a patient affected with PDAC may influ-
ence treatment decisions. The primary example is the use of poly(ADP-ribose)
polymerase (PARP) inhibitors or platinum-based chemotherapy for patients with
BRCA1/2 or PALB2 mutations [19]. Similarly, patients with Lynch syndrome
may potentially be candidates for novel immune therapy [20]. The potential to
develop more personalized treatment approaches and increased accessibility sug-
gests that in the future universal screening may become a reality in clinical
practice.

Indications for PDAC Screening

The rationale for PDAC screening (i.e., “surveillance”) is primarily based on the
estimated increased risk for PDAC rather than demonstration of survival benefit
from screening. Accordingly it is recommended that PDAC screening in those at
increased risk should be performed in experienced centers under research condi-
tions. Different combinations of risk factors may be present depending on the pres-
ence of modifiable risk factors, family history, and any potential genetic mutations.
Since nonfamilial/genetic risk factors only confer a weak to moderate risk for
PDAC, they do not currently play a major role in the decision to initiate a PDAC
screening program but likely modify the risk. Current risk prediction models are
available to assess the risk based on family history but do not incorporate the
patient’s lifestyle risk factors or genetic profile [21].
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The appropriateness of potential combinations of germline mutations and family
history has been thoughtfully reviewed by the International Cancer of the Pancreas
Screening (CAPS) Consortium [5]. This ongoing consortium consists of a multidisci-
plinary team seeking to further improve our approach to PDAC screening. The Table 4.1
summarizes the degree of agreement to offer screening for different combinations of
genetic profiles and family history. In large part, the consensus recommendations reflect
the cumulative lifetime risk for PDAC due to these risk factors. In summary, screening
should be considered for those fulfilling one of the criteria shown in Box 4.2 [17].

Table 4.1 Recommendation for pancreatic cancer screening based on the combination of family
history and genetic profile

# Affected

relatives |0 1 2 >3

# Affected

FDRs 0 1 0 >1 0 >1 10

No No No No Yes No Yes —

germline

mutation

BRCAI - Indeterminate — Yes |Indeterminate |Yes |—

BRCA2 |Indeterminate Yes - Yes |Yes Yes | Yes?

PALB2 No Yes - Yes — Yes |-

STK11 Yes Yes Yes Yes |Yes Yes |Yes
CDK2NA |Indeterminate Yes Indeterminate |Yes Indeterminate |Yes Indeterminate
Lynch No Yes No Yes |Indeterminate |Yes Indeterminate
syndrome®

The color coding reflects the proportion of international experts (among 49 voting participants) in
the CAPS Consortium who agreed with screening for the respective combination of family history
and genetic mutations (green >75%; yellow 50-74%; red <50%) [5]. Blank boxes indicate no vote
was reported for the combination. FDR, first-degree relative

*Although no formal vote was reported for patients with a BRCA2 mutation and three or more
affected distant relatives, it can be assumed screening is recommended based on the high level of
agreement for those with the same mutation and fewer affected relatives

Associated with MLHI, MSH2, MSH6, PMS2, or EPCAM gene mutations

Box 4.2 Pancreatic cancer screening should be considered for those

fulfilling any of the following criteria:

1. Mutation carrier of a hereditary PDAC syndrome with substantial increased
risk, irrespective of family history (Peutz-Jeghers syndrome (STKI1),
hereditary (PRSS/) pancreatitis, and familial atypical mole melanoma syn-
drome (CDKN2A))

2. Mutation carrier of a hereditary PDAC syndrome with some increased risk
and at least one affected first- or second-degree relative (breast and ovarian
cancer syndromes (BRCAI, BRCA2, PALB2), ATM, and Lynch
syndrome)

3. All members of an FPC kindred with a first-degree relationship to a rela-
tive with PDAC
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Practical Clinical Considerations

There are multiple clinical factors to be considered in patients felt to be appropriate
for PDAC screening, including the optimal screening protocol, the age to start
screening, and the risks of screening. One of the challenges to overcome in screen-
ing for PDAC is there is a small window of opportunity for early detection. The
ideal lesion to identify would be either a PanIN-3 lesion or T1 tumor. However, the
PanIN-3 lesion by definition is radiographically occult using traditional imaging
techniques. Therefore, the ideal lesion to detect in a PDAC screening program
would be a T1 tumor that hasn’t invaded into the local tissue. The ability to detect a
small tumor requires advanced imaging techniques.

Screening Test Modalities

Current imaging modalities include CT, MRI, and EUS. Additionally, there is an
emerging role of screening for diabetes mellitus as a means of facilitating early
detection. Although a CA19-9 level may be helpful if it is elevated, the overall accu-
racy is low, and the only definitive preoperative means of establishing a diagnosis of
PDAC is fine needle aspiration (FNA) of the pancreas.

In the sporadic PDAC literature, there is emerging support for the concept of DM
developing as a paraneoplastic syndrome in the majority of patients preceding a
PDAC diagnosis. Importantly, the onset of this DM is approximately 2-3 years prior
to diagnosis at a point when no radiographic abnormalities can be identified [22].
The mechanism of this DM is unclear, but there are initial data suggesting this is
likely the consequence of beta cell dysfunction induced by the primary tumor [23].
Although this relationship has not been examined in patients with familial PDAC,
the ease and low cost of diabetes screening make this an easy intervention to imple-
ment. The frequency of DM screening hasn’t been defined, but annual fasting blood
glucose and hemoglobin Alc currently seem reasonable.

Of the cross-sectional imaging modalities, MRI with contrast and MRCP (MRI/
MRCP) is the preferred modality among experts [S]. MRI/MRCEP is preferred over
CT for PDAC screening due to improved sensitivity for detection of small pancre-
atic tumors and improved sensitivity for abnormal changes in the pancreatic duct,
which occur prior to the onset of PDAC [24, 25]. An additional benefit of MRI/
MRCP is the avoidance of radiation for those undergoing serial imaging studies.
There are a small number of situations in which MRI/MRCP is contraindicated,
including previous placement of a cardiac device, body habitus that doesn’t permit
access to the scanner, and claustrophobia that cannot be palliated with routine mea-
sures. It is unclear whether CT imaging is a sufficient replacement in these instances
but could be considered on an individual basis.

EUS affords the greater sensitivity for detection of small tumors compared to CT
and MRI/MRCP and is therefore the preferred diagnostic modality to screen for
PDAC. Unfortunately, the high resolution must be balanced with the need for seda-
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tion, cost, and invasiveness of the test. Advantages over MRI/MRCP include the
ability to detect smaller tumors and to obtain tissue from any areas of radiographic
concern (e.g., pancreatic duct cutoff) [26]. However, there are currently no studies
demonstrating superiority of EUS over MRI/MRCP for PDAC screening, and most
experts consider the tests complimentary for this clinical scenario.

Age to Start Screening

There is no consensus regarding the age to begin screening, but age 50 years or
10 years prior to the age of onset for any affected first-degree relatives is often con-
sidered (Box 4.3) [5, 17]. This recommendation is primarily based on the epidemi-
ology of PDAC in which the incidence in those younger than 40 years of age is
exceedingly low. Additionally, multiple studies have demonstrated an increased
likelihood of detecting abnormalities in a PDAC screening program for older com-
pared to younger subjects [27, 28]. One exception to this recommendation is in
those with Peutz-Jeghers syndrome, in which it is recommended to start screening
at age 35 years due to the markedly increased risk. At the time of the initial clinical
evaluation of patients with possible increased risk for PDAC, it is reasonable to
obtain baseline cross-sectional imaging (i.e., MRI/MRCP) to assess for the possibil-
ity of clinically silent chronic pancreatitis or pancreatic cysts in an effort to provide
a comprehensive risk assessment.

Box 4.3 PDAC screening recommendations
Beginning at age 50 or 10 years earlier than the youngest diagnosis in the
family:

1. Annual fasting glucose and hemoglobin A lc testing
2. Annual MRI/MRCP*
3. Annual EUS*

*Consider alternating the MRI/MRCP and EUS every 6 months.

Frequency of Screening

The most commonly recommended frequency of screening test(s) is every 12 months
[5]. This recommendation is heavily influenced by the desire to avoid excessive
health-care utilization. However, based on the observation that patients with PDAC
may not have any visible abnormalities within 6 months of cancer diagnosis, a
12-month duration may be too long in some cases. Thus, an alternate strategy for
those undergoing annual testing with both MRI/MRCP and EUS is to stagger the
tests and perform one or the other every 6 months to minimize the interval between
each test.
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In summary, those undergoing screening for PDAC should likely receive annual
MRI/MRCP and/or EUS. The addition of annual screening for diabetes mellitus and
staggering the screening test interval to every 6 months may further improve the
detection of early PDAC, but requires further investigation to confirm.

Patient Counseling and Genetic Counseling

Prior to undergoing testing, patients should undergo a genetics evaluation to obtain
a detailed family history and obtain pretest estimation of the likelihood of harboring
a germline mutation in a genetic syndrome associated with PDAC. Similarly, poten-
tial implications for the patient, patient’s spouse, and family of potential test results
should be discussed prior to testing. The results of genetic testing of a proband with
PDAC are primarily for the purposes of family counseling. There is, however, the
emerging possibility that genetic test results may guide treatment options. A current
example of this is the use of poly(ADP-ribose) polymerase (PARP) inhibitors for
those with BRCA-mutated PDAC [19]. Additionally, assessment for somatic muta-
tions is being increasingly performed for guidance of refractory chemotherapy regi-
mens but is beyond the scope of this article.

Although it is always preferable to perform genetic testing in an affected proband
with PDAC, there are several circumstances in which this is not possible. Possibilities
include the proband’s unwillingness to undergo testing, family estrangement, or the
patient’s death prior to undergoing testing. In these situations, the closest family
member to the proband, preferably a first-degree relative, is the optimal person to
undergo testing. Many patients seek to undergo testing to gain a better understanding
of their (or their family member’s) cancer risks. For those who do undergo testing,
the results may or may not be informative to guide the decision regarding whether or
not to screen for PDAC or other extrapancreatic malignancies (when the mutation is
part of a hereditary cancer syndrome). Unaffected individuals, who test negative for
a pancreatic cancer susceptibility gene mutation, may still be at increased risk for
pancreatic cancer since it is not known that their affected relative had a mutation in
the first place. This is called an “uninformative negative,” and PDAC screening may
still be justified for these individuals. However, if another unaffected individual in
the same family is subsequently found to have a mutation in one of the genes known
to cause pancreatic cancer, then the original unaffected individual who tested nega-
tive has a “true negative” result and would not need to continue PDAC screening.

Risks/Benefits of PDAC Screening

Prior to enrolling a patient in a PDAC screening program, it is important they are
provided with a detailed explanation of the potential benefits and risks. Specifically,
it should be highlighted that there is a higher likelihood of detecting a
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false-positive result than a true positive result considering the low incidence of
PDAC. A false-positive test has been variably defined in previous studies, but
practically this can be defined as any abnormality of the pancreas that cannot be
explained as a normal variant or necessitates additional testing (including FNA).
There is a high prevalence of pancreatic cysts (which generally represent branch-
duct intraductal papillary mucinous neoplasms (IPMNs)) of approximately
2-30% of the general population [29-31]. In a multicenter study of high-risk
individuals for PDAC, 42% (92/216) were found to have at least one pancreatic
lesion, which was typically a small cyst [27]. Thus, patients should be mentally
prepared for a diagnosis of a pancreatic lesion (cystic or solid) prior to embarking
on initial testing.

In addition to the risk of false-positive screening results, many patients may
experience test-related anxiety. Efforts should be made to minimize any delays in
communication of test results in this setting. It is reassuring that a recent study dem-
onstrated the overall psychologic burden of participating in a screening program is
relatively low [32]. Otherwise, the direct risks from the screening tests are fairly
low. The risks of MRI/MRCP are negligible and are limited to patient discomfort
during the test and contrast exposure. Although EUS is an invasive test, the risks of
EUS without FNA are minimal and essentially limited to the risk of sedation. For
those with an abnormality requiring FNA, the overall risks are slightly increased,
but remain low, including bleeding, post-FNA pancreatitis, and infection [33].

Summary

The outcomes of PDAC remain poor for multiple reasons, including diagnosis at a
late stage of disease. For patients with a substantially increased risk of developing
PDAC, periodic screening with a combination of MRI/MRCP and/or EUS may
allow for earlier detection. The effectiveness of PDAC screening remains unproven
and is a continued area of research. Similarly, multiple questions remain regarding
the optimal age to start screening, frequency of screening, and whether screening
should be offered for those with genetic mutations but without a family history of
PDAC. Ongoing multinational studies are underway and will hopefully inform
these knowledge gaps.
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Chapter 5
Staging and Prognostic Implications

Amit Mahipal and Richard Kim

Introduction

Pancreatic ductal adenocarcinoma accounts for 90% of the tumors in the pancreas.
Pancreatic adenocarcinoma is the fourth most common cause of cancer deaths in the
United States with estimated 41,780 deaths and 53,070 new cases in 2016 [1]. The
aggressive nature of this cancer is confirmed by the fact that the 5-year survival rate
remains approximately 6%. The cornerstone of curative approach for patients with
pancreatic cancer involved radical resection with negative microscopic margins
(defined as RO resection). Even among patients who undergo potentially curative
resection, the 5-year survival is only 20%. With the improvements in modern surgi-
cal techniques and adjuvant chemotherapeutic regimens, the median survival in
clinical trials has increased to 28 months. Notably, the perioperative morbidity and
mortality has substantially decreased especially at high-volume centers making sur-
gical resections feasible for higher proportion of patients. The selection of patients
for surgical resection is of utmost importance as the benefit of surgery in patients
with metastatic disease or R2 (macroscopic disease at surgical margins) is highly
limited.

Staging on pancreatic cancer has prognostic and predictive implications. There
are two types of staging system typically used: TNM staging by American Joint
Committee on Cancer (AJCC) and clinical classification system based on imaging
studies [2]. The accurate staging of pancreatic cancer is extremely important for
treatment recommendations.
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TNM Staging

TNM staging is detailed in Table 5.1 [2]. The “T stage” is dependent upon the tumor
size and involvement of blood vessels, in particular, celiac axis or superior mesen-
teric artery. “N stage” and “M stage” are determined by involvement of regional
lymph node or presence of distant metastases. This staging system requires assess-
ment of regional lymph nodes that sometimes requires pathologic confirmation for
accuracy, as radiologic imaging may not be able to clarify if the enlarged lymph
nodes are reactive or malignant. Since only minority of patients with pancreatic
cancer undergo resection, staging is primarily performed based on clinical imaging
rather than on pathology.

The prognostic significance of TNM staging was validated using the National Cancer
Database (NCDB) [3]. In this study of > 120,000 patients, approximately 15% of the

Table 5.1 TNM staging for pancreatic cancer

a. Classification of pancreatic cancer by TNM staging [2]

T (primary tumor) N (regional lymph M (distant metastases)
nodes)
Tx Primary tumor not assessable Nx | Not assessable | MO No metastases
TO No evidence of primary tumor NO | Nolymphnode |Ml Distant
metastasis metastases
Tis Carcinoma in situ N1 | Lymph node
metastases
T1 Tumor < 2 cm, confined to the
pancreas
T2 Tumor > 2 c¢cm, confined to the
pancreas
T3 Extension of tumor beyond the
pancreas without involvement of
the celiac axis or superior
mesenteric artery
T4 Tumor involves the celiac axis or
superior mesenteric artery

b. Stage grouping for pancreatic cancer

Stage | T (primary tumor) N (regional lymph M (distant metastases)
nodes)
0 Tis NO MO
1A T1 NO MO
1B T2 NO MO
ITA T3 NO MO
1B T1-T3 N1 MO
11 T4 NO-N1 MO

v TO-T4 NO-N1 M1
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patients underwent surgical resection. The median overall survival for all patients was
10 months for stage IA patients compared to only 2.5 months for stage IV pancreatic
cancers. Among patients who underwent pancreatectomy, the median overall survival
for patients with stages IA, ITA, III, and IV was 24.1, 15.4, 10.6, and 4.5 months, respec-
tively. The median survival for respective stages among non-resected patients was 6.8,
6.2, 7.2, and 2.5 months. The differences in survival between patients who underwent
surgery and patients who didn’t undergo pancreatectomy reflect the benefits of surgery
as well as the patient’s baseline characteristics including performance status, comor-
bidities that would make patients for surgery, and access to medical centers with spe-
cialized surgical capabilities. This study included patients who were diagnosed prior to
2000 before the advent of modern chemotherapeutic regimens that have likely improved
outcomes. This study suggests that the TNM stagingsystem is an effective prognostic
tool for patients that are staged clinically and pathologically. There was one discrepancy
found in this staging system, where patients with stage IIb disease had better survival
than patients with stage IIb disease during the first 2 years of diagnosis among nonsurgi-
cal patients. This discrepancy may be due to the fact that CT scan or other staging
modalities could be inconsistent in differentiating lymph node involvement.

Clinical Classification

The clinical classification system divides the patients into four distinct groups:
resectable, borderline resectable, locally advanced, and metastatic. Approximately
20% of the patients present with resectable stage, 30% with borderline resectable or
locally advanced, and 50% with metastatic stage [4]. This classification system is
more geared toward different treatment modalities for various stages. However, this
staging system has prognostic implications as well.

The definition of resectable, borderline resectable, and locally advanced disease
is not uniform, and there are variations in definitions between the different medical
societies (Table 5.2). Moreover, there is variation among surgeons as well as differ-
ent medical centers. A patient considered unresectable at a center may be consid-
ered for curative resection at a high-volume center. This makes it difficult to group
patients and compare outcomes and optimal treatment strategy. Involvement of
blood vessels and ability to obtain RO resection are the distinguishing factors for
clinical staging.

National Comprehensive Care Network (NCCN) clinical classification criteria
are as follows for the four groups:

(1) Resectable
a. Arterial: No arterial tumor contact
b. Venous: No tumor contact with superior mesenteric vein or portal vein or <
180° without vein contour irregularity
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Table 5.2 Resectability criteria for pancreatic cancer

Intergroup AHPBA/

Vessel NCCN (Alliance) SSO/SSAT MD Anderson
Celiac axis | No solid tumor contact | Tumor-vessel No abutment | Abutment

for pancreatic head; < interface < 180°

180° for body/tail
Superior Solid tumor contact < Tumor-vessel Abutment Abutment
mesenteric 180° interface < 180°
artery
Common Solid tumor contact < Reconstructible Abutment or | Abutment or
hepatic 180° allowing for safe involvement by short- short-segment
artery reconstruction tumor segment encasement

encasement

Superior Solid tumor contact < Tumor-vessel Occlusion Occlusion
mesenteric 180° with contour interface > 180°
vein or irregularity or and/or
portal vein | thrombosis or > 180° reconstructible

allowing for safe occlusion

reconstruction

(2) Borderline resectable

a. Arterial:
Pancreatic head/uncinate tumor

L.

ii.

ii.

Tumor contact with common hepatic artery without involvement of
celiac axis

Tumor contact with the superior mesenteric artery < 180°

Pancreatic body/tail tumor

Tumor contact with celiac axis < 180°
Tumor contact with celiac axis > 180° without gastroduodenal artery or
aorta involvement

b. Venous: Suitable vessel proximal and distal to site of involvement for safe
resection and reconstruction

L.

ii.

Tumor contact with superior mesenteric vein or portal vein < 180° with
contour irregularity of the vein
Tumor contact with superior mesenteric vein or portal vein > 180°

(3) Locally advanced

a. Arterial:
Pancreatic head/uncinate tumor

1.
ii.

Tumor contact with celiac axis or superior mesenteric artery > 180°
Tumor contact with the first jejunal branch of superior mesenteric artery
Pancreatic body/tail tumor

i.  Tumor contact with superior mesenteric artery or celiac axis > 180°
ii. Tumor contact with celiac axis and aorta
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b. Venous:
i.  Unreconstructible superior mesenteric vein or portal vein
ii. Tumor contact with proximal jejunal branch into superior mesenteric
vein

(4) Metastatic
Presence of distant metastases

Vascular Involvement for Staging

The importance of arterial and venous involvement for staging of pancreatic can-
cer is due to the differential outcomes of surgical resection with vascular involve-
ment and ability to perform vascular resection. Vascular resection had consistently
demonstrated to increase the probability of R1 resection compared to pancreatic
cancer resection without vascular involvement [5]. Patients with RO resection
have consistently demonstrated to have better survival than patients with margin-
positive disease at the time of resection [6]. Cancer in uncinate process of the
pancreas has higher chances of vascular involvement with tumor resulting in
higher rates of venous resection [7, 8]. Patients with vascular involvement are
classified into borderline resectable or locally advanced group. One of the issues
in evaluating outcomes for patients with vascular involvement is that patients are
frequently treated with neoadjuvant therapy consisting of chemotherapy and/or
radiation therapy [9]. Only patients who have good performance status and who
do not develop metastatic disease are subsequently taken for surgery leading to
selection bias.

Venous Involvement

Involvement of the portal vein or superior mesenteric vein by tumor may require
venous resection along with removal of primary tumor to achieve clear margins.
Siriwardana et al. in 2006 published one of the largest systematic review involving
1646 patients from 52 studies who underwent portal vein and/or superior mesen-
teric vein along with pancreatic cancer surgery [10]. The median survival was only
13 months with 5-year survival rate of 7%. The median postoperative morbidity and
mortality was 42% and 5.9%, respectively. This study suggested that concomitant
venous resection leads to poor outcomes. However, multiple contradictory reports,
primarily single-institution studies, have been published since then. Zhou et al.
reported an updated meta-analysis in 2012 involving 19 nonrandomized studies
comprising 2247 patients [11]. There were 661 patients that underwent portomesen-
teric venous resection. There were no significant differences in perioperative
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morbidity or overall survival between patients who underwent pancreatic resection
with or without venous resections. The 5-year overall survival was 12.3% in patients
with venous resection. In contrast to reports from single-institutional experiences,
the data from inpatient hospital database (Nationwide Inpatient Sample) in the
United States involving more than 10,000 patients demonstrated contradictory
results [12]. Vascular resection in patients undergoing pancreatectomy was associ-
ated with increase in perioperative morbidity, but there were no significant differ-
ences in perioperative mortality. In this study, the hospital charges were used to
evaluate the adverse outcomes and included patients with both arterial and venous
resections. Moreover, the operative re-intervention was similar between the two
groups.

One of the limiting factors of the above studies is the lack of data on the type of
venous resection [13]. The various categories of venous reconstruction including
venography, segmental resection with vein-to-vein anastomosis, and venous con-
duits may have different perioperative risks and thus lead to varied outcomes. Other
issue is that decision regarding venous resection is frequently based on preoperative
imaging. Even during surgical resection, it can be difficult to distinguish between
peritumoral inflammation and venous invasion by cancer. Venous resection is fre-
quently performed to achieve RO resection if there is any doubt about microscopic
venous invasion.

Thus, the results of multiple studies suggest that venous resection can be per-
formed along with pancreatectomy safely at high-volume centers without adversely
affecting the outcomes. There seems to be no increase in perioperative mortality,
although the perioperative morbidity might be slightly higher. Although the results
are inconsistent, it seems that pancreatic resection even with venous resection is
associated with improved survival in patients with pancreatic cancer compared to
patients who do not undergo surgery. Further, the 5-year survival of approximately
10-20% in the surgery group with venous resections suggests that a small propor-
tion of patients are cured.

Arterial Involvement

The goal of arterial resection in patients undergoing pancreatic resection is to obtain
negative retroperitoneal margins during pancreatic cancer surgery. Arterial resec-
tion is less common than venous resection with pancreatectomy. The outcomes for
arterial resection with pancreatectomy are difficult to determine as it is frequently
combined with venous resection. As with venous resections, majority of the data for
arterial resections is derived from retrospective cohorts. Mollberg et al. reported a
meta-analysis of 26 studies including 366 and 2243 patients who underwent pancre-
atectomy with and without arterial resection, respectively [14]. Significantly,
increased risk for perioperative mortality was associated with arterial resection
(odds ratio (OR), 5.05; 95% CI, 2.69-9.45%). The median perioperative morbidity
and mortality with arterial resection was 53.6% and 11.8%, respectively. The 1-year
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(OR, 0.49) and 3-year (OR, 0.39) survival was poorer as well with arterial resection.
The probability of 5-year survival was zero. Even compared to venous resection
with pancreatectomy, arterial resection was associated with increased perioperative
mortality and lower 1-year survival. The authors concluded that arterial resection
was associated with poor short-term and long-term survival, and arterial resection
should be restricted to highly selected patients. In contrast, similar 1-year and 3-year
survival with and without arterial resection was reported in a case-controlled study
by Bachellier et al. [15]. The arterial wall invasion at the site of arterial resection
was an independent prognostic marker. In this study, patients did not receive any
neoadjuvant study. Frequently, patients with arterial involvement are treated with
neoadjuvant therapy prior to surgery to increase the RO resection as well as to pre-
vent futile surgery in patients who would develop metastatic disease during preop-
erative treatment. The lack of standard neoadjuvant treatment can make it difficult
to evaluate the outcomes of patients with arterial involvement who underwent pan-
creatic resection.

Thus, at this time in cases of arterial involvement, only highly selected
patients should be considered for pancreatic resection, as the benefit of surgery
is unclear.

Clinical Implication of Staging Systems

The two different staging systems, TNM and clinical classification, have prognostic
implications as well, useful for treatment recommendations. In the TNM staging,
patients with borderline resectable and locally advanced pancreatic cancer are
clubbed together in stage III. Patients with stage I and II cancer will typically fall in
resectable group, but there are few patients with borderline resectable pancreatic
cancer who may be classified in stage II, especially with involvement of the superior
mesenteric or portal vein. Thus, the clinical classification is more helpful to make
therapeutic decisions.

The accurate staging and differentiation between resectable and unresectable
pancreatic cancer are of utmost importance. Workup at diagnosis includes measure-
ment of tumor markers, endoscopic ultrasound, computed tomography (CT), and
magnetic resonance imaging (MRI). Many centers have developed multiphase dedi-
cated pancreatic protocol CT scan for more accurate determination of blood vessel
involvement with malignancy. In addition, laparotomy and/or positron-emission
tomography (PET) scan may help detect metastases in additional patients initially
considered to have early-stage disease and thus prevent futile pancreatic resection.
The tumor marker, CA 19-9, is elevated in approximately 80% of the patients with
pancreatic cancer and seems to correlate with staging. CA 19-9 levels can help pro-
vide additional information for resectability and response to therapy. As the imaging
modalities continue to improve, the staging of pancreatic cancer would become
more accurate letting clinicians and patients make better, informed decisions regard-
ing therapy.
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The role of diagnostic laparoscopy in initial staging of patients with potentially
resectable pancreatic cancer continues to evolve. Some institutions selectively
incorporate laparoscopy as a preoperative staging procedure, while other centers do
not use it. In a meta-analysis of 16 studies involving 1146 patients, diagnostic lapa-
roscopy in addition to CT scan decreased the probability of finding unresectable
disease at surgical resection from 41% with CT scan alone to 20% with combined
modality [16]. According to this study, diagnostic laparoscopy can potentially help
identify the presence of metastatic disease and prevent unnecessary laparotomy in
21% of the patients. However, with the advent of modern imaging studies, including
multiphase CT scan, MRI, and/or PET scan, the diagnostic yield of laparoscopy is
probably lower. Larger studies involving current imaging techniques are needed to
address the role of diagnostic laparoscopy in preoperative setting in patients with
pancreatic cancer. Other option includes the use of diagnostic laparoscopy in
selected resectable patients with high levels of tumor markers as they are otherwise
considered to have high risk of metastatic disease.

The therapeutic strategy and goals of treatment for patients with various stages
are different. For fit patients with resectable stage pancreatic cancer, upfront surgery
is typically recommended. However, at some centers, neoadjuvant treatment is pre-
ferred even for this subgroup. The goal of resection in pancreatic cancer patients is
to achieve RO resection. Patients who undergo surgery but have macroscopic dis-
ease at margins likely do not derive any survival benefit [6]. The definition of R1
resection varies between different studies, which usually suggest the presence of
microscopic disease at or near the surgical margins. Some studies have limited defi-
nition of R1 resection margins if tumor is present at the margins, while in other
studies, the presence of microscopic tumor cells within 1 mm of surgical margins is
considered R1 resection [17-19]. The Union for International Cancer Control
(UICC) typically requires the absence of cancer cells within 1 mm of margins for
RO resection. In contrast, Chang et al. demonstrated that the presence of tumor cells
within 1.5 mm of retroperitoneal margin was an independent predictor of survival
[20]. In the retrospective series, patients who undergo RO resection seem to have
better overall survival with median overall survival in the range of 18-28 months
compared to 14-21 months among patients with R1 resection [17, 21-24].

Patients with borderline resectable pancreatic cancer are suggested to receive
neoadjuvant treatment typically consisting of chemotherapy and/or concurrent che-
motherapy and radiation therapy followed by possible surgical resection [9].
Patients with metastatic disease usually undergo palliative systemic chemotherapy
[25, 26]. Chemotherapy is recommended for patients with locally advanced pancre-
atic cancer. The role of radiation therapy in these patients is somewhat controver-
sial [27]. In selected patients with a very good response to treatment, 10-20% of
the patients with locally advanced disease are able to undergo potentially curative
pancreatic resection. This is in contrast to patients with borderline resectable pan-
creatic cancer, where approximately half of the patients may be able to undergo
surgical resection after neoadjuvant therapy. Although there is a lack of prospective
trial data demonstrating the benefit of neoadjuvant therapy in patients with border-
line resectable pancreatic cancer, there is some indication that RO resection rates
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may be higher with preoperative therapy [9]. With the advent of more aggressive
modern chemotherapeutic regimens including the combination of gemcitabine and
nab-paclitaxel and combination of 5-fluorouracil, folinic acid, irinotecan, and
oxaliplatin (FOLFIRINOX), it is quite possible that pancreatic resection rates for
both borderline resectable and locally advanced pancreatic cancer may increase
[28-30].
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Chapter 6
Current and Emerging Therapies
in Pancreatic Cancer

Maria Diab and Philip A. Philip

Introduction

The FDA-NIH Biomarker Working Group defines a biomarker as “a defined char-
acteristic that is measured as an indicator of normal biological processes, patho-
genic processes, or response to an exposure or intervention, including therapeutic
interventions” [1]. Biomarkers can be diagnostic, predictive, or prognostic,
although these connotations often overlap [1]. Among the features of an attractive
biomarker are abundance, high sensitivity and specificity to the disease or aspect
studied, feasibility of collection in a noninvasive or minimally invasive manner,
and reasonable cost. In a disease with such poor prognosis as pancreatic cancer
(PC), a screening tool for early detection remains to be identified. Furthermore,
reliable biomarkers that guide the best course of treatment for individualized
patients are still lacking, and monitoring response to therapy remains heavily
dependent on imaging. Despite extensive efforts invested in identifying an effec-
tive biomarker, CA19-9 remains the only FDA-approved biomarker in clinical
practice for the management of pancreatic cancer [2]. The aim of this chapter is
to give an overview of biomarkers evaluated in pancreatic cancer, with a special
focus on those utilized in treatment.
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CA19-9

CA19-9 is one of the earliest and most validated markers in PC. It requires the pres-
ence of sialylated Lewis (Le)a blood group antigen to be expressed [3]. It was first
described as a tumor-associated carbohydrate in colorectal cancer cells by Koprowski
in 1979 [4, 5] and was subsequently described in other tissues, including the pan-
creas [3]. Using ELISA, serum CA19-9 level is frequently obtained as part of stan-
dard of care for patients with PC. It is typically elevated in patients with pancreatic
cancer with the exception of Lewis negative blood type (Le a-b-) patients, as they are
unable to synthesize the molecule [6]. CA19-9 may be elevated in nonmalignant
pancreatic conditions, such as chronic pancreatitis [7], as well as in other malignan-
cies [8]. It is also elevated in obstructive jaundice [9]. It might therefore be judicious
to check the CA19-9 level after decompression of an obstructed bile duct for better
accuracy in a jaundiced patient. CA19-9 levels can be prognostic in patients consid-
ered for resection; higher CA19-9 levels (>1000 U/mL) at diagnosis are associated
with larger masses (>5 cm) [6], of which only approximately 5% are resectable.
Other lower cutoffs of serum CA19-9 were reported for the prediction of operability
and long-term survival [9-12]. Patients with resectable PC on imaging but with high
serum concentrations of CA19-9 may be spared futile radical surgery or at a mini-
mum started on preoperative systemic therapy in lieu of immediate surgery.

CA19-9 levels are monitored throughout the disease course and are expected to
decrease and normalize with successful surgical resection. Patients whose levels
decrease after surgical resection but do not return to normal may have shorter sur-
vival times compared to patients whose values drop to normal [6, 13—15]. The same
held true for patients with unresectable disease, as those who had normalization of
their CA19-9 levels post-neoadjuvant chemotherapy had longer overall survival
[16]. CA19-9 can also aid in predicting response to chemotherapy. Patients with
resectable disease who had postoperative CA19-9 values >90 U/mL did not benefit
from adjuvant chemotherapy compared to those with postoperative CA19-9 values
lower than or equal to 90 U/mL [17]. Interestingly, one study showed that early
decreases of CA19-9 (defined as decreases occurring after two cycles of chemo-
therapy) do not convey a lengthened survival compared to patients who did not have
a corresponding decrease [18]. Increasing levels of CA19-9 while on neoadjuvant
therapy are usually associated with local progression and/or distal metastases [19].
Despite the extensive investigations on CA19-9, we still cannot solely rely upon it
in the management of PC, be it in diagnosis, predicting resectability, or monitoring
for recurrence or response to therapy, without also relying on imaging [20].

C-Reactive Protein

The C-reactive protein (CRP) is a member of the pentraxin family of proteins,
which are secreted by the liver in response to a myriad of inflammatory cytokines
[21]. Similar to immunoglobulins, CRP binds to Fc receptors, the interaction of
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which leads to the production of proinflammatory cytokines, namely, interleukin
(IL- 6), which further feeds the generation of CRP [21, 22]. Serum levels of CRP
might assist in discriminating patients with PC from those with benign pancreatic
pathologies [23]. Elevated CRP levels in the serum of PC patients are associated
with shorter survival rates [24, 25], irrespective of the effects of biliary tract obstruc-
tion on the levels of CRP [26]. In one study, Falconer showed that patients with
unresectable disease who had a serum CRP level of >10 mg/L had median survival
of 66 days compared to 222 days for patients with lower levels of CRP [27]. In
another study, elevated preoperative CRP levels (>4.5 mg/L) significantly corre-
lated with higher tumor stage, unresectability of primary tumor, and poor perfor-
mance status that was independent of age, gender, and administration of
chemotherapy [28]. A low Karnofsky Performance Status, hypoalbuminemia, ane-
mia, and large tumor burden were more frequent in patients with CRP levels of
>2.0 mg/dL compared to those with a low CRP level (<0.5 mg/dL) [29]. An elevated
CRP level was an independent prognostic factor for cancer-specific survival [28]
and was associated with shorter times to progression [30].

Different prognostic scoring systems that take into account preoperative CRP
levels can be utilized to estimate survival benefit from surgical approaches in the
management of PC and may assist in selection of patients for surgery [31, 32]. One
example is the Preoperative Prognostic Score (PPS) which takes into account pre-
operative platelet count, CRP levels, and CA19-9 levels in patients with locally
advanced disease undergoing distal pancreatectomy with en bloc celiac axis resec-
tion [32]. The PPS scoring system showed a decreased 1- and 5-year survival rates
with higher PPS scores [32]. Another scoring system, the modified Glasgow
Prognostic Score (mGPS), takes into account preoperative albumin and CRP levels
in patients undergoing expandable metal stent placement for unresectable malignant
biliary obstruction [31]. Similar to the PPS, higher mGPS scores were associated
with poorer postoperative survival [31]. Elevated CRP/albumin ratios (>0.03) were
associated with poorer outcomes in PC patients undergoing pancreatic resection
[33]. Lower preoperative CRP levels and neutrophil/lymphocyte ratios were inde-
pendent prognostic factors in predicting postsurgical survival for patients with
resectable PC undergoing pancreatic resection [34]. In patients with locally
advanced disease receiving chemoradiotherapy, an elevated pretreatment CRP level
(>3.0 mg/L) was associated with higher rates of treatment failure, distant metasta-
ses, and shorter survival [35]. Finally, CRP levels might have a role in early detec-
tion of inflammatory changes following surgery [24, 36].

KRAS

The KRAS oncogene is a GTPase protein belonging to the Ras family and is located
on chromosome 12p; activating mutations are described in >90% of PC [37]. Those
mutations are believed to be early events in the malignant transformation and may
be associated with poor survival [38]. The mutated gene also plays a role in altered
metabolism in the tumor niche, metastases, and drug resistance [39]. It is also
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involved in angiogenesis through CXC chemokines and vascular endothelial growth
factor [40]. Through activating the downstream pathways RAF/MEK/ERK and
PI3K/Akt/mTOR, the activated oncogene promotes cell proliferation and inhibits
apoptosis [37].

KRAS mutations in pancreatic juice were suggested as a biomarker to differenti-
ate pancreatic cancer from nonmalignant pancreatic diseases, an attractive aspect to
screen patients who are at high risk of developing pancreatic cancer [41, 42]. In a
study of 22 patients with pancreatic cancer, KRAS mutations were detected in 17 of
22 patients, compared with none detected in 24 and 29 with healthy pancreatic tis-
sue and nonmalignant pancreatic disease, respectively [41]. Interestingly, KRAS
mutations detected in the pancreatic juice can precede clinical evidence of pancre-
atic cancer [41]. In the treatment setting, tracking circulating mutated KRAS in the
peripheral blood of patients receiving therapy might be used as a measure of
response to therapy [43]. In patients with locally advanced disease receiving gefi-
tinib, paclitaxel, and radiation therapy who had detectable plasma KRAS mutation
pretreatment, undetectable plasma KRAS mutations posttreatment correlated with
more favorable survival [43]. Nonetheless, the utility of KRAS evaluation in the
management of pancreatic cancer warrants further investigation.

Unfortunately, despite its ubiquity, extensive attempts to target KRAS with drugs
have not been successful [44, 45]. This has to do in part with the heterogenous muta-
tions that affect KRAS, most of which occur at—but not restricted to—codon 12,
and in part to the myriad of links KRAS has with up- and downstream pathways.
This has directed the focus to targeting pathways downstream of KRAS, namely,
RAF/MEK/ERK and PI3K/Akt/mTOR. Selumetinib and trametinib are two oral
inhibitors of mitogen-activated protein kinase kinases 1 and 2 (MEKI1/2).
Administration of selumetinib in addition to capecitabine in the setting of advanced
disease resulted in a longer overall survival (OS) compared to capecitabine alone
(5.4 vs 5.0 months) [46]. This difference, however, was not statistically significant
[46]. Combining trametinib to gemcitabine in chemonaive patients with metastatic
disease didn’t yield any survival benefit [47].

Rigosertib is a first-in-class RAS mimetic and a small-molecule inhibitor of mul-
tiple signaling pathways including polo-like kinase 1 (PLK1) and phosphoinositide
3-kinase (PI3K). Combining rigosertib with gemcitabine in treatment-naive patients
with metastatic disease did not demonstrate a survival benefit [48]. The combination
of trametinib with buparlisib, a pan-PI3K inhibitor, also failed to show a survival
benefit [49], as did the combination of enzastaurin, an inhibitor of PI3K/AKT and
PKCp, with gemcitabine for locally advanced/metastatic disease [50]. Other
ongoing trials include investigating RX-0201 (an Akt antisense oligonucleotide) in
combination with GEM [51], as well as BEZ235 (an inhibitor of PI3K and mTOR)
in combination with the MEK inhibitor MEK162 [52] and buparlisib (BMK120) in
combination mFOLFOX-6 [53].

Attempts to target mTOR include utilizing everolimus and temsirolimus.
Single-agent everolimus showed minimal to no efficacy in patients with
gemcitabine-refractory metastatic disease [54, 55]. The combination everolimus/
capecitabine was associated with a progression-free survival (PFS) and OS of
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3.6 and 8.9 months, respectively [56]. Combining temsirolimus with erlotinib
also showed unencouraging results [55].

The targeting of p21-activated kinases (PAKSs) using glaucarubinone, in combi-
nation with gemcitabine, showed some promising results [57, 58]. Most recently,
the advent of small interfering RNAs (siRNA) is becoming an attractive approach to
target KRAS. A phase 1/2a trial combined siG12D-LODER™ with gemcitabine for
patients with locally advanced disease; the recommended dose was further investi-
gated with modified FOLFIRINOX [59]. The majority of patients had stable dis-
ease; 2 of 12 patients had a partial response. Median overall survival was
15.12 months, with an 18-month survival of 38.5% [59].

SMAD4

The SMAD4 gene (previously known as DPC4) is a tumor suppressor gene located
on chromosome 18q and is inactivated in approximately 50% of cases of pancreatic
cancer [44]. SMAD4 serves as a central mediator of the canonical transforming
growth factor (TGF)-f signaling pathway which regulates cell proliferation, differ-
entiation, apoptosis, and migration [60].

Loss of SMAD4 expression is an independent prognostic marker, associated with
lymphovascular invasion, tumor progression, local and distant metastases, and
shorter survival [61-63]. Some studies show that patients with an intact SMAD4
more commonly have local disease progression, while those with SMAD4 loss have
more distant progression [64].

Negative preoperative SMAD4 status in patients with locally advanced disease
undergoing pancreaticoduodenectomy with en bloc resection correlated with earlier
time to metastatic disease postsurgically and with six times higher likelihood of
developing metastases [65]. Therefore, preoperative SMAD4 status might assist in
stratifying patients who might benefit from such an extensive surgical approach.
Postsurgically, loss of SMAD4 expression may be utilized as a positive predictive
marker for benefit from adjuvant gemcitabine-based chemotherapy [66].

DNA Repair Defects and Microsatellite Instability

BRCA?2 is a tumor suppressor gene located on chromosome 13q and regulates pro-
cesses of DNA damage repair [67]. Germline mutations in BRCA2 are implicated in
hereditary breast and ovarian cancers and in approximately 5% of pancreatic can-
cers [67, 68]. Normally, inhibiting the poly (ADP-ribose) polymerase (PARP) fam-
ily leads to the accumulation of double-strand DNA breaks that are subsequently
repaired through BRCA-dependent homologous recombination [69]. This has led to
the idea that tumors harboring mutated DNA repair proteins (including BRCA1/2
mutations) might be more susceptible to agents that result in DNA cross-linking
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damage, such as platinum agents [70], and therapies that disable rescue DNA repair
pathways, such as PARP inhibitors, which would collectively trigger the apoptosis
cascade. DNA repair gene mutations, in that sense, could be used as predictive
markers to stratify patients who might favorably respond to those therapies [71, 72].
For instance, patients with BRCA-mutated pancreatic cancer (one with resectable,
one with locally advanced, and three with metastatic disease) who were treated with
platinum-based chemotherapy achieved partial and complete responses and had
longer PES [73]. Furthermore, patients with BRCA-mutated, stage III/IV disease
who were treated with platinum-based chemotherapy had longer OS compared to
those who received nonplatinum therapy [74]. Similarly, olaparib, an oral PARP
inhibitor investigated in breast and ovarian cancers [75-77], was associated with a
response rate of 21.7% when administered as a single agent in patients with
advanced, gemcitabine-refractory PDAC [78]. Trials investigating olaparib and
veliparib, another PAPR inhibitor, in combination therapy to other treatments, such
as gemcitabine, are being undertaken [79, 80].

Microsatellites, located most commonly in noncoding regions of the genome, are
short, repetitive sequences of base pairs of DNA, and those repeats constitute single,
double, or greater combinations of base pairs [81]. Replication errors occur due to
strand slippage resulting in insertions or deletions within the microsatellite regions
[81]. Those errors are typically detected by the DNA mismatch repair proteins [81].
Microsatellite instability (MSI) is related to defective DNA mismatch repair func-
tion and is a feature of familial and sporadic cancers of multiple sites [81]. Lynch
syndrome is a familial form of DNA mismatch repair deficiency that manifests with
a spectrum of MSI-positive tumors, including gastrointestinal (a subset of which are
extracolonic) malignancies [82]. Major components of the DNA mismatch repair
system include the MutS heterodimers (MSH2 combined with MSH3 or MSH6)
and the MutL heterodimers (MLH1 combined with MLH3, PMSI1, or PMS2) [83].
Mutations in MMR such as MLHI and MSH?2 are present in approximately 4% of
pancreatic cancer [84]. Tumors are classified as MSI-high (MSI-H) or MSI-low
(MSI-L) or microsatellite stable (MSS) based on the number of anomalies detected
using the National Cancer Institute panel or immunohistochemistry. MSI-H status
is associated with a poorly differentiated, medullary tumor phenotype, wild-type
KRAS, and a better overall survival compared to patients with MSI-L or MSS tumors
[84, 85], and can therefore be used as prognostic markers for OS [86].

MicroRNAs

MicroRNAs (miRs) are small (19-25 nucleotides) noncoding ribonucleic acids
(RNAs) that interact with messenger RNA and serve as negative regulators of gene
expression by binding to imperfect complementary regions in the 3’ untranslated
region of the target messenger RNA, inhibiting their translation or leading to their
degradation [87, 88]. MiRs regulate, and are in turn regulated by, many key path-
ways involved in cell differentiation, proliferation, and apoptosis that eventually



6 Current and Emerging Therapies in Pancreatic Cancer 125

control the expression of both oncogenes and tumor suppressor genes [89, 90]. They
can be isolated from a number of sources, including the serum, stool, and pancreatic
juice, and are abundant, making them very attractive potential biomarkers [91].
Differential expression of a number of miRs, including miR-200a/200b and miR-
1290, helped distinguish normal, nonmalignant, and malignant pancreatic condi-
tions [92-94]. Furthermore, certain miR profiles have been associated with
chemoresistance. For instance, downregulation of the miR-200 family was observed
in gemcitabine-resistant pancreatic cancer cells [95]. Overexpression of miR-365
induced gemcitabine resistance through directly targeting the adaptor protein Src
homology 2 domain containing 1 (SHC1) and apoptosis-promoting protein BAX
[96]. Additionally, pancreatic cancer stem cells, which are crucial for tumor self-
renewal and chemoresistance, were found to differentially express miR-99a, miR-
100, miR-125b, miR-192, and miR-429 [97]. Approaches to target miRs
therapeutically included introducing a miR antagonist or use of a miR mimic agent
[98]. In preclinical models, transfecting gemcitabine-resistant pancreatic cells with
miR-205 and miR-7 reduced the expression of TUBB3 and Pak-1, respectively, and
reduced the cancer stem cell population [99]. Similar results were achieved with
administering complexed micelles of gemcitabine and the tumor suppressor miR-
205 [100]. Finally, monitoring miRNA levels during therapy might have some util-
ity in gauging treatment response as well as the development of resistance.
Postsurgical levels of plasma miR-18a and 221 were reduced compared to presurgi-
cal levels [101, 102]; a resurgence of miRNA-18a level was associated with recur-
rence [102]. In preclinical models, mice with KRAS-mutated pancreatic tumors
treated with gemcitabine had significantly lower serum levels of miR-155 compared
to healthy mice (also treated with gemcitabine), suggesting miR-155 as a potential
indicator of tumor-specific effects of the treatment [103].

Circulating Tumor DNA

Cell-free nucleic acids are DNA fragments of 70—100 base pairs detected physio-
logically in the serum of healthy hosts, also known as “liquid biopsy” [104]. They
originate from apoptotic and necrotic cells, but the exact mechanism of their release
to the bloodstream has yet to be elucidated [105]. In cancer patients, circulating
tumor DNA (ctDNA), released from cancer cells, represents variable fractions of
the cell-free DNA that can be distinguished from physiologic cell-free DNA by the
presence of cancer-related mutations since ctDNA displays the same genetic altera-
tions harbored by the tumor, e.g., KRAS-mutated tumors shed ctDNA harboring
KRAS mutations [106]. Higher levels of ctDNA correlate with tumor burden [107],
vascular encasement [108], and metastatic disease [109]. Higher levels at diagnosis
correlated with worse PES and OS [110]. Persistently detectable KRAS-mutated
ctDNA following surgical resection was associated with higher rates of relapse,
even before detection of relapse on standard imaging [111]. Undetectable circulat-
ing KRAS mutations following treatment with gefitinib and chemoradiotherapy
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were associated with improved OS [43]. Similarly, low levels of KRAS ctDNA dur-
ing treatment with gemcitabine or FOLFIRINOX were associated with longer OS
compared to higher levels of KRAS ctDNA in the setting of nonresectable disease
[112]. However, more research is needed to further elucidate the role of ctDNA in
response to therapy.

Circulating Tumor Cells

Similar to ctDNA, circulating tumor cells (CTC) are shed from solid tumors into
circulation and are detected on liquid biopsies [110]. CTC positivity was correlated
with poor tumor differentiation [113] and demonstrated an independent prognostic
impact on OS [113]. In one report, median survival rates of CTC-positive (11 of 26
patients) and CTC-negative patients were 110.5 and 375.8 days, respectively [114].
In the setting of operable disease, CTC detection in the portal vein, during surgery,
was marginally associated with the development of liver metastases later in the
course [115]. Additionally, detection of CTCs harboring markers of tumor-initiating
cells (such as CD133 and CD44) was associated with disease recurrence [116].
Profiling the mutational status of CTC and detecting any changes from that of the
primary tumor might correlate with developing metastases and with treatment resis-
tance [117]. Therefore, CTC may have a role in monitoring response to therapy
[118]. In preclinical models, a reduction in CTC burden following treatment with a
PI3K inhibitor correlated with tumor growth inhibition [118]. Furthermore, CTC
profiling might have a role in predicting the optimal treatment regimen based on
prespecified models derived from previous patient-derived grafts [119]. In a study
by Yu et al., for instance, three patients received FOLFIRINOX; longer PFS was
observed in one patient whose CTC profiling predicted sensitivity to FOLFIRINOX
compared to the remaining two patients whose CTC profiling predicted intermedi-
ate and low sensitivity (7.3 month vs 2.1 and 1.7 months, respectively) [119].
However, large-scale clinical trials are greatly needed to confirm this.

SPARC

The intricate stroma of pancreatic cancer is one of the contributing factors to its
chemoresistance. SPARC (secreted protein acidic and rich in cysteine) is a protein
involved in cell matrix interactions, angiogenesis, and cell migration and has been
reported to inhibit cancer growth [120]. Although it undergoes epigenetic silencing
in pancreatic cancer, stromal fibroblasts adjacent to infiltrating pancreatic adenocar-
cinomas frequently express SPARC [120]. This increased expression of SPARC in
peritumoral fibroblasts, but not in cancer cells, has been linked to poor prognosis
[120, 121]. Similarly, SPARC expression in distal stroma was inversely correlated
with OS [122]. SPARC displays high affinity to albumin, which has led to the idea
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that administering nab-paclitaxel in tumors with high expression of SPARC would
result in depletion of the stroma and improved delivery of chemotherapy [123].
Furthermore, co-administration of gemcitabine and nab-paclitaxel reduced levels of
the gemcitabine metabolizing enzyme cytidine deaminase, rendering cancer cells
more sensitive to gemcitabine treatment [124]. Results from the MPACT trial, com-
paring the combination of gemcitabine/nab-paclitaxel to single-agent gemcitabine,
showed a more preferable OS of 8.5 months in the combination arm compared to
6.7 months in the single-agent gemcitabine arm [125] in patients with metastatic
disease. This could make SPARC a positive predictive marker for treatment with
nab-paclitaxel-based therapies, although conflicting reports showed no association
between SPARC levels and treatment efficacy in preclinical and clinical models
[126, 127].

hENT

The human equilibrative nucleoside transporter (hENT) represents a major mem-
brane route for the cellular uptake of gemcitabine, which is necessary owing to
gemcitabine’s hydrophilicity and, hence, slow diffusion through the lipid layer of
the plasma membrane [128]. Low expression of hENT1 renders tumor cells resis-
tant to gemcitabine due to poor intracellular accumulation of gemcitabine [129].
This observation was reproduced in preclinical studies that showed induced gem-
citabine resistance in tumor cells with pharmacological inhibition of hRENT1 [130].
Patients receiving palliative gemcitabine whose tumors expressed hENT1 had sig-
nificantly longer survival compared to those with low or absent hENT1 expression
(13 vs 4 months, respectively) [131]. Furthermore, reports from the ESPAC-3 trial
reproduced the potential use for hENT1 as a predictive marker for the use of gem-
citabine (median overall survival of 26.2 vs 17.1 months for patients with high and
low hENT1 expression, respectively); however, hENT1 did not predict survival in
5-fluorouracil-treated patients [132]. This suggests that evaluation of hENT1 in the
work-up of pancreatic cancer patients might be of benefit, and those with high
hENT1 expression would preferentially receive gemcitabine-based therapy.

Conclusion

CA19-9 remains the only FDA-approved biomarker for the management of pan-
creatic cancer despite, however, not without downsides. For instance, CA19-9
cannot reliably differentiate pancreatic cancer from other pancreatic pathologies
because its levels are affected by other pathological processes, such as inflamma-
tory pancreatobiliary mechanisms. Other biomarkers have been identified that
might be of potential utility in screening for as well as in the management of
pancreatic cancer, including hENT1 and SPARC, both of which may have the
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capability of stratifying patients based on predicted benefit from specific chemo-
therapeutic agents. Other biomarkers, such as microRNAs, ctDNA, and CTCs,
might play a role in monitoring response to therapy and assist in recognizing
development of resistance. However, large-scale prospective trials are needed to
further validate these roles.

References

10.

12.

13.

14.

15.

16.

17.

18.

. Group, F.-N.B.W. BEST (Biomarkers, EndpointS, and other tools) resource [Internet]. Silver

Spring (MD): Food and Drug Administration (US); 2016. https://www.ncbi.nlm.nih.gov/
books/NBK326791/Co-published by National Institutes of Health (US), Bethesda (MD)

. Winter JM, Yeo CJ, Brody JR. Diagnostic, prognostic, and predictive biomarkers in pancre-

atic cancer. J Surg Oncol. 2013;107(1):15-22.

. Eskelinen M, Haglund U. Developments in serologic detection of human pancreatic adeno-

carcinoma. Scand J Gastroenterol. 1999;34(9):833—44.

. Koprowski H, et al. Specific antigen in serum of patients with colon carcinoma. Science.

1981;212(4490):53-5.

. Koprowski H, et al. Colorectal carcinoma antigens detected by hybridoma antibodies.

Somatic Cell Genet. 1979;5(6):957-71.

. Tian F, et al. Prognostic value of serum CA 19-9 levels in pancreatic adenocarcinoma. Ann

Surg. 1992;215(4):350-5.

. Steinberg W. The clinical utility of the CA 19-9 tumor-associated antigen. Am J Gastroenterol.

1990;85(4):350-5.

. Duffy MJ. CA 19-9 as a marker for gastrointestinal cancers: a review. Ann Clin Biochem.

1998;35(Pt 3):364-70.

. Ballehaninna UK, Chamberlain RS. The clinical utility of serum CA 19-9 in the diagno-

sis, prognosis and management of pancreatic adenocarcinoma: an evidence based appraisal.
J Gastrointest Oncol. 2012;3(2):105-19.

Forsmark CE, Lambiase L, Vogel SB. Diagnosis of pancreatic cancer and prediction of unre-
sectability using the tumor-associated antigen CA19-9. Pancreas. 1994;9(6):731-4.

. Zhang S, et al. Clinical value of serum CA19-9 levels in evaluating resectability of pancreatic

carcinoma. World J Gastroenterol. 2008;14(23):3750-3.

Hartwig W, et al. CA19-9 in potentially resectable pancreatic cancer: perspective to adjust
surgical and perioperative therapy. Ann Surg Oncol. 2013;20(7):2188-96.

Berger AC, et al. Postresection CA 19-9 predicts overall survival in patients with pancreatic
cancer treated with adjuvant chemoradiation: a prospective validation by RTOG 9704. J Clin
Oncol. 2008;26(36):5918-22.

Glenn J, et al. Evaluation of the utility of a radioimmunoassay for serum CA 19-9 lev-
els in patients before and after treatment of carcinoma of the pancreas. J Clin Oncol.
1988;6(3):462-8.

Montgomery RC, et al. Prediction of recurrence and survival by post-resection CA 19-9 val-
ues in patients with adenocarcinoma of the pancreas. Ann Surg Oncol. 1997;4(7):551-6.
Tzeng CW, et al. Serum carbohydrate antigen 19-9 represents a marker of response to neo-
adjuvant therapy in patients with borderline resectable pancreatic cancer. HPB (Oxford).
2014;16(5):430-8.

Humphris JL, et al. The prognostic and predictive value of serum CA19.9 in pancreatic can-
cer. Ann Oncol. 2012;23(7):1713-22.

Hess V, et al. CA 19-9 tumour-marker response to chemotherapy in patients with advanced
pancreatic cancer enrolled in a randomised controlled trial. Lancet Oncol. 2008;9(2):132-8.



6 Current and Emerging Therapies in Pancreatic Cancer 129

19

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

. Willett CG, Daly W], Warshaw AL. CA 19-9 is an index of response to neoadjunctive chemo-
radiation therapy in pancreatic cancer. Am J Surg. 1996;172(4):350-2.

Locker GY, et al. ASCO 2006 update of recommendations for the use of tumor markers in
gastrointestinal cancer. J Clin Oncol. 2006;24(33):5313-27.

. Du Clos TW. Function of C-reactive protein. Ann Med. 2000;32(4):274-8.

Moses AG, et al. Pro-inflammatory cytokine release by peripheral blood mononuclear cells
from patients with advanced pancreatic cancer: relationship to acute phase response and sur-
vival. Oncol Rep. 2009;21(4):1091-5.

Zhang P, et al. Development of serum parameters panels for the early detection of pancreatic
cancer. Int J Cancer. 2014;134(11):2646-55.

Tingstedt B, et al. Predictive factors in pancreatic ductal adenocarcinoma: role of the inflam-
matory response. Scand J Gastroenterol. 2007;42(6):754-9.

Alkhateeb A, et al. Elevation in multiple serum inflammatory biomarkers predicts survival of
pancreatic cancer patients with inoperable disease. J Gastrointest Cancer. 2014;45(2):161-7.
Pine JK, et al. Serum C-reactive protein concentration and the prognosis of ductal adenocar-
cinoma of the head of pancreas. Eur J Surg Oncol. 2009;35(6):605—-10.

Falconer JS, et al. Acute-phase protein response and survival duration of patients with pan-
creatic cancer. Cancer. 1995;75(8):2077-82.

Szkandera J, et al. Validation of C-reactive protein levels as a prognostic indicator for survival
in a large cohort of pancreatic cancer patients. Br J Cancer. 2014;110(1):183-8.

Mitsunaga S, et al. C-reactive protein level is an indicator of the aggressiveness of advanced
pancreatic cancer. Pancreas. 2016;45(1):110-6.

Haas M, et al. Prognostic value of CA 19-9, CEA, CRP, LDH and bilirubin levels in locally
advanced and metastatic pancreatic cancer: results from a multicenter, pooled analysis of
patients receiving palliative chemotherapy. J Cancer Res Clin Oncol. 2013;139(4):681-9.
Iwasaki Y, et al. Usefulness of an inflammation-based prognostic score (mGPS) for pre-
dicting survival in patients with unresectable malignant biliary obstruction. World J Surg.
2013;37(9):2222-8.

Miura T, et al. A new preoperative prognostic scoring system to predict prognosis in patients
with locally advanced pancreatic body cancer who undergo distal pancreatectomy with en
bloc celiac axis resection: a retrospective cohort study. Surgery. 2014;155(3):457-67.
Haruki K, et al. The C-reactive protein to albumin ratio predicts long-term outcomes in
patients with pancreatic cancer after pancreatic resection. World J Surg. 2016;40(9):2254-60.
Stevens L, et al. Prognostic significance of pre-operative C-reactive protein and the
neutrophil-lymphocyte ratio in resectable pancreatic cancer: a systematic review. HPB
(Oxford). 2015;17(4):285-91.

Kishi T, et al. Pretreatment C-reactive protein level predicts outcome and patterns of fail-
ure after chemoradiotherapy for locally advanced pancreatic cancer. Pancreatology.
2015;15(6):694-700.

Warschkow R, et al. Diagnostic study and meta-analysis of C-reactive protein as a predic-
tor of postoperative inflammatory complications after pancreatic surgery. J Hepatobiliary
Pancreat Sci. 2012;19(4):492-500.

Almoguera C, et al. Most human carcinomas of the exocrine pancreas contain mutant c-K-ras
genes. Cell. 1988;53(4):549-54.

Rachakonda PS, et al. Somatic mutations in exocrine pancreatic tumors: association with
patient survival. PLoS One. 2013;8(4):e60870.

Mann KM, et al. KRAS-related proteins in pancreatic cancer. Pharmacol Ther.
2016;168:29-42.

Matsuo Y, et al. K-Ras promotes angiogenesis mediated by immortalized human pancreatic
epithelial cells through mitogen-activated protein kinase signaling pathways. Mol Cancer
Res. 2009;7(6):799-808.

Berthelemy P, et al. Identification of K-ras mutations in pancreatic juice in the early diagnosis
of pancreatic cancer. Ann Intern Med. 1995;123(3):188-91.



130

42

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

M. Diab and P.A. Philip

. Boadas J, et al. Clinical usefulness of K-ras gene mutation detection and cytology in pancre-
atic juice in the diagnosis and screening of pancreatic cancer. Eur J Gastroenterol Hepatol.
2001;13(10):1153-9.

Olsen CC, et al. Results of a phase I trial of 12 patients with locally advanced pancreatic
carcinoma combining gefitinib, paclitaxel, and 3-dimensional conformal radiation: report of
toxicity and evaluation of circulating K-ras as a potential biomarker of response to therapy.
Am J Clin Oncol. 2009;32(2):115-21.

Jones S, et al. Core signaling pathways in human pancreatic cancers revealed by global
genomic analyses. Science. 2008;321(5897):1801-6.

Van Cutsem E, et al. Phase III trial of gemcitabine plus tipifarnib compared with gemcitabine
plus placebo in advanced pancreatic cancer. J Clin Oncol. 2004;22(8):1430-8.

Bodoky G, et al. A phase II open-label randomized study to assess the efficacy and safety
of selumetinib (AZD6244 [ARRY-142886]) versus capecitabine in patients with advanced
or metastatic pancreatic cancer who have failed first-line gemcitabine therapy. Investig New
Drugs. 2012;30(3):1216-23.

Infante JR, et al. A phase 1b study of trametinib, an oral mitogen-activated protein kinase
kinase (MEK) inhibitor, in combination with gemcitabine in advanced solid tumours. Eur
J Cancer. 2013;49(9):2077-85.

O'Neil BH, et al. A phase II/IIl randomized study to compare the efficacy and safety of
rigosertib plus gemcitabine versus gemcitabine alone in patients with previously untreated
metastatic pancreatic cancer. Ann Oncol. 2015;26(12):2505.

Bedard PL, et al. A phase Ib dose-escalation study of the oral pan-PI3K inhibitor buparl-
isib (BKM120) in combination with the oral MEK 1/2 inhibitor trametinib (GSK1120212) in
patients with selected advanced solid tumors. Clin Cancer Res. 2015;21(4):730-8.

Richards DA, et al. Gemcitabine plus enzastaurin or single-agent gemcitabine in locally
advanced or metastatic pancreatic cancer: results of a phase II, randomized, noncomparative
study. Investig New Drugs. 2011;29(1):144-53.

Rexahn Pharmaceuticals Inc. A safety and efficacy study of RX-0201 plus gemcitabine in
metastatic pancreatic cancer. https://clinicaltrials.gov/ct2/show/NCT01028495.

Array BioPharma. safety, pharmacokinetics and pharmacodynamics of BEZ235 Plus MEK162 in
selected advanced solid tumor patients. https://clinicaltrials.gov/ct2/show/NCT01337765.
UNC Lineberger Comprehensive Cancer Center. BKM120 + mFOLFOX6 in advanced
solid tumors with expansion cohort pancreatic cancer. https:/clinicaltrials.gov/ct2/show/
NCTO01571024.

Wolpin BM, et al. Oral mTOR inhibitor everolimus in patients with gemcitabine-refractory
metastatic pancreatic cancer. J Clin Oncol. 2009;27(2):193-8.

Javle MM, et al. Inhibition of the mammalian target of rapamycin (mTOR) in advanced pan-
creatic cancer: results of two phase II studies. BMC Cancer. 2010;10:368.

Kordes S, et al. Phase II study of capecitabine and the oral mTOR inhibitor everolimus in
patients with advanced pancreatic cancer. Cancer Chemother Pharmacol. 2015;75(6):1135-41.
Yeo D, et al. Glaucarubinone combined with gemcitabine improves pancreatic cancer sur-
vival in an Immunocompetent Orthotopic murine model. J Investig Surg. 2016;29(6):366-72.
Yeo D, et al. Glaucarubinone and gemcitabine synergistically reduce pancreatic cancer
growth via down-regulation of P21-activated kinases. Cancer Lett. 2014;346(2):264-72.
Golan T, et al. RNAI therapy targeting KRAS in combination with chemotherapy for locally
advanced pancreatic cancer patients. Oncotarget. 2015;6(27):24560-70.

Iacobuzio-Donahue CA, et al. DPC4 gene status of the primary carcinoma correlates with
patterns of failure in patients with pancreatic cancer. J Clin Oncol. 2009;27(11):1806-13.
Yamada S, et al. SMAD4 expression predicts local spread and treatment failure in resected
pancreatic cancer. Pancreas. 2015;44(4):660—4.

Oshima M, et al. Immunohistochemically detected expression of 3 major genes (CDKN2A/
pl6, TP53, and SMAD4/DPC4) strongly predicts survival in patients with resectable pancre-
atic cancer. Ann Surg. 2013;258(2):336-46.


https://clinicaltrials.gov/ct2/show/NCT01028495
https://clinicaltrials.gov/ct2/show/NCT01337765
https://clinicaltrials.gov/ct2/show/NCT01571024
https://clinicaltrials.gov/ct2/show/NCT01571024

6 Current and Emerging Therapies in Pancreatic Cancer 131

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Ottenhof NA, et al. Multivariate analysis of immunohistochemical evaluation of protein
expression in pancreatic ductal adenocarcinoma reveals prognostic significance for persistent
Smad4 expression only. Cell Oncol (Dordr). 2012;35(2):119-26.

Crane CH, et al. Phase II trial of cetuximab, gemcitabine, and oxaliplatin followed by
chemoradiation with cetuximab for locally advanced (T4) pancreatic adenocarcinoma: cor-
relation of Smad4(Dpc4) immunostaining with pattern of disease progression. J Clin Oncol.
2011;29(22):3037-43.

Boone BA, et al. Loss of SMAD4 staining in pre-operative cell blocks is associated with
distant metastases following pancreaticoduodenectomy with venous resection for pancreatic
cancer. J Surg Oncol. 2014;110(2):171-5.

Bachet JB, et al. Contribution of CXCR4 and SMAD4 in predicting disease progression pat-
tern and benefit from adjuvant chemotherapy in resected pancreatic adenocarcinoma. Ann
Oncol. 2012;23(9):2327-35.

Goggins M, et al. Germline BRCA2 gene mutations in patients with apparently sporadic
pancreatic carcinomas. Cancer Res. 1996;56(23):5360—4.

Lal G, et al. Inherited predisposition to pancreatic adenocarcinoma: role of family history and
germ-line p16, BRCA1, and BRCA2 mutations. Cancer Res. 2000;60(2):409-16.

Tentori L, Graziani G. Chemopotentiation by PARP inhibitors in cancer therapy. Pharmacol
Res. 2005;52(1):25-33.

Waddell N, et al. Whole genomes redefine the mutational landscape of pancreatic cancer.
Nature. 2015;518(7540):495-501.

. Martinez-Useros J, Garcia-Foncillas J. The role of BRCA2 mutation status as diagnostic, pre-

dictive, and prognosis biomarker for pancreatic cancer. Biomed Res Int. 2016;2016:1869304.
Luo G, et al. Pancreatic cancer: BRCA mutation and personalized treatment. Expert Rev
Anticancer Ther. 2015;15(10):1223-31.

Tran BZ, Zogopoulos G, Borgida A, Holter S, Gallinger S, Moore MJ. Platinum-based che-
motherapy (pt-chemo) in pancreatic adenocarcinoma (pc) associated with brca mutations: a
translational case series. J Clin Oncol. 2012;30. (suppl 4; abstr 217), 2012. Abstract available
at: http://meetinglibrary.asco.org/content/87854-115

Golan T, et al. Overall survival and clinical characteristics of pancreatic cancer in BRCA
mutation carriers. Br J Cancer. 2014;111(6):1132-8.

Audeh MW, et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a proof-of-concept trial. Lancet.
2010;376(9737):245-51.

Tutt A, et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCAI
or BRCA2 mutations and advanced breast cancer: a proof-of-concept trial. Lancet.
2010;376(9737):235-44.

Fong PC, et al. Poly(ADP)-ribose polymerase inhibition: frequent durable responses
in BRCA carrier ovarian cancer correlating with platinum-free interval. J Clin Oncol.
2010;28(15):2512-9.

Kaufman B, et al. Olaparib monotherapy in patients with advanced cancer and a germline
BRCA1/2 mutation. J Clin Oncol. 2015;33(3):244-50.

NCI. Gemcitabine hydrochloride and cisplatin with or without veliparib or veliparib
alone in treating patients with locally advanced or metastatic pancreatic cancer. Identifier
NCTO01585805. https://clinicaltrials.gov/ct2/show/NCT01585805.

AstraZeneca. Study to assess the safety & tolerability of a PARP inhibitor in combination
with gemcitabine in pancreatic cancer. Identifier: NCT01585805. https://clinicaltrials.gov/
ct2/show/NCT00515866.

Shah SN, Hile SE, Eckert KA. Defective mismatch repair, microsatellite mutation bias, and
variability in clinical cancer phenotypes. Cancer Res. 2010;70(2):431-5.

Gologan A, Sepulveda AR. Microsatellite instability and DNA mismatch repair defi-
ciency testing in hereditary and sporadic gastrointestinal cancers. Clin Lab Med.
2005;25(1):179-96.


http://meetinglibrary.asco.org/content/87854-115
https://clinicaltrials.gov/ct2/show/NCT01585805
https://clinicaltrials.gov/ct2/show/NCT00515866
https://clinicaltrials.gov/ct2/show/NCT00515866

132

83

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

M. Diab and P.A. Philip

. Kunkel TA, Erie DA. DNA mismatch repair. Annu Rev Biochem. 2005;74:681-710.
Goggins M, et al. Pancreatic adenocarcinomas with DNA replication errors (RER+) are asso-
ciated with wild-type K-ras and characteristic histopathology. Poor differentiation, a syncy-
tial growth pattern, and pushing borders suggest RER+. Am J Pathol. 1998;152(6):1501-7.
Yamamoto H, et al. Genetic and clinical features of human pancreatic ductal adenocarcino-
mas with widespread microsatellite instability. Cancer Res. 2001;61(7):3139-44.

Dong X, et al. DNA mismatch repair gene polymorphisms affect survival in pancreatic can-
cer. Oncologist. 2011;16(1):61-70.

Galasso M, Sandhu SK, Volinia S. MicroRNA expression signatures in solid malignancies.
Cancer J. 2012;18(3):238-43.

Zhang B, et al. microRNAs as oncogenes and tumor suppressors. Dev Biol. 2007;302(1):1-12.
Torrisani J, et al. Let-7 MicroRNA transfer in pancreatic cancer-derived cells inhibits in vitro
cell proliferation but fails to alter tumor progression. Hum Gene Ther. 2009;20(8):831-44.
Torio MV, Croce CM. MicroRNAs in cancer: small molecules with a huge impact. J Clin
Oncol. 2009;27(34):5848-56.

Diab M, et al. The role of microRNAs in the diagnosis and treatment of pancreatic adenocar-
cinoma. J Clin Med. 2016;5(6):E59.

Li A, et al. Pancreatic cancers epigenetically silence SIP1 and hypomethylate and overex-
press miR-200a/200b in association with elevated circulating miR-200a and miR-200b lev-
els. Cancer Res. 2010;70(13):5226-37.

LiA, et al. MicroRNA array analysis finds elevated serum miR-1290 accurately distinguishes
patients with low-stage pancreatic cancer from healthy and disease controls. Clin Cancer Res.
2013;19(13):3600-10.

Liu J, et al. Combination of plasma microRNAs with serum CA19-9 for early detection of
pancreatic cancer. Int J Cancer. 2012;131(3):683-91.

Park JK, et al. Antisense inhibition of microRNA-21 or —221 arrests cell cycle, induces
apoptosis, and sensitizes the effects of gemcitabine in pancreatic adenocarcinoma. Pancreas.
2009;38(7):190-9.

Hamada S, etal. MiR-365 induces gemcitabine resistance in pancreatic cancer cells by targeting
the adaptor protein SHC1 and pro-apoptotic regulator BAX. Cell Signal. 2014;26(2):179-85.
Jung DE, et al. Differentially expressed microRNAs in pancreatic cancer stem cells. Pancreas.
2011;40(8):1180-7.

Rosenfeld N, et al. MicroRNAs accurately identify cancer tissue origin. Nat Biotechnol.
2008;26(4):462-9.

Singh S, et al. miRNA profiling in pancreatic cancer and restoration of chemosensitivity.
Cancer Lett. 2013;334(2):211-20.

Mittal A, et al. Efficacy of gemcitabine conjugated and miRNA-205 complexed micelles for
treatment of advanced pancreatic cancer. Biomaterials. 2014;35(25):7077-87.

Kawaguchi T, et al. Clinical impact of circulating miR-221 in plasma of patients with pancre-
atic cancer. Br J Cancer. 2013;108(2):361-9.

Morimura R, et al. Novel diagnostic value of circulating miR-18a in plasma of patients with
pancreatic cancer. Br J Cancer. 2011;105(11):1733-40.

LaConti JJ, et al. Tissue and serum microRNAs in the Kras(G12D) transgenic animal model
and in patients with pancreatic cancer. PLoS One. 2011;6(6):e20687.

Riva F, et al. Clinical applications of circulating tumor DNA and circulating tumor cells in
pancreatic cancer. Mol Oncol. 2016;10(3):481-93.

Jahr JS, et al. A novel approach to measuring circulating blood volume: the use of a
hemoglobin-based oxygen carrier in a rabbit model. Anesth Analg. 2001;92(3):609-14.
Kinugasa H, et al. Detection of K-ras gene mutation by liquid biopsy in patients with pancre-
atic cancer. Cancer. 2015;121(13):2271-80.



6 Current and Emerging Therapies in Pancreatic Cancer 133

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Schwarzenbach H, et al. Detection and monitoring of cell-free DNA in blood of patients with
colorectal cancer. Ann N'Y Acad Sci. 2008;1137:190-6.

Singh N, et al. High levels of cell-free circulating nucleic acids in pancreatic cancer are
associated with vascular encasement, metastasis and poor survival. Cancer Investig.
2015;33(3):78-85.

Bettegowda C, et al. Detection of circulating tumor DNA in early- and late-stage human
malignancies. Sci Transl Med. 2014;6(224):224ra24.

Tjensvoll K, et al. Clinical relevance of circulating KRAS mutated DNA in plasma from
patients with advanced pancreatic cancer. Mol Oncol. 2016;10(4):635-43.

Sausen M, et al. Clinical implications of genomic alterations in the tumour and circulation of
pancreatic cancer patients. Nat Commun. 2015;6:7686.

Johansen JSV, Vibat CRT, Calatayud D, Jensen BV, Hasselby JP, Collisson EA, Lu T, Poole
JC, Erlander M. Comparative circulating tumor DNA levels for KRAS mutations in patients
with nonresectable pancreatic cancer. J Clin Oncol. 2015;33. (suppl 3; abstr 288). Abstract
available through http://meetinglibrary.asco.org/content/140281-158, 2015

Bidard FC, et al. Circulating tumor cells in locally advanced pancreatic adenocarcinoma: the
ancillary CirCe 07 study to the LAP 07 trial. Ann Oncol. 2013;24(8):2057-61.

Kurihara T, et al. Detection of circulating tumor cells in patients with pancreatic cancer: a
preliminary result. J] Hepato-Biliary-Pancreat Surg. 2008;15(2):189-95.

Bissolati M, et al. Portal vein-circulating tumor cells predict liver metastases in patients with
resectable pancreatic cancer. Tumour Biol. 2015;36(2):991-6.

Poruk KE, et al. Circulating tumor cells expressing markers of tumor initiating cells predict
poor survival and cancer recurrence in patients with pancreatic ductal adenocarcinoma. Clin
Cancer Res. 2016; doi:10.1158/1078-0432.CCR-16-1467.

Yu M, et al. RNA sequencing of pancreatic circulating tumour cells implicates WNT signal-
ling in metastasis. Nature. 2012;487(7408):510-3.

Torphy RJ, et al. Circulating tumor cells as a biomarker of response to treatment in patient-
derived xenograft mouse models of pancreatic adenocarcinoma. PLoS One. 2014;9(2):e89474.
Yu KH, et al. Pharmacogenomic modeling of circulating tumor and invasive cells for pre-
diction of chemotherapy response and resistance in pancreatic cancer. Clin Cancer Res.
2014;20(20):5281-9.

Infante JR, et al. Peritumoral fibroblast SPARC expression and patient outcome with resect-
able pancreatic adenocarcinoma. J Clin Oncol. 2007;25(3):319-25.

Han W, et al. Prognostic value of SPARC in patients with pancreatic cancer: a systematic
review and meta-analysis. PLoS One. 2016;11(1):e0145803.

Mantoni TS, et al. Stromal SPARC expression and patient survival after chemoradiation for
non-resectable pancreatic adenocarcinoma. Cancer Biol Ther. 2008;7(11):1806—15.

Garber K. Stromal depletion goes on trial in pancreatic cancer. J Natl Cancer Inst.
2010;102(7):448-50.

Frese KK, et al. Nab-paclitaxel potentiates gemcitabine activity by reducing cytidine deami-
nase levels in a mouse model of pancreatic cancer. Cancer Discov. 2012;2(3):260-9.

Von Hoff DD, et al. Increased survival in pancreatic cancer with nab-paclitaxel plus gem-
citabine. N Engl J Med. 2013;369(18):1691-703.

Hidalgo M, et al. SPARC expression did not predict efficacy of nab-paclitaxel plus gem-
citabine or gemcitabine alone for metastatic pancreatic cancer in an exploratory analysis of
the phase III MPACT trial. Clin Cancer Res. 2015;21(21):4811-8.

Kim H, et al. SPARC-independent delivery of nab-paclitaxel without depleting tumor Stroma
in patient-derived pancreatic cancer Xenografts. Mol Cancer Ther. 2016;15(4):680-8.
Mackey JR, et al. Functional nucleoside transporters are required for gemcitabine influx and
manifestation of toxicity in cancer cell lines. Cancer Res. 1998;58(19):4349-57.


http://meetinglibrary.asco.org/content/140281-158
https://doi.org/10.1158/1078-0432.CCR-16-1467

134 M. Diab and P.A. Philip

129. Nakano Y, et al. Gemcitabine chemoresistance and molecular markers associated with
gemcitabine transport and metabolism in human pancreatic cancer cells. Br J Cancer.
2007;96(3):457-63.

130. Mackey JR, et al. Gemcitabine transport in Xxenopus oocytes expressing recombinant plasma
membrane mammalian nucleoside transporters. J Natl Cancer Inst. 1999;91(21):1876-81.

131. Spratlin J, et al. The absence of human equilibrative nucleoside transporter 1 is associated
with reduced survival in patients with gemcitabine-treated pancreas adenocarcinoma. Clin
Cancer Res. 2004;10(20):6956-61.

132. Greenhalf W, et al. Pancreatic cancer hENT1 expression and survival from gemcitabine in
patients from the ESPAC-3 trial. J Natl Cancer Inst. 2014;106(1):djt347.



Chapter 7
Imaging of Pancreatic Malignancies

Ferenc Czeyda-Pommersheim, Bobby Kalb, and Diego Martin

MRI Methodology

Magnetic Resonance Cholangiopancreatography

Magnetic resonance cholangiopancreatography (MRCP) is the key MRI sequence
for luminal imaging of the pancreatic ductal system. By utilizing a heavily
T2-weighted (T2W) sequence with echo times in excess of 700 ms, MRCP pro-
vides excellent anatomic detail of the fluid-containing structures of the abdomen
and is ideally suited for imaging of the pancreatic duct. Several different technical
approaches to MRCP may be pursued. Conventional two-dimensional (2D) MRCP
sequences constitute the fastest and most frequently employed method. Three-
dimensional (3D) acquisition MRCP methods are also available that produce high-
quality, near-isotropic resolution images of the pancreatic ductal system. The
criteria for selection of a 3D or 2D MRCP technique may vary from center to
center. Three-dimensional acquisition methods offer the strengths of excellent
contrast and improved signal to noise ratios relative to the 2D techniques. In addi-
tion, the high-resolution acquisition method of a 3D acquisition allows for more
reliable distinction of small calculi from flow artifacts that may be seen with the
2D method. However, the larger time investment required for 3D image acquisi-
tion may discourage some centers from routine use of this technique. While 3D
MRCP may provide better delineation of the pancreatic ductal anatomy in com-
parison with the 2D technique, additional soft tissue imaging that is required for a
comprehensive MR examination of the pancreas provides additional diagnostic
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information that may obviate some of the benefits of the 3D MRCP technique. In
patients with irregular respiratory cycles that are difficult to capture by the naviga-
tor pulse, there may be a significant time investment in a 3D image acquisition that
is ultimately deteriorated by artifacts such as ghosting and blurring; 2D methods,
in comparison, tend to be much more robust methods that are resistant to this type
of motion degradation.

Soft Tissue Imaging

Despite the many benefits of MRCP, obtaining this sequence alone is insufficient for
a comprehensive analysis of the pancreas. MRCP is a luminal technique and does
not provide adequate analysis of the surrounding soft tissues that are frequently a
contributor to pancreatic pathology, and imaging evaluation of pancreatic disease is
incomplete without dynamic, T1-weighted (T1W) contrast-enhanced 3D gradient
echo (GRE) sequences coupled with shorter echo, single-shot T2W sequences to
assess to surrounding soft tissues.

T2-Weighted and Steady-State Free Precession Imaging

When acquired with a single-shot technique, these sequences are motion insensitive
and produce consistently high image quality. The single-shot technique, however, is
prone to through-plane flow artifacts, most often in the extrahepatic bile duct.
Steady-state free precession sequences (SSFP), like T2W sequences, produce bright
signal in fluid-containing structures. However, SSFP sequences are less prone to
this flow void artifact, even when acquired with a single-shot technique.

T1-Weighted Imaging

Dynamic, fat-saturated gadolinium chelate-enhanced TIW 3D GRE imaging is a
critical portion of a comprehensive MR evaluation of the pancreas. This technique
is performed during a single breath hold and is thus sensitive to motion artifact.
Recently, newer TIW 3D GRE sequences have been developed utilizing a radial
pattern of k-space filling, reducing flip angle inaccuracies and motion artifacts; this
has the effect of preserving image quality even in freely breathing patients [1].

Precontrast TIW images are important to evaluate the background pancreatic
parenchyma; normal pancreas is intrinsically bright on TIW images (due to pro-
teins within the pancreatic acina), and loss of this normal T1 signal is a marker of
background pancreatic parenchymal disease. A dynamic, arterial phase sequence
acquired with a bolus tracking method [2] demonstrates robust, early enhancement
of the pancreatic parenchyma. Solid neoplasms in the pancreas are reliably identi-
fied on dynamic post-contrast images.
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Evolving Role of MRI and ERCP

Endoscopic retrograde cholangiopancreatography (ERCP) is a commonly utilized pro-
cedure for evaluation of the pancreas. Advantages of ERCP include the ability to per-
form a therapeutic intervention, including cytological brushings, stone extraction, and
stent placement for ductal obstructive diseases. However, as a diagnostic imaging modal-
ity, ERCP has several disadvantages compared to MRI. ERCP is an invasive methodol-
ogy, and complications include post-procedure pancreatitis, bleeding, cholangitis, and
perforation. A large, multicenter review found the overall ERCP complication rate to be
6.85% [3] and the ERCP-related mortality rate to be 0.33%; the mortality rate has been
reported as high as 1% [4]. Performed by opacifying the pancreatic ductal system with
contrast, ERCP only provides a luminal evaluation of the pancreatic duct. In the evalua-
tion of malignant pancreatic disease, ERCP cannot assess for extraductal disease and is
limited in tumor staging. In contrast, MRI is a noninvasive imaging technique with no
radiation or need for moderate sedation and provides a comprehensive assessment of not
only the lumen of the pancreatic duct but also the surrounding soft tissues.

Pancreatic Adenocarcinoma

Pancreatic adenocarcinoma is the most common exocrine pancreatic tumor and the
12th most common cancer worldwide. In the United States, it accounts for approxi-
mately 3% of new cancers diagnosed annually and 7% of all cancer deaths. Most
cases occur sporadically; up to 10% are caused by germ line mutations. Of the
sporadic cases, environmental exposures have been shown to play a role in tumor
development. Smoking is the most common known environmental risk factor [5].

Ductal adenocarcinoma originates in the pancreatic duct epithelium and in most cases
results in obstruction of the upstream pancreatic duct by the time it is of sufficient size to
be detectable on imaging, a characteristic that can help pinpoint the location of the tumor
on CT and MRI. Surgical resection offers the only potential cure; however, as the tumor
usually presents at an advanced stage, only up to 20% of patients are candidates for sur-
gery. Five-year survival in patients who undergo tumor resection is 10% for those with
Iymph node metastases and approximately 30% for patients with node-negative disease.

MRI has been shown to have superior sensitivity compared to CT in detecting
lesions of adenocarcinoma in the pancreas [6]. Pancreatic adenocarcinoma is most
commonly a solid soft tissue mass T1 hypointense to the normal pancreas on
T1-weighed fat-suppressed imaging and shows progressive enhancement on
dynamic post-contrast images (Fig. 7.1). The lesion is most conspicuous in the early
arterial phase where it is markedly hypointense compared to the adjacent normal
pancreas [7]. The tumor contains cystic elements in less than 10% of cases mimicking
a cystic pancreatic neoplasm (Fig. 7.2); however, a soft tissue mass should be the
predominant finding on MRI for adenocarcinoma to be considered [8].

The most common benign mimic of pancreatic adenocarcinoma on CT is focal
fatty infiltration and focal pancreatitis. MRI can reliably distinguish both from ade-
nocarcinoma. In focal lipomatosis, chemical shift imaging will show the presence
of microscopic lipid as signal drop on the opposed phase sequence compared to the
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Fig.7.1 Pancreatic adenocarcinoma with imaging evidence of invasion of the superior mesenteric
artery (SMA). TIWES (a), TIWFS post-contrast arterial (b), and portal venous phase (¢) images
show a hypoenhancing mass in the uncinate process of the pancreas (arrow in b, ¢) that near com-
pletely encases the superior mesenteric artery (long arrow in b)

Fig. 7.2 Adenocarcinoma with cystic changes. MRI (a, TIWFES; b, TIWFES w/gad arterial phase;
¢, TIWFS w/gad portal venous phase; d, T2W) shows a predominantly solid mass in the head of
the pancreas with delayed enhancement (arrow in a, b, ¢) and a cystic region (arrow in d)
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in phase (Fig. 7.3). Focal pancreatitis will show increased T2 signal in the involved
pancreas best seen on T2-weighed fat-suppressed sequences (Fig. 7.4). Both in
focal lipomatosis and focal pancreatitis, a normal caliber duct will be seen coursing
through the lesion, a finding extremely unusual in adenocarcinoma, which in almost
all cases will cause marked narrowing and upstream dilation of the pancreatic duct.

Fig. 7.3 Focal steatosis in the pancreatic head in a 38-year-old woman who presented with peri-
umbilical pain. CT scan showed a hypoenhancing mass in the pancreatic head (arrow). MRI per-
formed subsequently (b, TIW FS; ¢, TIWES with contrast arterial phase; d, TIWES portal venous
phase; e, T2WFS; f, TIW in phase; g, TIW opposed phase) shows a T1 hypointense region (arrow
in b) that shows relative hypoenhancement (arrow in ¢, d) corresponding to the abnormality on the
CT. The pancreatic duct is not dilated (double arrow in e); this would be unusual in pancreatic
adenocarcinoma which characteristically obstructs the duct when it reaches this size. On chemical
shift imaging, there is signal dropout on the opposed phase image (arrow in g) corresponding to
this lesion, in keeping with focal fatty infiltration mimicking adenocarcinoma
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Fig. 7.4 Focal pancreatitis mimicking a lesion in a 35-year-old woman with abdominal pain. CT
scan showed a hypoenhancing, solid-appearing lesion in the tail of the pancreas (arrow in a).
Subsequent MRI (b, TIWES; ¢, TIWES arterial phase; d, TIWFS portal venous phase; e, T2WFS)
shows that the lesion shows relative hypoenhancement on the dynamic post-contrast images
(arrow in ¢, d), with edema in the tail of the pancreas (arrow in e) in keeping with a pseudolesion
of focal pancreatitis

The majority of patients with pancreatic adenocarcinoma are not surgical
candidates at the time of diagnosis. While indications for resection vary at dif-
ferent centers, universal signs of unresectability on imaging are infiltration of
adjacent organs, invasion of the peripancreatic arteries, and distant metastases.
Extensive involvement of the peripancreatic veins is also usually a contraindi-
cation although at some centers limited invasion of the portal vein or the
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superior mesenteric vein does not preclude surgery. A modified surgical
approach may be used in these cases where the invaded vein segment is resected
and the vessel is repaired with a graft.

MRI can accurately exclude vascular involvement by showing lack of direct con-
tact of the lesion with vessels. In cases where there is direct contact, tumor encase-
ment of less than 90° of the vessel circumference denotes a very low likelihood of
vascular invasion, while a greater than 90° of contact has a high (40% or higher)
likelihood of tumor vascular invasion [9] (see Fig. 7.1). MRI has been shown supe-
rior to CT in detecting distant metastatic disease [6].

Pancreatic Cystic Neoplasms

Intraductal Papillary Mucinous Neoplasm

IPMN is an intraductal papillary mucin-producing cystic neoplasm that arises
from the main pancreatic duct or its branches. There are three subtypes depending
on the anatomic site of origin: main branch, side branch, and mixed. Histologically,
IPMN may harbor varying degrees of dysplasia with malignant potential; they
most often progress into ductal adenocarcinoma or colloid carcinoma. Main
branch and mixed types have a higher risk of malignancy (approximately 70%)
and require surgical referral, while small (<1 cm) side branch IPMN carries an
extremely low risk of progressing to malignancy [10, 11]. Based on cohort stud-
ies, the lag time of progression from IPMN adenoma to adenocarcinoma is at
least several years [12]. Patients who undergo resection of invasive adenocarci-
noma that arose from an IPMN have a more favorable long-term prognosis
(5-year survival of approximately 40%) than those with adenocarcinoma without
a preceding IPMN.

MRI has been shown to be as reliable as CT and EUS for detection and charac-
terization of pancreas IPMN, without the need for an invasive procedure or expo-
sure to ionizing radiation which is important as many of these lesions will require
imaging follow-up [13, 14].

Main duct IPMN appears as diffuse or focal dilation of the pancreatic duct to
5 mm or greater in the absence of other etiologies such as an obstructing mass,
ductal stone, or chronic pancreatitis. Side branch IPMN appears on MRI as a cystic
lesion in the pancreas with direct communication to the main pancreatic duct
(Fig. 7.5). High-risk imaging characteristics of side branch IPMN are a dilated
main duct of greater than 1 cm (indicating mixed type IPMN) internal septa or
mural nodules (Fig. 7.6). Lesions with these characteristics warrant surgical referral
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Fig. 7.5 Side branch IPMN. MRI (a, TIWFES; b, TIWFES w/gad arterial phase; ¢, TIWFS w/gad
portal venous phase; d, T2ZWFS) shows a mildly complex cystic lesion with enhancing thin septa-
tions but no nodularity or soft tissue component in the uncinate process of the pancreas (arrows)

and are often resected without further testing. Main duct dilation of 5-9 mm or a
simple side branch IPMN with a diameter of >3 cm is considered worrisome fea-
tures [15].

Imaging follow-up of asymptomatic IPMN without high-risk features that would
warrant intervention has been controversial. Recent recommendations for side
branch IPMN with no concerning imaging characteristics suggest a total of 5-year
follow-up with MRI at 1 and then 2-year intervals in patients who are candidates for
surgery. IPMN with one worrisome imaging feature, or those that develop such
characteristics on follow-up, should be evaluated with EUS/FNA. If more than one
worrisome characteristics are present, evaluation for surgical resection is recom-
mended [11, 16]. Once the initial diagnosis of a low-risk side branch IPMN has
been established, there is recent evidence supporting the effectiveness of a simpli-
fied IPMN follow-up MRI protocol without gadolinium with substantial time sav-
ings compared to a full abdomen MRI examination [17].
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Fig. 7.6 IPMN with malignant degeneration into pancreatic adenocarcinoma. MRI (a, TIWES; b,
T1WEFES w/gad arterial phase; ¢, TIWFS w/gad portal venous phase; d, T2W axial; e, T2W coronal)
shows a complex but primarily cystic mass in the head of the pancreas with irregular, nodular-
enhancing internal septations (arrows)
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Serous Cystadenoma

Pancreatic serous cystadenomas most frequently occur in middle-aged to older women
and are often incidentally detected on imaging, although when large enough (>4 cm in
greatest diameter) may present with symptoms due to mass effect. On microscopic exam-
ination these lesions are composed of multiple small cysts lined with cuboidal cells con-
taining glycogen but no mucin. Cyst contents are characterized by the absence of amylase
(unlike pseudocysts), CA19-9, or CEA (unlike adenocarcinoma with cystic degenera-
tion). Malignant transformation into serous cystadenocarcinoma is extremely rare [18].
Diagnosis is often suggested based on imaging findings and patient demographics. Cases
with characteristic findings do not require further treatment or imaging follow-up unless
the diagnosis remains in doubt or the patient has significant symptoms [19].

MRI has been shown to have higher accuracy in diagnosing serous cystadenoma
compared to ultrasound or CT [20]. Three types of serous cystadenoma have been
described based on imaging appearance: polycystic, oligocystic, and honeycomb.
Over 70% are the polycystic type composed of multiple cysts of <2 cm in diameter
separated by fibrous septa (Fig. 7.7). A central scar may be observed in some lesions
and may calcify. The honeycomb pattern accounts for approximately 20% of lesions
and is characterized by small cysts that cannot be distinguished by imaging; these
lesions therefore appear as a solid mass. Oligocystic tumors account for 10% of
serous cystadenoma and are unilocular or composed of a few cysts >2 cm in diameter.

Fig. 7.7 Serous cystadenoma. MRI (a, TIWES; b, TIWFS w/gad arterial phase; ¢, TIWFS w/gad
portal venous phase; d, T2W axial MRCP) shows a lesion composed of small cysts in the tail of the
pancreas (arrow). The lesion has thin, enhancing septa but no nodularity or soft tissue component
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It is often not possible to distinguish oligocystic serous cystadenomas based on
imaging alone from other cystic neoplasms such as pseudocyst, IPMN, or mucinous
cystadenoma although serous cystadenomas are more often multilocular or lobu-
lated, while mucinous tumors more commonly have a smooth contour. Unlike IPMN
these tumors are not connected to the main pancreatic duct [21].

Mucinous Cystic Neoplasm

Mucinous cystic neoplasms (MCN) of the pancreas are composed of mucinous epi-
thelium and ovarian-type stroma, similar to MCN of hepatobiliary or ovarian origin.
These tumors are thought to arise from intrapancreatic rests of ovarian epithelium;
they almost exclusively occur in women and have significant malignant potential
[22]. The prevalence of cancer in resected lesions varies widely (6-36%) and is
thought to be overestimated as many small simple pancreatic cystic lesions are
never resected and may represent benign MCN. The risk of malignancy in smaller
lesions (<5 cm) is relatively low [23]. Due to the high risk of malignant degenera-
tion, most MCN are surgically removed unless the patient is a poor operative candi-
date. The risk of recurrence following resection is low.

MCN appear on MRI as large, uni- or multilocular thick-walled cystic lesions
that do not communicate with the pancreatic duct (Fig. 7.8). Due to the cystic nature
of the tumor, MRI is well suited for imaging evaluation of MCN, the cystic compo-
nent is well seen on heavily T2-weighted sequences, and any soft tissue component

Fig. 7.8 Mucinous cystadenoma in a 46-year-old woman. MRI (a, TIWES; b, TIWFS w/gad
portal venous phase; ¢, T2ZWTSE) shows a multilocular cystic lesion in the tail of the pancreas
(arrow) composed of large cysts with at least one internal septation. No communication with the
main duct could be found. The internal septa are smoothly and uniformly enhancing (arrow in b).
There is no soft tissue component or enhancing nodules. Endoscopic ultrasound and cyst aspiration
confirmed mucinous cystadenoma
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or septa can be evaluated on T1-weighted pre- and post-contrast images. Individual
cysts within the tumor are typically larger than those of serous cystadenomas. MCN
are usually solitary and are most commonly located in the pancreatic body or tail.
While most MCN are resected in patients who are high-risk operative candidates,
small (<3 cm) tumors without enhancing mural nodules or a soft tissue component
may be followed with imaging.

Solid Pseudopapillary Neoplasm

SPN, the least common of the pancreatic exocrine tumors discussed, typically
occurs in women in their third or fourth decade. The pathogenesis and the cell of
origin are uncertain. Clinical presentation is often nonspecific and is related to
mass effect from the tumor although many patients are asymptomatic. With the
increasing use of cross-sectional imaging done for other reasons, these tumors
are now incidentally detected at an earlier stage [24]. On gross examination,
many tumors show cystic areas or hemorrhagic cystic degeneration and also have
a significant soft tissue component. A tumor capsule is often seen in larger
lesions. SPN is a premalignant or low-grade malignant tumor with an excellent
prognosis, even in cases when metastases are present. Surgical resection is usu-
ally curative [25].

On MRI SPN appears as a heterogenous, often T2 hyperintense mass. Regions of
high T1 signal can be seen on precontrast images due to hemorrhagic cystic areas.
Solid components show heterogenous early enhancement with delayed fill-in and
often an enhancing tumor capsule. The tumor typically enhances less in the arterial
phase than normal pancreas which distinguishes these lesions from pancreatic neu-
roendocrine tumors that are typically strongly arterial enhancing [26]. While the
imaging appearance of SPN may be similar to other cystic pancreatic neoplasms,
those are much less common in the typical demographic group of SPN patients.
Pseudocyst also may appear similar; however, these lack an enhancing soft tissue
component and usually have either a history of or imaging evidence of acute pan-
creatitis. In cases where the imaging diagnosis is in doubt, endoscopic ultrasound
and fine needle aspiration may be performed prior to surgical therapy.

Endocrine Tumors of the Pancreas

Pancreatic neuroendocrine tumors (PNET) are rare neoplasms that arise from the
endocrine pancreas, more specifically from pluripotent cells in the pancreatic duc-
tal/acinar system [27]. PNET accounts for <5% of pancreatic tumors [28], though
the incidence of PNETs may be increasing due to improved noninvasive imaging
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diagnostics that are able to detect small lesions incidentally, prior to tumors causing
clinical symptoms. While PNETSs are less aggressive with an improved prognosis
compared to the more common ductal adenocarcinoma, these tumors exhibit a wide
range of biological behavior. The 2010 World Health Organization classification of
tumor biology is dependent on tumor proliferative index as measured by Ki-67 and
mitotic rate. A majority (60—70%) of patients present with metastatic disease, and
the 5-year survival for PNET (excluding insulinoma) is approximately 65%.

While approximately 90% of PNETSs occur sporadically, several familial syn-
dromes are associated with an increased risk for the development of PNET. These
syndromes are multiple endocrine neoplasia type 1 (MEN1), von Hippel-Lindau
syndrome (vHL), neurofibromatosis type 1 (NF1), and tuberous sclerosis. The
occurrence of PNET is most common in MENI (approximately 80-100% of
patients develop PNET), while the incidence is much lower in the remaining syn-
dromes (ranging from 20% to <1%).

PNET may be categorized as functioning or nonfunctioning, based on the pres-
ence or absence of associated hormonal hypersecretion. The vast majority (>90%)
of PNETs are nonfunctioning and thus present at a later stage of disease, often with
compression of adjacent anatomic structures (such as the biliary and pancreatic duc-
tal system) or with metastatic disease. Functional PNETs are divided into insulino-
mas (40-60%), gastrinomas (20-50%), glucagonomas, somatostatinomas, and
VIPomas; each functional tumor is associated with the hypersecretion of its own
specific secretory hormone which causes a specific clinical syndrome that typically
allows for earlier detection compared to nonfunctional tumors (age 55 years for
functioning tumors versus 65 years for nonfunctioning).

Imaging

MRI is the imaging method of choice for the diagnosis of solid pancreatic tumors.
Dynamic, contrast-enhanced MRI has been shown to provide superior tumor con-
spicuity compared to MDCT for pancreatic cancer in general [29] and is ideal for
screening patients with familial syndromes at risk for development of PNET, due to
the lack of ionizing radiation. The soft tissue resolution of MRI allows for a high
sensitivity for tumor detection and staging [14] including evaluation of both the
pancreas and the liver.

In distinction from ductal adenocarcinoma, PNET are well-circumscribed
tumors. On T1W images, PNETSs are hypointense, contrasting well with the back-
ground high-signal pancreatic parenchyma. T2 signal is variable and is typically
moderately elevated (Fig. 7.9). Dynamic, post-contrast images demonstrate intense
early enhancement which may be homogeneous, ringlike, or heterogeneous. PNET
may undergo cystic degeneration, demonstrating a core of high-signal fluid on T2W
sequences. However, dynamic enhanced images will still demonstrate a well-
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Fig. 7.9 Pancreatic neuroendocrine tumor. MRI (a, TIWES; b, TIWFS w/gad arterial phase; c,
T1WEFS w/gad portal venous phase; d, DWI b = 500) shows a solid mass in the head of the pan-
creas that enhances most on the arterial phase image (arrow in b) and shows diffusion restriction
(arrow in d)

vascularized rim or internal nodularity that is indicative of a neoplastic process.
Diffusion-weighted imaging (DWI) has been demonstrated by some authors to
improve the detection of PNET and may also aid in the detection of hepatic meta-
static disease [30].
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Chapter 8
Advanced Endoscopic Procedures

James J. Farrell

Introduction

Advanced endoscopic procedures defined as endoscopic ultrasound (EUS), endo-
scopic retrograde cholangiopancreatography (ERCP), and endoscopic enteral stent
placement have a very central and important role in the diagnosis, treatment, and
palliation of patients with pancreatic cancer. They are used as part of a multidisci-
plinary management approach which also includes both radiologic and surgical
approaches to management of patients with pancreatic cancer. This chapter will
review the role of these advanced endoscopic procedures in pancreatic cancer.

Endoscopic Ultrasound

EUS combines regular flexible endoscopy with ultrasound to provide superior
imaging of the pancreas compared with high-quality CT or MRI [1]. It has practical
applications in early detection of pancreatic masses as well as in the evaluation of
patients with pancreatic cysts and pancreatic masses [2]. Importantly, the ability to
safely direct a fine needle biopsy under ultrasound guidance into the pancreas has
expanded the indications for EUS in pancreatic cancer not just in the realm of diag-
nosis to confirm a suspected pancreatic malignancy but also for EUS-guided thera-
peutic interventions for pancreatic disease [3].
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Early Detection of Pancreatic Malignancy
High-Risk Pancreatic Cancer Screening

Due to the rising prevalence of pancreatic cancer and the limited treatment options
for patients with pancreatic cancer, there is an increasing emphasis on the value of
pancreatic cancer screening. As no simple blood tests or other noninvasive tests cur-
rently exist for the effective early detection of both pancreatic cancer and its early
preinvasive forms (so-called PanIN lesions), current screening studies have focused
on combination of high-quality noninvasive imaging with CT or MRI with endo-
scopic ultrasound [4]. Most studies have targeted groups of patients considered to
be at increased risk of developing pancreatic cancer such as familial pancreatic
cancer kindred (FPC, defined as having two or more first-degree relatives with pan-
creatic cancer) or those with specific genetic mutations or syndromes such as a
BRCA2 or BRCAI mutations [5]. Typically EUS has been shown to be as sensitive
as MRI for the diagnosis of pancreatic cysts, likely IPMNs, in these patients with
the added advantage of being able to image chronic pancreatitis-like changes in the
pancreatic parenchyma [6]. Chronic pancreatitis-like change seen on EUS imaging
in individuals with FPC has been associated with lobulocentric atrophy and may be
a marker for multifocal PanIN lesions [7]. EUS findings including heterogeneous
parenchyma, hypoechoic nodules, hyperechoic main duct walls, and discrete masses
have a high positive predictive value for PanIN in high-risk individuals [7, 8].
Current consensus recommendations favor the use of alternating MRI and EUS for
screening of high-risk patients, although the true outcome of this approach is still
unclear [5]. The use of endoscopy and endoscopic ultrasound in these patients also
allows for the collection of pancreatic juice for the assay of early detection biomark-
ers such as K-ras, GNAS, P53, and SMAD4 mutations [9, 10].

Pancreatic Cyst Evaluation

Incidental pancreatic cysts are increasingly diagnosed through the widespread use
of cross-sectional imaging. The clinical differential ranges from benign pseudocysts
and serous cystadenomas to premalignant or even malignant mucinous lesions such
as mucinous cystic neoplasm (MCN) and intraductal papillary mucinous neoplasm
(IPMN) [11, 12]. While the majority of these lesions, including the majority of
mucinous lesion, will not evolve into a pancreatic malignancy, detailed clinical and
radiologic evaluation is necessary not only to help separate out the mucinous from
the non-mucinous cysts but also to differentiate concerning mucinous lesions which
may require surgical management from those which will require just surveillance
alone [11]. For example, patients with presumed mucinous lesions with jaundice, a
solid component on noninvasive imaging, or a pancreatic duct greater than 10 mm
in diameter are at high risk of having malignancy and will likely require surgical
management [13, 14]. Endoscopic ultrasound can be useful in this group of patients
to confirm the diagnosis and the extent of the disease. For patients with presumed
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mucinous lesions with worrisome features (cyst size > 3 cm, main pancreatic duct
diameter between 5 and 9 mm, rapidly enlarging cyst and/or abrupt change in cali-
ber of the main pancreatic duct), EUS can be helpful in further evaluating for evi-
dence of malignancy [13, 14]. Even in groups of patients with mucinous lesions
who are considered to be low risk for malignancy, long-term surveillance is often
performed using a combination of both MRI and EUS imaging.

Evaluation of Pancreatic Masses
Diagnosis and Differential Diagnosis

EUS is useful in the detection and evaluation of pancreatic masses, especially very
small masses (ranging in size from 0.5 cm to 2 cm). In patients with suspected pan-
creatic masses (e.g., jaundice, chronic pancreatitis [15], increased PET-FDG imag-
ing uptake) but no definite masses on cross-sectional images such as CT or MRI,
endoscopic ultrasound has been shown to be very effective in identifying a focal
mass often amenable to EUS biopsy for tissue confirmation [1]. EUS imaging alone
can also be very effective in differentiating the etiology of pancreatic masses. For
example, pancreatic adenocarcinoma is typically irregular and hypoechoic, com-
pared with normal surrounding pancreatic parenchyma, whereas a pancreatic endo-
crine neoplasm is typically more well circumscribed and normoechoic. While
patients with chronic pancreatitis are at increased risk of developing pancreatic can-
cer, it is often very difficult to differentiate between mass-forming pancreatitis and
pancreatic cancer, due to the irregular heterogeneous nature of the surrounding
chronic pancreatitis. Some EUS features (e.g., less severe main pancreatic duct dila-
tation, a more irregular main pancreatic duct, and more dilated side branches) favor
a diagnosis of mass-forming chronic pancreatitis with features favoring malignancy
including size larger than 2 cm, vessel ingrowth, an absence of cystic spaces, and an
absence of diffuse pancreatitis, vascular involvement, and enlarged lymph nodes
[2, 15, 16].

Similarly autoimmune pancreatitis, a specific form of chronic pancreatitis which
is typically responsive to steroids, may present as a focal mass which can be diffi-
cult to differentiate from pancreatic ductal adenocarcinoma [17]. Although the EUS
features in AIP show characteristic features such as echo-poor pancreatic paren-
chyma with echogenic interlobular septa, a thickened border (in the diffuse type), as
well as more lobularity and hyperechoic pancreatic duct margin detected at a higher
frequency in early stage compared with advanced stage AIP, it is generally accepted
that one cannot rely entirely on EUS imaging to make a diagnosis and differentiate
from pancreatic cancer [18]. Whereas tissue diagnosis is the gold standard, a variety
of other clinical and imaging features (including EUS features) are often combined
to make a diagnosis of AIP [19-21]. Other pancreatic masses which are difficult to
easily confirm using EUS imaging alone and often require a tissue diagnosis include
primary pancreatic lymphoma, microcystic serous cystadenoma (SCA), and metas-
tases to the pancreas [22, 23].
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Staging of Pancreatic Cancer

For patients with suspected or diagnosed pancreatic malignancy, EUS can be very
effective in tumor staging and assessing the patient for surgical resectability. A
recent meta-analysis reported a sensitivity of 71 vs. 67% for high-quality pancreatic
CT vs. MRI in the staging of pancreatic cancer but with a relatively high specificity
of 90% [24]. While currently the majority of pancreatic malignancy staging is per-
formed with high-quality pancreatic CT or MRI, EUS can still be very helpful in
assisting with vascular staging (e.g., portal vein, SMA, SMV involvement) in
patients with small masses, inflammation, or poor-quality imaging studies and espe-
cially in patients who are not candidates for contrast-enhanced CT or MR [24-27].
Overall EUS has been reported to have a higher sensitivity for diagnosing portal
vein and portal confluence invasion, especially when certain EUS features such as
visualization of tumor in the vessel lumen, complete obstruction, or collateral ves-
sels are present. In addition to assessment of vessel involvement, perivascular cuff-
ing, malignant-appearing lymph nodes, and liver masses may be evaluated with
EUS-FNA to provide more objective information for staging [28]. With the increas-
ing use of neoadjuvant treatment strategies for clearly resectable, borderline, and
even locally advanced pancreatic cancer, there is a need for more accurate staging
after treatment to guide surgical resection decision. Often regular staging with non-
invasive imaging after treatment is less accurate than in treatment naive patients [29,
30]. Increasingly, EUS is used to assist in the preoperative evaluation of this sub-
group of patients with pancreatic cancer [31].

Tissue Diagnosis
EUS-Fine Needle Aspiration

Whereas EUS imaging is very sensitive to diagnose pancreatic malignancy, (about
95%) it is not specific. Prior to the advent of EUS, pancreatic cancer tissue diagno-
sis was done either at the time of surgical exploration or by bile duct brushings at
ERCP or by percutaneous biopsy using either abdominal ultrasound guidance or CT
guidance. ERCP brushing biopsy has a sensitivity of 20-71% in the diagnosis of
pancreatic malignancy [32]. However, EUS-FNA (fine needle aspiration) biopsy
has now typically replaced these methods as the test of choice for primary pancre-
atic tissue diagnosis [33]. Meta-analyses have shown a pooled sensitivity of between
85 and 87% and a specificity of 96-98% for EUS-FNA in diagnosing pancreatic
cancer [3, 34].

EUS-FNA refers to techniques used to acquire tissue primarily for cytologic
evaluation, and EUS-FNAB (fine needle biopsy) refers to techniques used to acquire
tissue for histologic evaluation. Both are performed using a linear echoendoscope.
Typically, the linear echoendoscope needs to be positioned in the second and third
portion of the duodenum to biopsy uncinate lesions, in the second portion and the



8 Advanced Endoscopic Procedures 155

duodenal bulb for pancreatic head and neck lesions, and in the stomach for pancre-
atic neck, body, and tail lesions. Apposition between the linear echoendoscope and
either the gastric or duodenal wall is necessary with continuous endoscopic suction
to decrease the amount of air intervening and so improving the EUS imaging. Under
direct EUS guidance, a needle may be passed into the target lesion within the pan-
creas, with fanning recommended through at least four different areas to sample
most pancreatic masses [35, 36]. A variety of different gauge needles are available
for EUS-FNA ranging in size from 25 gauge to 19 gauge. Most endosonographers
use either a 25G or a 22G needle, and although there has been conflicting informa-
tion about the yield, it is felt that the smaller needle is more easily passed through
desmoplastic tissue and induces less bleeding.

The recognized benefits of EUS-FNA in the evaluation of pancreatic masses
include its high yield compared with alternative methods of diagnosis, the ability to
detect small lesions, a low risk of seeding, and the overall cost-effectiveness.
Although no definitive randomized clinical trial data exist, EUS-FNA does appear
to be superior after nondiagnostic CT-guided biopsy or ERCP with cytologic brush-
ing [37, 38]. The theoretical benefit of EUS in detecting and so biopsying small
pancreatic masses less than 2 cm has been borne out by several large studies show-
ing the superior accuracy of EUS-FNA compared with either CT-FNA or abdominal
ultrasound FNA for pancreatic masses less than 3 cm (86 vs. 62%) and even for
masses not seen on multidetector CT [39, 40]. This is then in the setting of decreased
risk and clinical significance of peritoneal seeding associated with EUS-FNA com-
pared with percutaneous biopsy in patients with pancreatic masses (2.2 vs. 16.3%)
[41]. Overall, EUS-FNA of pancreatic masses is considered very safe with an over-
all pancreatitis risk rate between 0.3 and 0.9% and overall complication rate of
2.5%. These are compared with high rates of pancreatitis of up to 4% with percuta-
neous biopsies and between 5 and15% for ERCP-guided biopsies [42, 43]. EUS-
FNA biopsy of the pancreas in the diagnosis can result in less invasive additional
procedures and more cost-effective management of pancreatic cancer, especially by
avoiding unnecessary surgeries [44, 45].

EUS-FNA remains operator dependent with a very significant learning curve,
requiring additional focused training [46]. Sampling error due to pancreatic cancer
desmoplastic reaction and necrosis, especially in aggressive tumors, is associated
with the suboptimal performance of EUS-FNA. The use of rapid on-site cytology
evaluation, whereby pathologists present during the EUS-FNA procedure advise
about adequacy and diagnosis, results in improved overall accuracy, fewer needle
passes necessary to make a diagnosis, and decreased need for repeat diagnostic
procedures [47, 48]. Several studies have shown a decreased sensitivity of EUS in
identification of pancreatic malignant masses in the setting of chronic pancreatitis
due to the difficulty in distinguishing the mass from the surrounding abnormal
pancreatic parenchyma [48]. In addition, however, EUS-FNA has a lower sensitivity
between 53 and 71% in the setting of chronic pancreatitis even when additional
passes and the use of an on-site cytologist [49, 50]. Although original studies seem
to suggest the inferior diagnostic yields of EUS and EUS-FNA in the diagnosis of
other nonadenocarcinoma such as PNET, lymphoma, and metastatic lesions to the
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pancreas, most recent work seems to suggest a higher sensitivity comparable to that
seen in pancreatic ductal adenocarcinoma probably related to the use of ROSE and
special cytologic stains [51].

EUS-Fine Needle Biopsy

The current diagnostic yield for EUS-FNA cytology of pancreatic masses is high,
better than for non-pancreatic indications, but not perfect [52-56]. There are several
reasons for the suboptimal diagnostic results including variable operator-dependent
EUS imaging and technique, the lack of local available cytologic expertise, poor
specimen cellularity, and lack of detail on the tissue architecture and morphology.
This latter issue is particularly problematic for separating out well-differentiated
pancreatic ductal adenocarcinoma from normal pancreatic tissue, as well as trying
to diagnose pancreatic malignancy in the setting of chronic pancreatitis [49, 57].
Often there is just not enough tissue with EUS-FNA for additional ancillary studies,
leading to lack of a definite diagnosis and the need for repeat tissue acquisition.
Trying to make a diagnosis using hypocellular samples is a common cause for a
false diagnosis.

Hence, there are several potential and theoretical benefits to endoscopically
pursuing a pancreatic histology or core biopsy (EUS-FNB). Firstly, the ability to
assess tissue architecture may improve the ability to diagnose well-differenti-
ated pancreatic adenocarcinoma where the cytologic findings (lack of the typical
hyperchromasia of malignancy, minimal architectural disorder, and modestly
increased nuclear-cytoplasmic ratios) may be similar to normal appearing pan-
creas and malignancy in the setting of chronic pancreatitis. The second reason to
consider a core biopsy for histology is the need to get a more representative
sample of the pancreatic mass. For example, due to the dense stromal prolifera-
tion seen in pancreatic ductal adenocarcinoma, it is possible that core histologic
tissue would allow for further study of the stroma which is typically not com-
mented on or assessed during regular pancreatic FNA cytology. Another reason
to pursue histologic tissue is to allow for immunohistochemistry or additional
marker studies. With our increased understanding of the molecular basis for pan-
creatic disease, and the role in which molecular markers (e.g., protein, DNA, or
RNA based) may be helpful in making a diagnosis, such as separating primary
pancreatic ductal adenocarcinoma from similar-looking metastases to the pan-
creas, or even predicting a response to treatment, there is a need for greater
volumes of tissue which can be processed in the appropriate way to study and
quantify these markers. While this may be possible with cytology, the specimens
are typically small, and quantitation of immunocytochemistry markers is diffi-
cult if there is limited cytologic specimen. A histologic core of tissue allows the
pathologist to obtain several sections for IHC analysis and likely quantitate the
tissue-based marker used. Under these circumstances, both stroma and epithelial
markers may be assessed [58, 59]. In addition, the ability to microdissect out
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epithelial tissue may facilitate more accurate DNA or RNA analysis of the pan-
creatic specimen, through being able to identify the cell-based origin of the
marker in question [60]. Finally, it is possible that with the known limitation of
EUS-FNA cytology, the availability of reliable pancreatic histologic biopsy and
core biopsy may remove the need for on-site cytologic evaluation and multiple
FNA needle passes.

Whether using a regular FNA needle or a dedicated FNAB needle, there are
some similarities between the EUS-FNA and EUS-FNB needle biopsy technique. A
variety of dedicated needles ranging in sizes from19 G to 25 G are available includ-
ing a standard spring-loaded Trucut needle. While no direct comparison exists
between all the different needle types, both needle size and processing of the speci-
mens all play an important role in improving yield and diagnosis. Whereas the rela-
tive merits of one needle size over another, the use of suction over no suction, and
the use of a stylet have been evaluated in detail for regular EUS-FNA, currently
there is no randomized comparative data for EUS-FNB available to address these
questions. One study suggests that size does matter when it comes to histologic
yield with one study showing the histologic yield of the 19G “ProCore” needle is
89.5% compared with 82.5 and 63% for the 22G and 25G “ProCore” needles,
respectively [57]. Recently published data has reported an overall diagnostic accu-
racy of 96% using a 25G “ProCore” needle and a “slow pull” or “capillary tech-
nique,” compared with the published literature using standard suction which
reported a yield of 89% [61, 62].

A variety of additional strategies exist to overcome the current limitation of both
EUS and EUS-FNA or EUS-FNB. The use of contrast-enhanced EUS and EUS
elastography are two new supplemental imaging technologies which may improve
diagnostic yield of EUS imaging and help target EUS-FNA and EUS-FNB more
precisely. Contrast-enhanced EUS employs oscillation of microbubbles using ultra-
sound waves after injection of intravenous contrast containing microbubbles to
enhance imaging of lesions associated with hypervascular structures such as endo-
crine neoplasms. EUS elastography uses assessment of tissue stiffness to help dif-
ferentiate between malignant and nonmalignant masses [63]. In addition, a variety
of molecular markers including immunocytochemical markers, FISH analysis,
DNA mutational analysis including whole exome sequencing, and microRNA anal-
ysis have been proposed to improve the diagnostic yield of EUS-FNA cytology, but
most are not in routine clinical use [64].

EUS-Guided Interventions
EUS-Celiac Plexus Neurolysis (EUS-CPN)
EUS-guided celiac nerve block is now a well-accepted treatment for the manage-

ment of pain associated with pancreatic cancer. While similar in technique to either
CT or fluoroscopically guided plexus neurolysis, the ability of the EUS linear
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echoendoscope to accurately identify the celiac plexus and directly guide injection
with a local anesthetic (e.g., bupivacaine) and alcohol makes this an easy and safe
alternative to standard pain management [65, 66]. A meta-analysis of 119 patients
showed the success rate for EUS-guided plexus neurolysis (EUS-CPN) in managing
pain in patients with pancreatic cancer of 72% [67]. EUS-guided direct celiac gan-
glion injection has also been used for the management of pain, but its superiority is
unclear [68]. In one small study, positive and complete response rates were signifi-
cantly higher in the EUS-guided direct celiac ganglia neurolysis group than in the
EUS-CPN group [68].

EUS-Fine Needle Injection

EUS-fine needle injection (EUS-FNI) refers using EUS for direct injection or
implantation into the pancreas. The use of EUS-guided fiducial marker implantation
to help guide stereotactic body radiation therapy (SBRT) is now currently routinely
performed. Fiducial markers are radiopaque seeds which can be placed with a 19G
or 22G needle with technical success rates of 85-100% and without serious compli-
cations. They are implanted in or near the tumor to demarcate its border and facili-
tate image-guided radiation therapy and so minimize unnecessary radiation to
healthy-bordering tissue [69-72].

EUS-guided tattooing of the pancreas is also now increasingly used clinically.
With improved invasive and noninvasive imaging, ever-small pancreatic adenocar-
cinomas and other neoplasms, especially PNETS, are being identified. To assist with
perioperative localization, often as these operations are being performed laparo-
scopically, EUS-guided tattooing using India ink, indocyanine green, and carbon
particles is often employed [73-75]. This may be performed several weeks prior to
surgical management due to the chronicity of the tattoo.

EUS-guided interventions have now also emerged as management and treat-
ment options for patients with pancreatic cancer. A variety of direct injection
treatments have been performed experimentally in humans including alcohol,
gemcitabine, paclitaxel (OncoGel), oncolytic adenovirus (ONYX-015), and
immunoreactive agents such as cytoplants, dendritic cells, and TNFerade.
Whereas alcohol injection has been most studied for the management of symp-
tomatic nonoperable insulinomas, the most widely studied EUS-FNI treatment
for pancreatic cancer was TNFerade in a multicenter randomized clinical trial
for patients with locally advanced pancreatic cancer [76—78]. While safe with
multiple repeat injections, it was not shown to be more effective than standard
treatment [76]. EUS-guided ablations with more directed treatments such as
radiofrequency ablation and brachytherapy implantation have also been tried in
patients with pancreatic cancer. There are at least two clinical studies of the role
of EUS implantation of iodine-125 under EUS guidance for unresectable pan-
creatic cancer in combination with chemotherapy. Both studies of EUS-guided
brachytherapy showed an improvement in pain symptoms but not overall
survival [79, 80].
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EUS-Guided Biliary Drainage

Finally, although percutaneous transhepatic biliary drainage or surgical decompres-
sion is typically formed for biliary drainage after a failed ERCP, there is increasing
data supporting the safety and efficacy of EUS-guided biliary drainage as an alterna-
tive, especially in the 3—10% of patients with pancreatic cancer who cannot undergo
ERCP biliary decompression, typically due to tumor infiltration in the region of the
ampulla. These techniques include EUS-guided rendezvous technique, EUS-guided
choledochoduodenostomy, EUS-guided hepaticogastrostomy, and even EUS-guided
gallbladder drainage. Typically, either a dilated extrahepatic biliary duct or intrahe-
patic duct radicle is identified and accessed with a needle under direct EUS guidance.
After the tract is dilated, a fully covered metal biliary stent or lumen-apposing stent
can be deployed for biliary drainage. Technical success rates for this procedure are
quoted at over 90%, but it is associated with a 5—10% risk of complications including
bile leak and perforation, requiring that this be performed at expert centers [81, 82].

Endoscopic Retrograde Cholangiopancreatography
Diagnosis

ERCP involves the passage of a flexible duodenoscope to the level of the major
ampulla, and cannulating either the bile duct or pancreatic duct (or both), using
specialized catheters. Through a combination of endoscopic and fluoroscopic imag-
ing, ERCP can provide very detailed images of both the biliary and pancreatic duc-
tal systems. For example, a “double duct” sign on ERCP with stricturing and
dilatation involving both the bile duct and the pancreatic duct is caused by pancre-
atic malignancy in up to 90% of patients. The sensitivity and specificity of the “dou-
ble duct sign” observed by ERCP for pancreatic cancer vary between 50-76% and
63-80%, respectively [83].

However, ERCP is also associated with significant risks, especially pancreatitis.
For this reason and due to the increasing use of EUS for the effective cytologic
diagnosis of pancreatic malignancy, there has been a decrease in the use of pure
diagnostic ERCP [84]. In view of its therapeutic possibilities, it still does play a role
in tissue diagnosis, especially in the setting of obstructive jaundice in the setting of
a known or suspected pancreatic mass, where ERCP-guided biliary stent placement
is likely for management of obstructive jaundice. Under these circumstances, ERCP
is capable of cytologic sampling via brush cytology, forceps biopsy, and/or needle
aspiration. Typically, the yield of cytologic brushing of a biliary stricture for the
diagnosis of pancreatic cancer is around 56% with a specificity of 90%. The sensi-
tivity of all three cytological sampling methods is 62% with a negative predictive
value of 39% [85]. The results are typically higher for malignancy of bile duct ori-
gin rather than malignancy [86]. Pancreatic duct stricture brushings are not recom-
mended routinely due to the high risk of complication.
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The increasing availability of reliable high-quality ERCP-guided cholangios-
copy and pancreatoscopy has increased the role for diagnostic ERCP [87]. For inde-
terminate biliary strictures (those without an associated pancreatic mass on
imaging), cholangioscopic targeted biopsies have an increased diagnostic yield.
Although typically not performed during the routine evaluation of pancreatic can-
cer, ERCP-guided pancreatoscopy may have a role in the diagnosis and staging of a
premalignant pancreatic main duct lesion, IPMN. The direct visualization and
biopsy of papillary fronds associated with this disease can be helpful in confirming
the diagnosis.

Biliary Decompression

Whereas ERCP has a decreasing diagnostic role in pancreatic malignancy (due to
the advent of improve CT and MRI, as well as endoscopic ultrasound), it does play
a critical role in palliative treatment, especially for patients with unresectable pan-
creatic malignancy, through biliary stent placement for obstructive jaundice.
However, its role in preoperative drainage for potentially resectable pancreatic
malignancy is unclear.

The technical success of biliary stenting by ERCP is over 90%. As the majority
of pancreatic cancers present in the head of the pancreas, and the majority of these
will present with obstructive jaundice, often resulting in progressive liver dysfunc-
tion, pruritus, coagulopathy, and malabsorption, biliary decompression becomes an
important treatment goal. As only up to 15% of these patients are potentially surgi-
cal resection candidates, the majority of them then rely on some form of biliary
decompression. Endoscopic biliary decompression has been shown to be less inva-
sive, safer, and more convenient than surgical bypass. Especially for patients with
unresectable pancreatic malignancy, it is important in maintaining quality of life
and continued medical treatments such as chemotherapy.

Type of Biliary Stents

Initially, plastic biliary stents were used ranging in sizes from 7 to 11.5Fr, with the
increasing diameter being associated with less stent occlusion. Studies have demon-
strated the superiority of biliary stenting with these plastic stents compared with
surgical biliary decompression with fewer complications, shorter hospital stays, and
lower costs [88—90]. The development of endoscopic biliary self-expandable metal
stents (SEMS) offers larger diameter which is associated with reduced risk of occlu-
sion and longer duration of patency. The original biliary SEMS were uncovered
which were associated with tumor ingrowth (and associated occlusion) and were
not easily removed (if needs be). More recently partially covered and now fully
covered biliary SEMS are associated with less tumor ingrowth and are considered
to be more easily removed. However, there have been concerns about increased
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rates of cholecystitis (related to cystic duct occlusion), pancreatitis (related to pan-
creatic duct obstruction), and migration, with these covered biliary SEMS.

Multiple studies including a meta-analysis of several RCTs comparing plastic
stenting with uncovered SEMS, while showing no significant difference in technical
success, therapeutic success rates, or 30-day mortality or complication rate, did
show a lower 4-month stent occlusion rate and overall risk of obstruction for uncov-
ered SEMS compared with plastic stent [91]. Although the cost of the SEMS and the
ERCP procedure itself influence the analysis, several studies suggest that uncovered
SEMS are more cost-effective if the patient’s life expectancy is longer than
4-6 months [91, 92].

As tumor ingrowth is a major reason for early occlusion in uncovered SEMS,
SEMS covered with a membrane either fully or partially were developed to address
this issue. One meta-analysis comprising 1061 patients showed no difference in
patency between covered and uncovered SEMS after 6 and 12 months and no differ-
ence in rates of pancreatitis, cholecystitis, perforation, bleeding, cholangitis, length
of hospital stay, or number of recurrent biliary obstruction [93]. However, covered
SEMS did have a higher migration rate (OR 7.13; 95% CI 0.07-0.55) and a higher
rate of tumor overgrowth (OR 1.88, 95% CI 1.02-3.45). Another meta-analysis on
five fully published RCT comprising 781 patients showed that while stent dysfunc-
tion occurred at a similar rate, there is a trend toward later obstruction with the
covered SEMS [94] which also have a significantly longer patency duration and
lower frequency of blockage from tumor ingrowth compared with U-SEMS. Although
there was no difference in the rates of pancreatitis and cholecystitis between cov-
ered SEMS and uncovered SEMS in this analysis, the rate of stent migration, tumor
ingrowth, and sludge formation were all significantly higher in the covered SEMS
groups. Overall, the clinical decision-making about deciding which type of biliary
stent to use needs to balance the risks of migration but ability to reintervene if nec-
essary and replace the biliary stents with the likely improved patency rates due to
less tumor ingrowth of covered SEMS.

Preoperative Biliary Drainage

For patients with clearly resectable pancreatic malignancy, the role of preopera-
tive biliary drainage remains controversial. Clinical and experimental data had
long supported the concept that preoperative hyperbilirubinemia predicted
increased postoperative complications, possibly related to affecting nutritional
status and immune function. In fact, early studies suggested that there was a link
between increased levels of serum bilirubin and an increased incidence of postop-
erative infectious, renal, and nutritional complications as well as postoperative
mortality [95]. However, more recently, several studies including a randomized
controlled trial suggested that preoperative biliary drainage should be avoided in
patients with potentially resectable pancreatic cancer because it is associated with
increased morbidity [96]. This multicenter randomized clinical trial compared
outcomes of preoperative biliary drainage in a group of patients with clearly



162 J.J. Farrell

resectable disease and those who underwent early surgery and did not have pre-
operative drainage. The technical success of the preoperative endoscopic biliary
drainage was successful in 94% but with a very high complication rate of 46%
including stent occlusion and cholangitis. The overall rate of postsurgical compli-
cations was similar, but the rate of serious postoperative complications was sig-
nificantly higher in the preoperative biliary drainage group [96]. This has then
been further supported by a meta-analysis of six RCTs to compare the outcomes
of surgery done for biliary obstruction with and without preoperative biliary
decompression which demonstrated significantly higher levels of serious postop-
erative morbidity in the preoperative biliary drainage group compared with the
direct surgery group but without a significant difference in terms of postoperative
mortality or length of hospitalization [97]. However, it needs to be remembered
that many of these studies did not include patients with marked hyperbilirubine-
mia. For example, in the RCT by van der Gaag, patients with severe jaundice
(total bilirubin >14.6 mg/dL) were excluded from the study [96]. Therefore, the
role of preoperative biliary drainage in patients with marked jaundice is unclear.
Overall, if the patient is severely jaundiced, or symptomatic with, for example,
pruritus, or surgery needs to be delayed to optimize medical comorbidities or to
administer neoadjuvant therapy, then preoperative biliary drainage may well be
justified.

Role of Biliary Stenting in Neoadjuvant Treatment of Pancreatic Cancer

With evolving data supporting neoadjuvant chemo- or chemoradiation therapy for
potentially resectable patients with pancreatic cancer resulting in improved postsur-
gical outcomes, and its increasing role in borderline resectable pancreatic cancer,
the role for preoperative biliary decompression in this subgroup of patients is
becoming better defined [98]. Reliable biliary drainage is required to prevent liver
toxicity from some of the chemotherapeutic agents used, which may be required for
a period of up to 3 months, before surgery is contemplated. For patients with resect-
able pancreatic cancer with anticipated surgical resection in less than 3 months, the
placement of a plastic biliary stent has often been deemed adequate. The advent of
newer neoadjuvant treatment for locally advanced and borderline resectable patients
now requires at least 3—4 months of treatment before the patient is reassessed for
surgical management. These patients also require increased assurance of prolonged
biliary drainage to avoid interruption of medical treatment due to episodes of biliary
obstruction or cholangitis. Hence, it does seem reasonable to consider the use of
SEMS in this group. However, this is balanced by the issue of cost and the embed-
ding of these stents in the biliary tissue making their removal at surgery more diffi-
cult. SEMS have also been associated with the development of a hyperplastic
reaction which may interfere with surgical resection, although there is growing evi-
dence that the use of properly placed covered SEMS (due to the ability to prevent
tumor ingrowth and hyperplasia, and so be removed easily) do not result in increased
operative or postoperative complications [99, 100].
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Gastric Outlet Obstruction

Approximately 15-20% of patients with pancreatic cancer develop GOO [101-103].
Clinical symptoms of GOO include vomiting, nausea, malnutrition, and dehydra-
tion. Most patients with GOO are therefore in a poor clinical condition at presenta-
tion and have a short life expectancy if left untreated [104, 105]. Traditionally, open
gastrojejunostomy (GJJ) has been the standard palliative treatment in these patients.
Laparoscopic GJJ has been introduced as an alternative to open GJJ to relieve symp-
toms of malignant GOO. Laparoscopic GJJ has been reported to be less invasive and
was associated with a faster recovery compared to open GJJ; however, morbidity
and mortality of the procedure remained high [103, 105-107].

Enteral stent placement is an attractive alternative treatment [108—111]. It typi-
cally involves the placement of a wire across the malignant stricture, followed by a
through-the-scope deployment of either a covered or uncovered stent typically rang-
ing in diameter from 18 to 22 mm and in length from 60 to 120 mm. In the case of
pancreatic malignancy, often both biliary stenting and duodenal stenting are
required. The technical challenges for this are dependent on the level of the duode-
nal obstruction. If the level of duodenal obstruction is proximal to the major papilla,
often passage of the duodenoscope through the duodenal stricture is possible (often
with dilatation), in order to perform biliary stenting prior to placement of the duo-
denal stent. Other approaches in this setting include placement of a duodenal stent
followed either immediately or after a few days by advancement of the duodeno-
scope through the duodenal stent for placement of the biliary stent. Alternatively,
EUS-guided biliary drainage or a percutaneous biliary decompression may be nec-
essary. When the obstruction in the second duodenum also involves the major
papilla, it can be very difficult to place a biliary stent by ERCP. Under these circum-
stances, a duodenal stent is placed followed by either EUS-guided biliary drainage
via a hepaticojejunostomy or choledochoduodenostomy or percutaneous biliary
drainage. For the scenario of duodenal obstruction distal to the papilla, the sequence
of placement of both the duodenal and biliary stent is not critical.

Several studies have demonstrated that SEMS placement is associated with faster
resumption of oral intake, shorter post procedural hospital stays, lesser morbidity,
and lower costs compared with gastrojejunostomy [75, 112-114]. In a systemic
review, we compared the outcome of GJJ with that of duodenal stent placement
[115]. A total of 44 studies were selected including only 2 randomized trials (with
27 and 18 patients) [116, 117]. A total of 1046 patients received a duodenal stent,
which, in most cases, was an uncovered enteral metal stent, with a stent diameter of
20-24 mm, whereas 297 patients underwent GJJ. This review showed that initial
clinical success was higher after stent placement (89% vs. 72%). Major complica-
tion rates were however similar (early, 7 vs. 6%, respectively, and late, 18 vs. 17%,
respectively). Recurrent obstructive symptoms were more commonly seen after
stent placement, whereas hospital stay was shorter after stent placement. The results
of this review suggested that stent placement is associated with more favorable
results in patients with a relatively short life expectancy, while GJJ is preferable in
patients with a better prognosis [115].



164

J.J. Farrell

References

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. DeWittJ], etal. Comparison of endoscopic ultrasonography and multidetector computed tomog-

raphy for detecting and staging pancreatic cancer. Ann Intern Med. 2004;141(10):753-63.

. Brand B, et al. Endoscopic ultrasound for differential diagnosis of focal pancreatic lesions,

confirmed by surgery. Scand J Gastroenterol. 2000;35(11):1221-8.

. Hewitt MJ, et al. EUS-guided FNA for diagnosis of solid pancreatic neoplasms: a meta-

analysis. Gastrointest Endosc. 2012;75(2):319-31.

. Chari ST, et al. Early detection of sporadic pancreatic cancer: summative review. Pancreas.

2015;44(5):693-712.

. Canto MI, et al. International cancer of the pancreas screening (CAPS) consortium sum-

mit on the management of patients with increased risk for familial pancreatic cancer. Gut.
2013:62(3):339-47.

. Canto MI, et al. Frequent detection of pancreatic lesions in asymptomatic high-risk individu-

als. Gastroenterology. 2012;142(4):796-804. quiz e14-5

. Brune K, et al. Multifocal neoplastic precursor lesions associated with lobular atrophy of the

pancreas in patients having a strong family history of pancreatic cancer. Am J Surg Pathol.
2006;30(9):1067-76.

. Brentnall TA, et al. Early diagnosis and treatment of pancreatic dysplasia in patients with a

family history of pancreatic cancer. Ann Intern Med. 1999;131(4):247-55.

. Kanda M, et al. Mutant GNAS detected in duodenal collections of secretin-stimulated pancre-

atic juice indicates the presence or emergence of pancreatic cysts. Gut. 2013;62(7):1024-33.

. Eshleman JR, et al. KRAS and guanine nucleotide-binding protein mutations in pancreatic

juice collected from the duodenum of patients at high risk for neoplasia undergoing endo-
scopic ultrasound. Clin Gastroenterol Hepatol. 2015;13(5):963-9. e4

. Farrell JJ, Fernandez-del Castillo C. Pancreatic cystic neoplasms: management and unan-

swered questions. Gastroenterology. 2013;144(6):1303-15.

Farrell JJ. Prevalence, diagnosis and Management of Pancreatic Cystic Neoplasms: current
status and future directions. Gut Liver. 2015;9(5):571-89.

Tanaka M, et al. International consensus guidelines 2012 for the management of IPMN and
MCN of the pancreas. Pancreatology. 2012;12(3):183-97.

. Vege SS, et al. American gastroenterological association institute guideline on the diag-

nosis and management of asymptomatic neoplastic pancreatic cysts. Gastroenterology.
2015;148(4):819-22. quize12-3

Perez-Johnston R, Sainani NI, Sahani DV. Imaging of chronic pancreatitis (including groove
and autoimmune pancreatitis). Radiol Clin N Am. 2012;50(3):447-66.

Rosch T, et al. Endoscopic ultrasound in pancreatic tumor diagnosis. Gastrointest Endosc.
1991;37(3):347-52.

Madhani K, Farrell JJ. Autoimmune pancreatitis: an update on diagnosis and management.
Gastroenterol Clin N Am. 2016;45(1):29-43.

Takuma K, et al. Strategy to differentiate autoimmune pancreatitis from pancreas cancer.
World J Gastroenterol. 2012;18(10):1015-20.

Kubota K, et al. A proposal for differentiation between early- and advanced-stage autoim-
mune pancreatitis by endoscopic ultrasonography. Dig Endosc. 2009;21(3):162-9.

Farrell JJ, et al. EUS findings in patients with autoimmune pancreatitis. Gastrointest Endosc.
2004;60(6):927-36.

Buscarini E, et al. Endoscopic ultrasonography findings in autoimmune pancreatitis. World
J Gastroenterol. 2011;17(16):2080-5.

El H 11, et al. Endoscopic ultrasound-guided biopsy of pancreatic metastases: a large single-
center experience. Pancreas. 2013;42(3):524-30.

DeWitt J, et al. EUS-guided FNA of pancreatic metastases: a multicenter experience.
Gastrointest Endosc. 2005;61(6):689-96.



8 Advanced Endoscopic Procedures 165

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Zhang Y, et al. Preoperative vascular evaluation with computed tomography and mag-
netic resonance imaging for pancreatic cancer: a meta-analysis. Pancreatology.
2012;12(3):227-33.

Brugge WR, et al. The use of EUS to diagnose malignant portal venous system invasion by
pancreatic cancer. Gastrointest Endosc. 1996:43(6):561-7.

Rosch T, et al. Endoscopic ultrasound criteria for vascular invasion in the staging of can-
cer of the head of the pancreas: a blind reevaluation of videotapes. Gastrointest Endosc.
2000;52(4):469-77.

Dewitt J, et al. Comparison of endoscopic ultrasound and computed tomography for the pre-
operative evaluation of pancreatic cancer: a systematic review. Clin Gastroenterol Hepatol.
2006;4(6):717-25. quiz 664

tenBerge J, et al. EUS-guided fine needle aspiration of the liver: indications, yield, and safety
based on an international survey of 167 cases. Gastrointest Endosc. 2002;55(7):859-62.
Wagner M, et al. CT evaluation after neoadjuvant FOLFIRINOX chemotherapy for border-
line and locally advanced pancreatic adenocarcinoma. Eur Radiol. 2017;27(7):3104-16.
Xia, B.T., et al., Does radiologic response correlate to pathologic response in patients under-
going neoadjuvant therapy for borderline respectable pancreatic malignancy? J Surg Oncol,
2017; 115(4):376-383.

Donahue TR, et al. Downstaging chemotherapy and alteration in the classic computed
tomography/magnetic resonance imaging signs of vascular involvement in patients with
pancreaticobiliary malignant tumors: influence on patient selection for surgery. Arch Surg.
2011;146(7):836-43.

Lee JG, Leung J. Tissue sampling at ERCP in suspected pancreatic cancer. Gastrointest
Endosc Clin N Am. 1998;8(1):221-35.

Wiersema MJ, et al. Endosonography-guided fine-needle aspiration biopsy: diagnostic accu-
racy and complication assessment. Gastroenterology. 1997;112(4):1087-95.

Puli SR, et al. How good is endoscopic ultrasound-guided fine-needle aspiration in diagnos-
ing the correct etiology for a solid pancreatic mass?: a meta-analysis and systematic review.
Pancreas. 2013;42(1):20-6.

Savides TJ. Tricks for improving EUS-FNA accuracy and maximizing cellular yield.
Gastrointest Endosc. 2009;69(2 Suppl):S130-3.

Varadarajulu S, Bang JY, Hebert-Magee S. Assessment of the technical performance of the
flexible 19-gauge EUS-FNA needle. Gastrointest Endosc. 2012;76(2):336—43.

Harewood GC, Wiersema MJ. Endosonography-guided fine needle aspiration biopsy in the
evaluation of pancreatic masses. Am J Gastroenterol. 2002;97(6):1386-91.

Horwhat JD, et al. A randomized comparison of EUS-guided FNA versus CT or US-guided
FNA for the evaluation of pancreatic mass lesions. Gastrointest Endosc. 2006;63(7):966-75.
Volmar KE, et al. Pancreatic FNA in 1000 cases: a comparison of imaging modalities.
Gastrointest Endosc. 2005;61(7):854-61.

Wang W, et al. Use of EUS-FNA in diagnosing pancreatic neoplasm without a definitive mass
on CT. Gastrointest Endosc. 2013;78(1):73-80.

Micames C, et al. Lower frequency of peritoneal carcinomatosis in patients with pancre-
atic cancer diagnosed by EUS-guided FNA vs. percutaneous FNA. Gastrointest Endosc.
2003;58(5):690-5.

Eloubeidi MA, et al. Acute pancreatitis after EUS-guided FNA of solid pancreatic
masses: a pooled analysis from EUS centers in the United States. Gastrointest Endosc.
2004:60(3):385-9.

Eloubeidi MA, et al. Frequency of major complications after EUS-guided FNA of solid pan-
creatic masses: a prospective evaluation. Gastrointest Endosc. 2006;63(4):622-9.

Tierney WM, et al. The clinical and economic impact of alternative staging strategies for
adenocarcinoma of the pancreas. Am J Gastroenterol. 2000;95(7):1708-13.

Harewood GC, Wiersema MJ. A cost analysis of endoscopic ultrasound in the evaluation of
pancreatic head adenocarcinoma. Am J Gastroenterol. 2001;96(9):2651-6.



166

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

J.J. Farrell

Mertz H, Gautam S. The learning curve for EUS-guided FNA of pancreatic cancer.
Gastrointest Endosc. 2004;59(1):33-7.

Klapman JB, et al. Clinical impact of on-site cytopathology interpretation on endoscopic
ultrasound-guided fine needle aspiration. Am J Gastroenterol. 2003;98(6):1289-94.

Farrell JJ. Diagnosing pancreatic malignancy in the setting of chronic pancreatitis: is there
room for improvement? Gastrointest Endosc. 2005;62(5):737—41.

Varadarajulu S, Tamhane A, Eloubeidi MA. Yield of EUS-guided FNA of pancreatic masses
in the presence or the absence of chronic pancreatitis. Gastrointest Endosc. 2005;62(5):728—
36; quiz 751, 753.

Fritscher-Ravens A, et al. Comparison of endoscopic ultrasound-guided fine needle aspira-
tion for focal pancreatic lesions in patients with normal parenchyma and chronic pancreatitis.
Am J Gastroenterol. 2002;97(11):2768-75.

Atiq M, et al. Role of endoscopic ultrasonography in evaluation of metastatic lesions to the
pancreas: a tertiary cancer center experience. Pancreas. 2013;42(3):516-23.

Tharian B, et al. Endoscopic ultrasound fine needle aspiration: technique and applications in
clinical practice. World J Gastrointest Endosc. 2012;4(12):532-44.

Varadarajulu S, Fockens P, Hawes RH. Best practices in endoscopic ultrasound-guided fine-
needle aspiration. Clin Gastroenterol Hepatol. 2012;10(7):697-703.

Weston BR, Bhutani MS. Optimizing diagnostic yield for EUS-guided sampling of solid
pancreatic lesions: a technical review. Gastroenterol Hepatol (N'Y). 2013;9(6):352-63.
Polkowski M, et al. Learning, techniques, and complications of endoscopic ultrasound (EUS)-
guided sampling in gastroenterology: European Society of Gastrointestinal Endoscopy
(ESGE) technical guideline. Endoscopy. 2012;44(2):190-206.

Varadarajulu S, et al. Endoscopic ultrasound-guided tissue acquisition. Dig Endosc.
2014;26(Suppl 1):62-9.

Panic N, Larghi A. Techniques for endoscopic ultrasound-guided fine-needle biopsy.
Gastrointest Endosc Clin N Am. 2014;24(1):83-107.

Donahue TR, et al. Stromal MicroRNA-21 levels predict response to 5-fluorouracil in patients
with pancreatic cancer. J Surg Oncol. 2014;110(8):952-9.

Neuzillet C, et al. Stromal expression of SPARC in pancreatic adenocarcinoma. Cancer
Metastasis Rev. 2013;32(3-4):585-602.

Simone NL, et al. Laser capture microdissection: beyond functional genomics to proteomics.
Mol Diagn. 2000;5(4):301-7.

Larghi A, et al. Feasibility and yield of a novel 22-gauge histology EUS needle in patients with
pancreatic masses: a multicenter prospective cohort study. Surg Endosc. 2013;27(10):3733-8.
Iwashita T, et al. High single-pass diagnostic yield of a new 25-gauge core biopsy needle for
EUS-guided FNA biopsy in solid pancreatic lesions. Gastrointest Endosc. 2013;77(6):909-15.
Saftoiu A, et al. Neural network analysis of dynamic sequences of EUS elastography used for
the differential diagnosis of chronic pancreatitis and pancreatic cancer. Gastrointest Endosc.
2008;68(6):1086-94.

Fuccio L, et al. The role of K-ras gene mutation analysis in EUS-guided FNA cytology speci-
mens for the differential diagnosis of pancreatic solid masses: a meta-analysis of prospective
studies. Gastrointest Endosc. 2013;78(4):596-608.

Luz LP, Al-Haddad MA, DeWitt JA. EUS-guided celiac plexus interventions in pancre-
atic cancer pain: an update and controversies for the endosonographer. Endosc Ultrasound.
2014;3(4):213-20.

Fujii-Lau LL, et al. Impact of celiac neurolysis on survival in patients with pancreatic cancer.
Gastrointest Endosc. 2015;82(1):46-56. e2

Kaufman M, et al. Efficacy of endoscopic ultrasound-guided celiac plexus block and celiac
plexus neurolysis for managing abdominal pain associated with chronic pancreatitis and pan-
creatic cancer. J Clin Gastroenterol. 2010;44(2):127-34.

Doi S, et al. Endoscopic ultrasound-guided celiac ganglia neurolysis vs. celiac plexus neu-
rolysis: a randomized multicenter trial. Endoscopy. 2013;45(5):362-9.



8 Advanced Endoscopic Procedures 167

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

DiMaio CJ, et al. EUS-guided fiducial placement for image-guided radiation therapy
in GI malignancies by using a 22-gauge needle (with videos). Gastrointest Endosc.
2010;71(7):1204-10.

Pishvaian AC, et al. EUS-guided fiducial placement for CyberKnife radiotherapy of medias-
tinal and abdominal malignancies. Gastrointest Endosc. 2006;64(3):412-7.

Park WG, et al. EUS-guided gold fiducial insertion for image-guided radiation therapy
of pancreatic cancer: 50 successful cases without fluoroscopy. Gastrointest Endosc.
2010;71(3):513-8.

Varadarajulu S, et al. The use of endoscopic ultrasound-guided gold markers in image-guided
radiation therapy of pancreatic cancers: a case series. Endoscopy. 2010;42(5):423-5.

Farrell JJ, Sherrod A, Parekh D. EUS-guided fine-needle tattooing for preoperative localiza-
tion of early pancreatic adenocarcinoma. Gastrointest Endosc. 2009;69(1):176-7.

Lennon AM, et al. EUS-guided tattooing before laparoscopic distal pancreatic resection (with
video). Gastrointest Endosc. 2010;72(5):1089-94.

Larsen MH, Fristrup CW, Mortensen MB. Endoscopic ultrasound-guided fine-needle mark-
ing of a small pancreatic tumor. Endoscopy. 2009;41(Suppl 2):E175-6.

Hecht JR, et al. EUS or percutaneously guided intratumoral TNFerade biologic with
5-fluorouracil and radiotherapy for first-line treatment of locally advanced pancreatic cancer:
a phase I/II study. Gastrointest Endosc. 2012;75(2):332-8.

Jurgensen C, et al. EUS-guided alcohol ablation of an insulinoma. Gastrointest Endosc.
2006;63(7):1059-62.

Levy MIJ, et al. US-guided ethanol ablation of insulinomas: a new treatment option.
Gastrointest Endosc. 2012;75(1):200-6.

DuYQ, LiZS, Jin ZD. Endoscope-assisted brachytherapy for pancreatic cancer: from tumor
killing to pain relief and drainage. J Interv Gastroenterol. 2011;1(1):23-7.

Jin Z, et al. Endoscopic ultrasonography-guided interstitial implantation of iodine 125-seeds
combined with chemotherapy in the treatment of unresectable pancreatic carcinoma: a pro-
spective pilot study. Endoscopy. 2008;40(4):314-20.

Poincloux L, et al. Endoscopic ultrasound-guided biliary drainage after failed ERCP: cumu-
lative experience of 101 procedures at a single center. Endoscopy. 2015:47(9):794-801.
Weilert F. Prospective evaluation of simplified algorithm for EUS-guided intra-hepatic biliary
access and anterograde interventions for failed ERCP. Surg Endosc. 2014;28(11):3193-9.
Oterdoom LH, van Weyenberg SJ, de Boer NK. Double-duct sign: do not forget the gall-
stones. J Gastrointestin Liver Dis. 2013;22(4):447-50.

Scheiman JM, et al. Can endoscopic ultrasound or magnetic resonance cholangiopancreatog-
raphy replace ERCP in patients with suspected biliary disease? A prospective trial and cost
analysis. Am J Gastroenterol. 2001;96(10):2900-4.

Jailwala J, et al. Triple-tissue sampling at ERCP in malignant biliary obstruction. Gastrointest
Endosc. 2000;51(4 Pt 1):383-90.

Parsi MA, et al. Factors affecting the yield of brush cytology for the diagnosis of pancreatic
and biliary cancers. Pancreas. 2011;40(1):52—-4.

Parsi MA, et al. Diagnostic and therapeutic cholangiopancreatoscopy: performance of a new
digital cholangioscope. Gastrointest Endosc. 2014;79(6):936-42.

Murakami M, et al. Bypass surgery or stent placement for biliary obstruction in patients with
unresectable pancreatic cancer. Gan To Kagaku Ryoho. 2013;40(12):1705-7.

Yamamoto R, et al. Comparison of endoscopic stenting for malignant biliary obstruction: a
single-center study. World J Gastrointest Endosc. 2015;7(9):889-94.

Kofokotsios A, et al. Palliation with endoscopic metal stents may be preferable to surgi-
cal intervention for patients with obstructive pancreatic head adenocarcinoma. Int Surg.
2015:100(6):1104-10.

Moss AC, et al. Do the benefits of metal stents justify the costs? A systematic review and
meta-analysis of trials comparing endoscopic stents for malignant biliary obstruction. Eur
J Gastroenterol Hepatol. 2007;19(12):1119-24.



168

92

93.

94.

9s.

96.

97.

98

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

J.J. Farrell

. Moss AC, Morris E, Mac Mathuna P. Palliative biliary stents for obstructing pancreatic carci-
noma. Cochrane Database Syst Rev. 2006;1:CD004200.

Almadi MA, Barkun AN, Martel M. No benefit of covered vs uncovered self-expandable
metal stents in patients with malignant distal biliary obstruction: a meta-analysis. Clin
Gastroenterol Hepatol. 2013;11(1):27-37. el

Saleem A, et al. Meta-analysis of randomized trials comparing the patency of covered and
uncovered self-expandable metal stents for palliation of distal malignant bile duct obstruc-
tion. Gastrointest Endosc. 2011;74(2):321-7. ¢l1-3

Cote GA, Sherman S. Endoscopic palliation of pancreatic cancer. CancerJ.2012;18(6):584-90.
van der Gaag NA, et al. Preoperative biliary drainage for cancer of the head of the pancreas.
N Engl J Med. 2010;362(2):129-37.

Fang Y, et al. Pre-operative biliary drainage for obstructive jaundice. Cochrane Database Syst
Rev. 2012;9:CD005444.

. Abrams RA, et al. Combined modality treatment of resectable and borderline resectable pan-
creas cancer: expert consensus statement. Ann Surg Oncol. 2009;16(7):1751-6.

Mullen JT, et al. Pancreaticoduodenectomy after placement of endobiliary metal stents.
J Gastrointest Surg. 2005;9(8):1094—104. discussion 1104-5

Wasan SM, et al. Use of expandable metallic biliary stents in resectable pancreatic cancer.
Am J Gastroenterol. 2005;100(9):2056-61.

Adler DG, Baron TH. Endoscopic palliation of malignant gastric outlet obstruction using
self-expanding metal stents: experience in 36 patients. Am J Gastroenterol. 2002;97(1):72-8.
Espinel J, et al. Palliative treatment of malignant obstruction of gastric outlet using an endo-
scopically placed enteral Wallstent. Dig Dis Sci. 2001;46(11):2322-4.

Lopera JE, et al. Gastroduodenal stent placement: current status. Radiographics.
2004;24(6):1561-73.

Del Piano M, et al. Endoscopy or surgery for malignant GI outlet obstruction? Gastrointest
Endosc. 2005;61(3):421-6.

Wong YT, et al. Gastric outlet obstruction secondary to pancreatic cancer: surgical vs endo-
scopic palliation. Surg Endosc. 2002;16(2):310-2.

Bessoud B, et al. Malignant gastroduodenal obstruction: palliation with self-expanding
metallic stents. J Vasc Interv Radiol. 2005;16(2 Pt 1):247-53.

Brune IB, et al. Laparoscopic gastrojejunostomy and endoscopic biliary stent place-
ment for palliation of incurable gastric outlet obstruction with cholestasis. Surg Endosc.
1997;11(8):834-7.

Holt AP, Patel M, Ahmed MM. Palliation of patients with malignant gastroduodenal obstruc-
tion with self-expanding metallic stents: the treatment of choice? Gastrointest Endosc.
2004;60(6):1010-7.

Kim JH, et al. Self-expanding coil stent with a long delivery system for palliation of
unresectable malignant gastric outlet obstruction: a prospective study. Endoscopy.
2001;33(10):838-42.

Telford JJ, et al. Palliation of patients with malignant gastric outlet obstruction with the enteral
Wallstent: outcomes from a multicenter study. Gastrointest Endosc. 2004;60(6):916-20.
Song HY, et al. A dual expandable nitinol stent: experience in 102 patients with malignant
gastroduodenal strictures. J Vasc Interv Radiol. 2004;15(12):1443-9.

Jeurnink SM, et al. Surgical gastrojejunostomy or endoscopic stent placement for the pal-
liation of malignant gastric outlet obstruction (SUSTENT study): a multicenter randomized
trial. Gastrointest Endosc. 2010;71(3):490-9.

Tringali A, et al. Endoscopic treatment of malignant gastric and duodenal strictures: a pro-
spective, multicenter study. Gastrointest Endosc. 2014;79(1):66-75.

Hosono S, et al. Endoscopic stenting versus surgical gastroenterostomy for palliation of
malignant gastroduodenal obstruction: a meta-analysis. J Gastroenterol. 2007;42(4):283-90.



8 Advanced Endoscopic Procedures 169

115. Jeurnink, S.M., et al., Stent versus gastrojejunostomy for the palliation of gastric outlet
obstruction: a systematic review. J Gastroenterol. 2010;45(5):537-43.

116. Fiori E, et al. Palliative management of malignant antro-pyloric strictures. Gastroenterostomy
vs. endoscopic stenting. A randomized prospective trial. Anticancer Res. 2004;24(1):269-71.

117. Mehta S, et al. Prospective randomized trial of laparoscopic gastrojejunostomy versus duode-
nal stenting for malignant gastric outflow obstruction. Surg Endosc. 2006;20(2):239-42.



Chapter 9
How to Treat Resectable Disease

Mary Dillhoff and Mark Bloomston

Introduction

Surgical resection is of critical importance in treatment if cure for pancreatic cancer
is possible; however, a minority of patients have potentially resectable disease at
presentation. Current guidelines suggest neoadjuvant therapy for resectable pancre-
atic cancer only in the context of a clinical trial; thus, proceeding to surgical resec-
tion is recommended if the mass is removable. However, most high-volume centers
have trended toward neoadjuvant therapy even for resectable patients. Treatment of
resectable disease will be defined and addressed, and surgical considerations will be
addressed in this chapter.

Clinical Presentation

Patients presenting with painless jaundice, especially older patients, have concern
for underlying malignancy. Approximately 70-80% of patients present with jaun-
dice when the cancer is located in the head of the pancreas. Nearly 70% of pancre-
atic cancers are located in the head with the remaining in the body and tail [1].
Symptoms vary based on location; however, other concerning symptoms include
weight loss, abdominal pain, and newly diagnosed diabetes [2, 3]. Left-sided lesions
often present with abdominal and back pain, recent-onset diabetes, and nausea.
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Management of jaundice is an important part of the decision-making process
prior to surgery. Preoperative biliary drainage was first suggested as a means to
reduce operative complications as it was thought that jaundice increased postopera-
tive complications [4]. In 2010 van der Gaag published a multicenter randomized
controlled trial of preoperative biliary drainage vs. surgery alone. Patients with a
bilirubin level of 2.3—14.6 mg per deciliter were randomized to preoperative plastic
biliary stent placement followed by surgery 4—6 weeks later or surgery alone within
1 week of diagnosis. A significantly greater proportion of patients in the preopera-
tive drainage group experienced serious complications compared to the early sur-
gery group (74 vs. 39%). The largest increased risk in the biliary stent group was
cholangitis in 26% of patients vs. 2% in non-stented patients. Perioperative out-
comes were similar between the two groups [5]. In general, asymptomatic mild to
moderate jaundice does not need to be corrected prior to surgery. However, in the
presence of severe jaundice, cholangitis, severe pruritus, debilitated patient, or if
neoadjuvant therapy is planned, biliary stenting should be considered.

Stent complications are a significant concern for patients undergoing these pro-
cedures. Metallic stents are considered superior to plastic stents in terms of stent-
related complications. A meta-analysis of preoperative plastic vs. metal stents in
resectable periampullary or pancreatic head tumors found that re-intervention rates
were significantly reduced in the metal stent group (3.4%) vs. the plastic stent group
(14.8% p < 0.0001) [6]. Costs have been shown to be slightly lower for plastic stents
vs. metal stents $19,935 vs. $20,878 [7]. However, the difference in cost is a rela-
tively small difference when taking into account the perceived cost to the patient if
they have stent-related complications and require an additional intervention.

Diagnosis, Imaging, and Staging

For patients with painless jaundice or a newly diagnosed pancreas mass, cross-
sectional imaging with intravenous contrast is mandatory for complete staging.
Specific notation should be made of the relationship of the primary lesion to the
mesenteric vasculature to allow classification of the lesion as resectable vs. border-
line resectable or locally advanced (see determination of resectability below). This
is best accomplished with imaging in both the arterial and venous phases. Perhaps
the most important is the determination of metastatic disease in the lungs, liver, or
elsewhere within the peritoneal cavity as pancreatectomy in the presence of distant
disease does not provide a survival benefit. While computed tomography (CT) scan-
ning typically provides the necessary information for determining resectability, both
magnetic resonance imaging (MRI) and endoscopic ultrasound (EUS) are used as
well in selected cases and will be discussed more thoroughly below. The relationship
of the tumor to surrounding vasculature including the portal and superior mesenteric
veins, celiac axis, superior mesenteric artery, and hepatic artery is critical to deter-
mine resectability of the disease (Figs. 9.1, 9.2, and 9.3). Multi-detector CT allows
for high-resolution images as well as 3-D reconstruction. The so-called pancreas
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Fig. 9.1 Resectable
pancreatic cancer with
clear plane between tumor
(T) and superior
mesenteric vein (SMV)
and superior mesenteric
artery (SMA)

Fig. 9.2 Borderline
resectable pancreatic
cancer with less than 180°
abutment of superior
mesenteric artery (SMA)
and plane between tumor
and superior mesenteric
vein (SMV)

Fig. 9.3 Locally advanced
unresectable pancreatic
cancer with greater than
180° abutment of superior
mesenteric vein (SMV)
and encasement of the
superior mesenteric artery
(SMA)

173




174 M. Dillhoff and M. Bloomston

protocol also adds the addition of fine cuts through the pancreas with both arterial
and venous phases. MRI with contrast can be a useful addition in determining the
relationship of local extension and is superior to CT in detecting small liver metas-
tases. EUS is the most sensitive test for evaluating small pancreatic tumors, superior
to both CT and MRI [8]. This is also the safest method to obtain tissue for pathologic
confirmation. This is not recommended as a routine staging tool. EUS is essential if
neoadjuvant therapy is to be undertaken for tissue confirmation prior to the start of
therapy [9]. Decision-making and interpretation of the imaging studies and diagnos-
tic evaluation are best undertaken by a multidisciplinary team that includes surgery,
gastroenterology, medical oncology, radiation oncology, and pathology.

Endoscopic retrograde cholangiopancreatography (ERCP) combines endoscopy
and fluoroscopic imaging for therapeutic intervention such as biliary decompres-
sion, when required. In addition, it may be used for duct brushing with cytology if
a mass is not seen to biopsy by EUS.

The role of positron emission tomography (PET) scanning in pancreatic cancer
continues to evolve. While inadequate as a sole modality for staging, it may improve
detection of occult metastatic disease when used as an adjunct to standard CT [10].
However, in its current form, the addition of PET as part of the routine staging of
pancreatic cancer does not greatly impact management and should be reserved for
patients at highest risk for metastatic disease (e.g., borderline resectable/locally
advanced, very elevated CA 19-9).

Serum CA 19-9 is best measured after biliary decompression as it may be falsely
elevated. If elevated, it is useful in following patients for recurrence or to assess
response to therapy. CA 19-9 is a sialylated Lewis A blood group antigen which is
commonly expressed and shed in pancreatic diseases and many malignancies but is
not specific to pancreatic cancer. CA 19-9 has a low positive predictive value, thus
making it a poor screening biomarker [11]. CA 19-9 has been found to be prognos-
tic in patients with resectable disease following surgery [12]. Berger and colleagues
report median survival of patients undergoing resection, and a postoperative CA
19-9 level of <180 U/ml had a significantly prolonged median survival than those
with CA 19-9 greater than 180 [13]. In patients receiving neoadjuvant therapy, CA
19-9 normalization to <40 U/ml has also been shown to be associated with improve-
ment in overall survival (15 months vs. 11 months) for those not able to be resected
and 38 months vs. 26 months for those undergoing resection [14]. Of note CA 19-9
may be undetectable in patients who are Lewis antigen negative [15].

In addition to imaging to determine that practicality of surgical resection, assess-
ment of physiologic ability to undergo major operation is crucial. Standard preop-
erative assessment typically includes history and physical, assessment of functional
status, laboratory evaluation, EKG, and possible cardiac work-up as indicated.
While all of these measures provide a general assessment of a patient’s well-being,
determination of candidacy for pancreatectomy is best determined by an experi-
enced pancreatic surgeon. After thorough initial staging, only 15-20% of patients
are surgical candidates without consideration of neoadjuvant therapy.

Fine needle aspiration (FNA) by EUS is the safest method of obtaining patho-
logic confirmation of malignancy, preferable to the percutaneous approach.
Pathologic confirmation is necessary prior to start of neoadjuvant chemotherapy;
however, when proceeding directly to surgical resection, biopsy is not mandatory
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and should not delay surgery. The preference for EUS FNA is due to better yield,
safety, and a theoretical decreased risk of seeding of the peritoneal cavity during
percutaneous approaches. In addition, percutaneous approaches may have an
increased risk of bleeding and infectious complications. If biopsy does not confirm
malignancy consideration of one repeat, biopsy should be undertaken. It should be
emphasized that biopsy is not mandatory prior to proceeding to resection if a high
suspicion for pancreatic cancer exists. If biopsy does not confirm malignancy, alter-
native diagnosis such as autoimmune pancreatitis may be considered.
Multidisciplinary teams are crucial to interpretation of these tests.

Determining Resectability

Determining if a tumor is able to be removed is based on the imaging studies
described above and best determined by an experienced pancreatic surgeon, prefer-
ably as part of a multidisciplinary group. Essentially the imaging is used to estimate
the ability to achieve complete (i.e., R0) resection at the relevant transection mar-
gins and vascular planes. RO resection is a strong prognostic indicator for recur-
rence rates and overall survival [16—18]. The relationship of the tumor to mesenteric
vasculature is the determinate of resectable vs. borderline and locally advanced pan-
creatic cancer (Figs. 9.1, 9.2, and 9.3). Preoperative imaging not only evaluates for
distant metastatic disease but also the relationship of the mass to the superior mes-
enteric vein and portal vein, common hepatic artery, gastroduodenal artery, superior
mesenteric artery, and celiac axis. The definitions of resectable, borderline, and
locally advanced have been defined by many groups including the National
Comprehensive Cancer Network (NCCN), Society of Surgical Oncology (SSO),
Americas Hepato-Pancreato-Biliary Association (AHPBA), Society for Surgery of
the Alimentary Tract (SSAT), and Alliance for Clinical Trials in Oncology. This has
allowed the terminology to become more standard, although some differences
remain between these groups’ definitions (Table 9.1). Resectable pancreatic cancer
is a tumor without contact of the celiac artery, hepatic artery, superior mesenteric

Table 9.1 Definitions of resectable/borderline/locally advanced disease

Surgical staging

Relationship to major vasculature

SMV/portal vein Common hepatic
Clinical stage confluence SMA Celiac axis artery
Resectable No tumor contact or No contact | No contact No contact

<180° contact without
vein irregularity

Borderline Contact >180° or <180° | Contact <180° (for Contact without
with compression or <180° body/tail extension to celiac,
thrombosis and amenable tumors) short segment
to reconstruction encasement

Locally advanced | Unreconstructible SMV/ | Contact Contact Long segment

unresectable PV >180° encasement
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artery, or superior mesenteric vein. Some also include tumors that have limited
involvement of the SMV/portal vein but are removable with RO resection with vas-
cular resection and reconstruction [19].

Role of Laparoscopy

Laparoscopy has long been used to evaluate for peritoneal disease not appreciated
on cross-sectional imaging. The use varies greatly by institution and surgeon, rang-
ing from routine to very selective use. This modality is most useful for patients with
findings on imaging that are suspicious for metastatic disease but not obviously
metastatic and/or not amenable to confirmatory biopsy. Those with peritoneal nod-
ules or omental thickening, small indeterminate liver lesions, or ascites increase the
clinical suspicion for underlying distant metastatic disease, thus increasing the util-
ity for laparoscopy. Laparoscopy is not widely used for determining local resect-
ability because evaluation of the mesenteric vasculature is not easily done with
laparoscopy [20]. For patients with metastatic disease discovered by laparoscopy,
an unnecessary laparotomy is avoided, thus shortening hospital length of stay and
allowing chemotherapy to be initiated sooner [21, 22]. Most recently, a Cochrane
review was published by Allen and colleagues evaluating the use of laparoscopy and
again found that diagnostic laparoscopy decreases the rate of unnecessary laparot-
omy from 40% in those receiving work-up with CT alone to 18% for those receiving
both CT and diagnostic laparoscopy [23]. Although rarely used in pancreatic malig-
nancies, the addition of peritoneal washings for cytology may increase the sensitiv-
ity of diagnosing occult metastatic disease when used in conjunction with
cross-sectional imaging and laparoscopy. Positive cytology occurs in up to 30% of
potentially resectable pancreatic malignancies, and their survival is equivalent to
those with distant metastatic disease. Thus, patients with positive cytology should
be considered incurable and not eligible for resection [24].

Surgical Management and Considerations

For tumors in the head/uncinate of the pancreas, a pancreaticoduodenectomy or
Whipple procedure is required. For tumors in the body/tail of the pancreas distal
(subtotal), pancreatectomy is needed. Splenectomy is recommended as well for left-
sided cancers. Many differences in surgical technique have been researched over
many years including pylorus-preserving pancreaticoduodenectomy (PPPD), dif-
ferent anastomotic techniques, the use of drains, and the value of extended lymph-
adenectomy. No major difference in outcome has been shown with any of the above
changes in technique.

Pylorus-preserving pancreaticoduodenectomy (PPPD) vs. standard pancreatico-
duodenectomy has been evaluated in multiple randomized controlled trials. PPPD
was introduced in an effort to prevent the long-term complications of dumping
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syndrome, bile reflux gastritis, and marginal ulcer. Trials have had conflicting
results, but most have not found statistically significant differences in overall and
disease-free survival, operating time, blood loss, length of stay, overall morbidity
and mortality, resection margin status, quality of life, or delayed gastric emptying
[25-27]. A Cochrane review evaluated PPPD vs. standard pancreaticoduodenec-
tomy. Eight randomized controlled trials were included in the analysis with 512
patients. Postoperative morbidity, mortality, and long-term survival were not statis-
tically different between groups. There was a statistical benefit of standard pancre-
aticoduodenectomy for delayed gastric emptying, but sensitivity analysis did not
support this finding. There were some perioperative differences for PPPD with
decreased blood loss, operative time, and red cell transfusion; however, none of
these differences translated into lengthened survival or decreased length of stay.
There was great heterogeneity within these studies; thus, these differences should
be interpreted carefully [28]. Essentially, the use of pylorus preservation has been
relegated to that of surgeon preference.

Given the morbidity associated with pancreatic fistula following pancreatec-
tomy, the optimal management of the pancreatic duct has become the holy grail of
pancreatic surgery. Many variations of anastomotic techniques have been attempted
to reduce pancreatic fistula rates. Most commonly described and compared is pan-
creaticojejunostomy (PJ) vs. pancreaticogastrostomy (PG). Many trials have been
performed addressing this question but evidence is still conflicting. There have been
multiple meta-analyses published in the last several years again with some conclud-
ing that PG is associated with less postoperative pancreatic fistula (POPF) over PJ
and others with no difference in the technique [29-33]. These results must be inter-
preted with caution as many surgeons feel the most reliable method of anastomosis
is the technique that they use most commonly. Thus, changing technique may not
result in lower POPFE. Other techniques including occlusion of the pancreatic duct or
binding technique have been described but are not routinely used in practice [34,
35]. Other techniques to create the pancreaticojejunostomy have been examined
such as end to end, end to side, duct to mucosa, and invagination. All of these meth-
ods have been shown safe and are chosen based on surgeon’s preference. Pancreatic
duct stenting has been described for nearly a century; however, it has not been
shown to decrease pancreatic fistula. A small randomized controlled trial confirmed
that fistula rates and severity were similar between stent and no stent [36].

The addition of pharmaceuticals has also been evaluated to reduce the incidence
of postoperative pancreatic fistulas (POPF). The somatostatin analog, octreotide, has
been studied for many years with the premise that reduction of pancreatic secretions
theoretically should reduce leak rates. The studies using octreotide have been mixed
at best, and two prospective randomized controlled trials have not shown a decrease
in fistula rates [37, 38]. A newer somatostatin analog with a longer half-life and
broader binding profile than octreotide, pasireotide, was shown in a randomized con-
trolled trial in 2014 to decrease the incidence of grade 3 or higher POPF from 21 to
9% [39]. The cost of this newer agent as prescribed in the trial and its off-label use,
however, has thus far slowed its general adoption into practice at many institutions.

Lymph node status is an important predictor of survival in patients with pancre-
atic cancer. Lymph node involvement is estimated from 50 to 80%; thus extended
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lymphadenectomy has been proposed by some groups. However, several studies
have shown that extended lymphadenectomy was associated with higher complica-
tion rates without improvement in quality of life or overall survival [40, 41]. The
consensus meeting of the International Study Group on Pancreatic Surgery formu-
lated a statement with regard to the recommended extent of lymphadenectomy.
Lymphadenectomy should include the surrounding lymph nodes along the resection
and not distant nodes (e.g., nodes to the left of the SMA, celiac, splenic artery, or
left gastric). Several meta-analyses have also confirmed no improvement in survival
with extended lymphadenectomies [42—44].

The routine use of operative drains continues to be a topic of discussion among
pancreatic surgeons. Conlon and colleagues attempted to address the question in
2001 with a prospective randomized study of 179 patients undergoing pancreatec-
tomy for peripancreatic tumors. The majority of patients (77%) underwent Whipple
and the remainder distal pancreatectomy. The addition of drains did not reduce post-
operative complications or death and increased the risk of intra-abdominal abscess,
fluid collection, and pancreatic fistula [45]. A randomized multicenter trial was con-
ducted more recently with 137 patients undergoing Whipple assigned to drain or no
drain. The study was stopped early because of increased risk of death in the group
not receiving drains (12 vs. 3%). Patients undergoing Whipple without drainage had
an increased risk of complications and increased severity of complications includ-
ing gastroparesis, intra-abdominal fluid collection, abscess, diarrhea, need for post-
operative drain, and prolonged length of stay [46]. Cochrane review of 316 patients
receiving drain vs. no drain done in 2015 was unable to conclude whether routine
drainage affects mortality or surgical complications [47]. A multicenter randomized
controlled trial evaluating drains in distal pancreatectomy has completed accrual
and pending results. Given the data, routine drainage after pancreatic surgery to
reduce mortality and surgical complications remains in question.

Vascular resections historically were abandoned during PD because of the high
morbidity and mortality. However, venous resection has become widely acceptable.
Rates of venous resection vary greatly by institution from 7 to 80% [48-50].
Perioperative morbidity and mortality are similar to standard resections. Venous
resections vary depending on the tumor involvement with some requiring lateral ven-
orrhaphy with primary closure, resection with vein patch, sleeve resection with pri-
mary anastomosis, or resection with interposition graft. The autologous graft of
choice is most often the internal jugular vein or saphenous vein if adequate size.
Prosthetic grafts are often debated because of the risk of infection when placed in a
contaminated field. Primary anastomosis can often be performed even with a 57 cm
gap after mobilization of the liver and right colon and ligation of the splenic vein [51].

Conclusion

Surgical resection remains the mainstay of therapy for long-term survival in patients
with pancreatic cancer, although a minority are able to undergo resection with cura-
tive intent. The morbidity and mortality following resection have decreased dra-
matically since its inception a century ago, particularly in the last several decades.
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Still, curative surgery remains underutilized by virtue of the perceived debilitating
effects of pancreatectomy and the global nihilistic approach to pancreatic cancer.
The reality is that mortality is now consistently below 5% at high-volume centers
and patients (even elderly ones) can expect return to normal activities and good
quality of life. Much progress on oncologic outcomes remains to be made. While
current recommendations are for patients with resectable disease to undergo resec-
tion unless enrolled in a neoadjuvant therapy trial, most pancreatic surgeons will
agree that once a tolerable, efficacious systemic therapy is identified, it is best
administered prior to surgery. Until then, thoughtful consideration for resection uti-
lizing high-quality cross-sectional imaging, sound surgical expertise, and a multi-
disciplinary team provides optimal outcomes.
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MDACC MD Anderson Cancer Center

MDCT Multi-detector computed tomography
mFOLFIRINOX Modified FOLFIRINOX

MRI Magnetic resonance imaging

NCCN National Comprehensive Cancer Network
NT Neoadjuvant therapy

OR Odds ratio

oS Overall survival

PV Portal vein

RECIST Response Evaluation Criteria in Solid Tumors
SBRT Stereotactic body radiation therapy

SEMS Self-expanding metal stents

SMA Superior mesenteric artery

SMV Superior mesenteric vein

SSAT Society for Surgery of the Alimentary Tract
SSO Society of Surgical Oncology

TNM Tumor-node-metastasis

Introduction

Pancreatic cancer is the fourth most common cause of cancer-related death in the
United States, accounting for greater than 40,000 deaths in 2016 alone [1]. When
compared to the 53,000 new diagnoses in the same year, this diagnosis/mortality
ratio attests to the aggressive nature of pancreatic malignancy. Unfortunately, at the
onset of symptoms and at the time of diagnosis, the majority (>50%) of pancreatic
cancers have metastasized, resulting in less than 20% resectability rate [2]. The
remaining 30-40% of patients present with borderline resectable (BR) and unre-
sectable locally advanced pancreatic cancer (LAPC).

The 7th edition American Joint Committee on Cancer classifies pancreatic
cancer based on tumor-node-metastasis (TNM) staging criteria [3]. Preoperative
imaging is used to stratify patients based on primary tumor-vessel relationship to
resectable, BR, unresectable, or metastatic disease. In patients with resectable
disease, there is no tumor involvement of major blood vessels (T1-T3). Tumor
growth into the celiac axis (CA) or superior mesenteric artery (SMA), factors
that may preclude local curative resection, is T4 and stage three at minimum,
with degree of vessel involvement differentiating between BR and LAPC.

This review will describe the definitions, clinical workup, and management
of patients with borderline resectable pancreatic cancer (BRPC) and LAPC and
discuss updates with regard to multimodality therapies for these subsets of
patients.
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Definitions

Borderline Resectable Pancreatic Cancer

Despite the simple concept of BR disease—disease burden that while technically
resectable may result in an unfavorable rate of incomplete resection and locore-
gional recurrence—several groups have proffered criteria for expanding this defini-
tion with clinical criteria (Table 10.1) [4]. MD Anderson Cancer Center (MDACC)
divides BR disease into three subtypes [4]. Type A disease encompasses the fol-
lowing criteria: <180° involvement of the SMA or CA, >180° involvement or
encasement of the hepatic artery (HA), or short-segment occlusion of the superior
mesenteric vein (SMV), portal vein (PV), or the SMV-PV confluence amenable to
vascular resection and reconstruction. Type B disease is defined by tumor burden
that may be technically resectable based on imaging but with high suspicion for
extrapancreatic, metastatic disease. Type C disease reflects patient-level factors that
contribute to marginal performance status.

In contrast, a consensus definition of the Americas Hepato-Pancreato-Biliary
Association (AHPBA)/Society for Surgery of the Alimentary Tract (SSAT)/Society
of Surgical Oncology (SSO) included any involvement—abutment or encasement—
of the SMV-PV as BR disease [5]. The consensus definition was modified and
adopted by the National Comprehensive Cancer Network (NCCN) in 2009.
However, the NCCN definition did not differentiate well between BRPC and LAPC.

In an effort to remove ambiguity and promote multicenter cooperation, the
Intergroup definition for BRPC was developed, taking into consideration prior ret-
rospective reports of prognosis based on tumor-vessel interface (TVI) and in col-
laboration with investigators from the Alliance of Clinical Trials in Oncology, the
Southwest Oncology Group, the Eastern Cooperative Oncology Group, and the
Radiation Therapy Oncology Group [6—8]. Diagnosis is made using pancreas proto-
col computed tomography (CT) or magnetic resonance imaging (MRI) modalities
and includes the following: (1) >180° TVI with the SMV or PV or short-segment
occlusion amenable to resection and vascular reconstruction, (2) <180° TVI with
the SMA, and (3) any TVI with the common HA, with normal proximal and distal
vasculature amenable to resection and reconstruction.

Locally Advanced Pancreatic Cancer

Similar variations occur in the definition of LAPC between the MDACC, AHPBA/
SSAT/SSO, and NCCN classification (Table 10.2). As in its definition of BRPC, the
Intergroup definition uses objective descriptions of TVI instead of ambiguous terms
such as “abutment” or “severely narrowed.” Its classification of LAPC consists of
the following: (1) unreconstructable occlusion of the SMV or PV, (2) >180° TVI
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Table 10.1 Definitions of borderline resectable pancreatic cancer

AHPBA/
Vessel MD Anderson | SSAT/SSO NCCN Intergroup
SMV-PV Short-segment | Abutment, Abutment with | TVI > 180° and/or
occlusion encasement, impingement reconstructable occlusion
or occlusion or narrowing
SMA Abutment Abutment Abutment TVI < 180°
CHA Abutment or Abutment or Abutment or Reconstructable, short-
encasement encasement encasement segment TVI of any degree
CA Abutment No abutment or | No abutment TVI< 180°
encasement or encasement

AHPBA Americas Hepato-Pancreato-Biliary Association, SSAT Society for Surgery of the
Alimentary Tract, SSO Society of Surgical Oncology, NCCN National Comprehensive Cancer
Network, SMV superior mesenteric vein, PV portal vein, SMA superior mesenteric artery, CHA
common hepatic artery, CA celiac artery, 7VI tumor-vessel interface. Abutment, < 180° involve-
ment. Encasement, > 180° short-segment involvement. Reconstructable occlusion, normal vein or
artery proximal and distal to the site of tumor-vessel involvement suitable for vascular reconstruction

Table 10.2 Definitions of locally advanced pancreatic cancer
Vessel MD Anderson AHPBA/SSAT/SSO | NCCN Intergroup
SMV-PV | Unreconstructable | Unreconstructable Unreconstructable | Unreconstructable
tumor involvement | tumor involvement | tumor involvement | occlusion
or occlusion
SMA Encasement Encasement Encasement or TVI > 180°
occlusion
CHA Long-segment Long-segment Unreconstructable | Unreconstructable
encasement encasement tumor involvement | TVI
CA Encasement Abutment Abutment TVI > 180°

AHPBA Americas Hepato-Pancreato-Biliary Association, SSAT Society for Surgery of the
Alimentary Tract, SSO Society of Surgical Oncology, NCCN National Comprehensive Cancer
Network, SMV superior mesenteric vein, PV portal vein, SMA superior mesenteric artery, CHA
common hepatic artery, CA celiac artery. Abutment, < 180° involvement. Encasement, > 180°
short-segment involvement

with the SMA, (3) unreconstructable TVI of the common HA, and (4) >180° TVI
with the CA [7].

Clinical Workup
Imaging

Contrast-enhanced multi-detector computed tomography (MDCT) scan is the gold
standard in diagnosing and staging pancreatic cancer. Acquisition of thin 2.5 mm
slices of the pancreas during peak enhancement increases image resolution, with a
reported sensitivity of 89-97% [9]. For tumors smaller than 1.5 cm, however, this
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rate decreases to 67% [10]. The characteristic appearance of pancreatic cancer on
MDCT is an ill-defined mass that is hypodense in relation to the surrounding
parenchyma, though a quarter of tumors are isodense and can be difficult to detect
[11,12].

For optimal detection of tumors, pancreas protocol CT scans are utilized to
acquire images at two phases of peak contrast enhancement—the pancreatic phase
and the hepatic phase [13]. Prior to the scan, water is given as a negative oral
contrast agent to improve visualization of the periampullary region [14]. An arte-
rial phase scan is performed approximately 20 s after injection of intravenous
contrast. The pancreatic phase occurs after the arterial phase, approximately 40 s
after injection of contrast, allowing enhancement and distinction of the pancreatic
parenchyma from the neoplastic mass, as well as characterization of the mass in
relationship to surrounding vasculature. Finally, the hepatic phase occurs approxi-
mately 1 min after injection of contrast and allows for venous enhancement of
the liver to differentiate between normal hepatic parenchyma and hypovascular
metastases, in addition to evaluation of the mesenteric and portal veins for vascu-
lar invasion. Isoattenuating tumors may be difficult to discriminate from normal
parenchyma and require secondary signs such as ductal dilatation or mass effect to
aid in detection [12].

Contrast-enhanced MRI is another modality that can be utilized to image the
pancreas. A benefit of contrast-enhanced MRI is improved characterization of isoat-
tenuating tumors that are difficult to see on MDCT [15]. Otherwise, it has been
demonstrated to be equivalent to MDCT in detecting pancreatic cancer, with a sen-
sitivity and specificity of 98% and 96%, respectively [16]. A major limitation of
MRI is degradation of image quality with motion artifact [17].

In addition to contrast-enhanced MRI in characterizing subtle masses, combined
positron emission tomography/computed tomography using 18-fluorodeoxyglucose
(FDG-PET/CT) is an alternative option. In a single-center prospective study, FDG-
PET/CT was reported to have a diagnostic accuracy of 89%, compared to 76% for
MDCT for the detection of pancreatic cancer [18]. Furthermore, FDG-PET/CT
plays an invaluable adjunctive role in cases of biliary strictures but lacking signs of
malignancy on MDCT and MRI. In a quarter of study patients, clinical decision-
making was altered due to FDG-PET/CT. Larger multicenter studies are needed to
corroborate these promising findings before establishing FDG-PET/CT as a diag-
nostic and staging modality. In addition, its utility in staging BR and LAPC remains
to be defined.

Endoscopic ultrasound (EUS) is another useful adjunct for detecting masses that
are either indeterminate or not seen on CT despite a high clinical suspicion.
Placement of the ultrasound probe in close proximity to the pancreas allows for
high-resolution imaging in a focused location. The sensitivity and negative predic-
tive value of EUS both approach 100% when the procedure is combined with fine
needle aspiration (FNA) for tissue diagnosis [11]. The limitations of EUS are its
invasive nature, dependency on operator skill, and inability to assess for metastatic
disease. EUS can also be utilized for placement of fiducial markers, which are used
as target points for stereotactic body radiation therapy (SBRT).
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Tissue Diagnosis and Biliary Decompression

Prior to undergoing neoadjuvant therapy (NT), tissue confirmation of malignancy
needs to be established. Currently, the need for surgical biopsy has been overtaken
by FNA via percutaneous or endoscopic approaches, which is now considered the
gold standard for obtaining tissue diagnosis [19]. Percutaneous and EUS-guided
FNA have been demonstrated to be safe, cost-effective, accurate, and adequate in
obtaining tissue cytology and histology [20]. Although there is a theoretical concern
of seeding the needle tract or peritoneum with tumor, retrospective studies have
neither demonstrated a recurrence-free nor overall survival disadvantage with the
biopsy procedures [21, 22].

Another consideration for patients with head of the pancreatic tumors and
obstructive jaundice is the need for biliary decompression, as many chemotherapy
agents are cleared by the biliary system [23, 24]. This is typically performed by
placement of a stent via endoscopic retrograde cholangiopancreatography (ERCP).
Self-expanding metal stents (SEMS) are preferred over plastic stents due to longer
patency and decreased complication rates [25, 26]. In a prospective study of resect-
able and borderline resectable patients who had SEMS placement prior to NT, stent-
related complications—including stent occlusion (13%) and migration (2%)—did
not interfere with technical aspects of surgical resection [27].

Neoadjuvant Regimens for Borderline Resectable
Pancreatic Cancer

Although there are no randomized trials comparing NT to a surgery-first approach
in patients with borderline resectable tumors, NT has become the treatment para-
digm for this subset of patients in the United States. The primary purpose of NT is
to downstage the tumor with the goal of achieving a margin-free, RO resection.
Additional benefits include early, well-tolerated systemic treatment of micrometas-
tases and testing of tumor biology to select patients most likely to benefit from
surgical intervention. Much of the data regarding neoadjuvant chemotherapy with
or without chemoradiation therapy (CRT) comes from single-institution studies
(Tables 10.3 and 10.4).

Gemcitabine Combination Therapies

One of the largest single-institution studies of BRPC comes from MDACC. Katz
et al. reported 160 patients with BR tumors per the MDACC definition, of which
125 (78%) completed NT consisting of CRT + gemcitabine-based chemotherapy
prior to restaging [4]. Among patients restaged, 66 patients (41% of the original 160
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patients) completed a resection of curative intent, with the majority achieving a RO
resection (62 patients, 94%). Patients who completed NT and resection had a sig-
nificant survival advantage compared to patients who were not deemed surgical
candidates (median overall survival [OS], 40 vs. 13 months, P < 0.001). This sur-
vival benefit remained when comparing the MDACC Type A borderline resectable
patients due to vascular involvement who completed NT and surgery to those who
did not (median OS, 40 vs. 15 months, P < 0.001).

Similar RO resection rates were reported by Kang et al. in a retrospective obser-
vational study comparing 32 BRPC patients who were treated with neoadjuvant
gemcitabine-based CRT to 104 patients with resectable disease who underwent up-
front pancreatectomy [28]. In addition, there were no appreciable differences in the
RO rates (84% vs. 88%) and disease-specific survival (26.3 months vs. 30.4 months)
between the two groups. Moreover, patients who received CRT had decreased
T-staging and nodal involvement than the pancreatectomy-first patients (P < 0.05),
suggesting that CRT not only has a local effect on the primary tumor but also a
systemic effect on metastasis to the lymph nodes.

Favorable locoregional control was also observed in a prospective phase II trial
conducted by Takahashi et al. in which 188 patients with resectable disease and 80
patients with BRPC both received gemcitabine-based CRT [29]. However, despite
similar RO resection and 5-year local recurrence rates between the two groups,
patients with resectable disease had significantly higher 5-year survival rates (57%
vs. 34%).

FOLFIRINOX

In the phase II ACCORD-11 trial, FOLFIRINOX (folinic acid, fluorouracil, iri-
notecan, and oxaliplatin) was demonstrated to have a significant response rate
(31.6% vs. 9.4%, P < 0.001) and increased OS (11.1 vs. 6.8 months, P < 0.001)
compared to single-agent gemcitabine among patients with metastatic pancreatic
cancer [30]. The encouraging results of this study led to extrapolation of the
FOLFIRINOX regimen to BRPC and LAPC. Christians et al. reported resection in
83% of patients and achieved a RO resection in all patients [31]. Ferrone et al.
reported similar results, with an 85% resection rate among 40 patients with BR and
LAPC who underwent FOLFIRINOX prior to surgery and 92% obtaining a RO
resection [32]. In addition, compared to patients who were deemed resectable and
underwent a surgery-first approach, BRPC patients treated with NT had signifi-
cantly less lymph node involvement and increased OS.

Although response rates of patients treated with FOLFIRINOX in the
ACCORD-11 trial were remarkable, there were significantly higher adverse events
of grade 3—4 neutropenia, febrile neutropenia, thrombocytopenia, diarrhea, and neu-
ropathy among patients in the FOLFIRINOX arm than the gemcitabine arm [30].
Due to these treatment toxicities, Blazer et al. utilized modified FOLFIRINOX
(mFOLFIRINOX), which consisted of a lower dose of irinotecan and elimination of
fluorouracil and leucovorin boluses, and reported a 61% resection rate and 82% RO
resection rate among patients with BRPC [33]. Similarly, the Intergroup multicenter
clinical trial demonstrated a pancreatectomy rate of 68% and RO resection rate of
93% with mFOLFIRINOX in combination with capecitabine-based CRT [34].
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A summary of studies on BRPC shown in Tables 10.3 and 10.4 displays the het-
erogeneity of staging definitions, treatment regimens, and therapeutic responses
utilized. Thus, there is no universally accepted NT regimen, although induction
therapy with gemcitabine combinations and mFOLFIRINOX has become attractive
options. To address the lack of consistency in prior studies, the Intergroup trial—a
prospective, multicenter single-arm trial—was conducted. This trial was designed
to be a feasibility study to demonstrate multi-institutional cooperation in the man-
agement of this subset of patients. Thus, sample size in this study was limited to 22
patients. Among 22 patients who received mFOLFIRINOX, 15 (68%) underwent
pancreatectomy, and the majority, 14 (93%), achieved an RO resection [34]. In addi-
tion, one-third of patients developed a significant pathologic response of less than
5% residual viable tumor, despite only 27% of patients who had a radiologic partial
or complete response after NT. The accrual goal of two patients per month was
surpassed by an accrual rate of 2.6 patients per month among 14 institutions. Prior
to and after completion of NT, all imaging was reviewed centrally to ensure trial
compliance. Thus, not only has the Intergroup trial standardized the definition of
BRPC, but it has also set the benchmark for how future clinical trials will be
designed and conducted [7, 34].

Neoadjuvant Regimens for Locally Advanced Pancreatic
Cancer

Neoadjuvant chemotherapy is the first-line treatment for patients with LAPC. As
previously mentioned and depicted in Table 10.4, many retrospective and prospec-
tive studies examining NT regimens include patients with both BRPC and
LAPC. Similar to the origin of BRPC treatments, neoadjuvant chemotherapy regi-
mens for LAPC matured from the breakthroughs of randomized chemotherapy tri-
als in patients with metastatic pancreatic cancer (Table 10.5).

FOLFIRINOX

As was the case with BRPC, the ACCORD-11 trial introduced FOLFIRINOX as a
therapeutic opportunity to downstage tumors, achieve resectability, and attain long-
term OS in LAPC cases [32]. Initially, reports from retrospective single-institution
studies were limited by small patient populations, often comprised of both patients
with BR and LAPC [32, 35-38]. One of the larger studies, the Association des
Gastro-Entérologues Oncologues (AGEO) study, was a French multicenter observa-
tional cohort trial that prospectively enrolled 77 patients with LAPC to examine the
efficacy and tolerability of FOLFIRINOX [39]. The AGEO group reported 6%
(n =5) of patients who stopped therapy due toxicities and a resection rate of 36%
(n =28) with 89% (n = 25) of resected patients achieving RO margins.
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Similarly, Sadot et al. reviewed their experience of 101 LAPC cases from the
Memorial Sloan Kettering Cancer Center and reported one-third of patients who
were resected after induction with FOLFIRINOX, with 55% of patients achieving a
RO resection [40]. Compared to the AGEO group, Sadot et al.’s lower RO margin
rate, though still remarkable, may have been secondary to the variability with
FOLFIRINOX treatment duration (1-20 cycles), a limitation given the retrospective
nature of this study.

A meta-analysis by Suker et al. of 13 studies utilizing FOLFIRINOX in 355
LAPC cases yielded a resection rate of 25.9% and RO resection of 78.4% among
pooled proportion of cases [41]. The OS of FOLFIRINOX-treated patients was sig-
nificantly longer than that of gemcitabine-treated patients (median OS, 24.2 vs.
14 months) [42]. Findings from a single-center review of 575 LAPC patients,
reported by Hackert et al. after the meta-analysis was published, demonstrated a
superior 60% resection rate for patients treated with FOLFIRINOX compared to
46% resection rate of patients treated with gemcitabine and radiation [43]. In addi-
tion, FOLFIRINOX treatment was independently associated with a favorable
prognosis.

As previously mentioned, treatment toxicities associated with FOLFIRINOX
are a significant factor in patient selection. In the meta-analysis, Suker et al.
reported grade 3 and 4 adverse events comprising 60% of treatment toxicities or
60.4 adverse events per 100 patients [41]. In single-institution studies of LAPC,
mFOLFIRINOX was demonstrated to reduce treatment toxicity without sacrificing
efficacy [33, 44, 45]. Stein et al. validated these results in the first prospective study
comparing mFOLFIRINOX to full-dose FOLFIRINOX in patients with metastasis
and LAPC, reporting decreased adverse events and comparable efficacy with
mFOLFIRINOX [46].

Gemcitabine and nab-Paclitaxel

The MPACT phase III randomized trial of patients with metastatic pancreatic can-
cer demonstrated improved response rate and 2 months longer OS with combination
gemcitabine and albumin-bound paclitaxel (nab-paclitaxel) than single-agent gem-
citabine [47]. As opposed to the ACCORD-11 trial, which excluded patients with an
Eastern Cooperative Oncology Group (ECOG) score of two or more and demon-
strated increased serious adverse events in patients treated with FOLFIRINOX, the
MPACT trial did not demonstrate a difference in serious adverse events in the treat-
ment groups [30, 47].

Although the use of gemcitabine and nab-paclitaxel for patients with LAPC
is limited to a case report, the Locally Advanced Pancreatic Cancer Trial
(LAPACT, NCTO02301143) and Gemcitabine Abraxane Pancreas (GAP,
NCT02043730) randomized trials are currently recruiting patients to compare
efficacy of combination gemcitabine and nab-paclitaxel to single-agent gem-
citabine [48].
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Gemcitabine and Oxaliplatin

Another combination therapy, gemcitabine and oxaliplatin, has garnered interest as
a therapeutic modality in treating LAPC. Leone et al. evaluated its use as induction
therapy in 39 patients with BR and LAPC [49]. Eleven patients (9 BR, 2 LAPC)
completed resection, with a median OS of 31.5 months compared to 12.3 months
for unresected patients. Similar encouraging results were achieved in a multi-insti-
tutional phase II study of gemcitabine and oxaliplatin with radiation therapy in
BRPC [50]. Among 68 patients from four institutions, 43 patients (63%) underwent
resection, and the majority, 36 (84%), achieved a RO resection.

Role of Radiation Therapy in LAPC

Chemotherapy is the first-line treatment for unresectable pancreas cancer, identified
as a systemic disease. Theoretically, when followed by SBRT or CRT, which is used
for local control, the opportunity to obtain an RO resection is increased. A meta-
analysis by Morganti et al. of 13 studies utilizing preoperative CRT in 510 LAPC
cases yielded high median resection and RO resection rates of 26.5% and 87.5%,
respectively, and a median OS of 23.6 months among resected patients [51].
Although many retrospective studies and clinical trials have utilized SBRT and CRT
following chemotherapy to treat patients with BR or unresectable disease, there is
no agreement on an optimal regimen.

The LAP-07 phase III randomized trial sought to examine if the addition of CRT
after 4 months of induction chemotherapy with gemcitabine + erlotinib improved
survival [52]. Among 442 patients randomized to either single-agent gemcitabine or
in combination with erlotinib, patients with progression-free disease then under-
went a second randomization—continue chemotherapy for an additional 2 months
or CRT consisting of 54 Gy with capecitabine. Although patients treated with CRT
post-chemotherapy had decreased local progression, there was no difference in the
primary outcome of the study, median OS, when compared to chemotherapy alone
(15.2 vs. 16.5 months, P = 0.83). However, these results do not close the door on
CRT as an adjunct to chemotherapy, as the trial was designed in 2005, prior to stud-
ies reporting greater efficacy with FOLFIRINOX and combination gemcitabine and
nab-paclitaxel in comparison with single-agent gemcitabine, historically, for treat-
ment of LAPC.

Further trials are needed to evaluate the efficacy of CRT with these newer che-
motherapy regimens. Trials are underway to examine the effect of SBRT and dose
escalation after induction with FOLFIRINOX or combination gemcitabine and nab-
paclitaxel. The Alliance Trial A021501 (NCT02839343), a prospective phase II
study, will randomize BR patients to treatment with mFOLFIRINOX (seven
courses) with the addition of hypofractionated SBRT (one course) or mFOLFIRI-
NOX alone (eight courses), followed by resection for those deemed surgical
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candidates. The primary objective is to evaluate the 18-month OS with the longer
course of chemotherapy. Secondary objectives are comparison of the two treatment
arms in terms of regimen efficacy (RO response rate, pathologic complete response
rate, and event-free survival) and safety (incidence of adverse events).

Surgical Resection

Determining Resectability

The decision to proceed with resection post-NT has traditionally been determined by
radiologic imaging, utilizing the Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 to evaluate for radiologic response post-NT [53]. However, the
ability of CT imaging to distinguish between viable tumor and scarring in response
to NT is questionable. A multi-institutional study conducted by Dholakia et al.
reported no difference in the degree of tumor-vessel involvement between BR
patients who underwent resection post-NT and those who remained unresectable
[54]. In a MDACC review of 129 patients with BRPC, the majority of patients
(n = 85) had stable disease, 12% had a partial response (7 = 15), and only one patient
had their tumor downstaged to resectable status after NT [54]. Yet, 66% (n = 85) of
patients underwent resection and achieved a median OS of 33 months. The authors
concluded that RECIST response was not an accurate predictor of resectability and
that all patients should undergo an attempt at resection after NT, in the absence of
systemic progression or local progression resulting in unresectability.

Vascular Resections

Due to limitations of current imaging modalities to accurately distinguish continued
tumor involvement from downstaged desmoplastic reaction, en bloc vascular resec-
tions are frequently performed for patients with BR and LAPC patients who pro-
ceed to surgery. Prior reports have demonstrated feasibility of venous vascular
resections, with similar morbidity and mortality compared to resections without
vascular involvement [55, 56].

Yekebas et al. reviewed 585 LAPC cases and compared 449 patients who under-
went pancreatectomy without a vascular resection to 136 patients who did receive a
vascular resection [57]. The majority of vascular resections were performed due to
involvement of the SMV-PV (94%, n = 128). The HA or SMA was resected in 10%
(n = 13) of cases, and five patients underwent both venous and arterial reconstruc-
tion. In addition to similar in-hospital morbidity and mortality, there were no differ-
ences in median OS for patients with histopathologic proven vascular invasion who
underwent vascular resection (15.2 months) and patients without vascular involve-
ment (16 months).
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In contrast to the abundance of literature on venous resections, there is a scar-
city of reports examining arterial resections. In a retrospective analysis comparing
29 patients who underwent pancreatic resection with arterial en bloc resection to
449 patients who had a standard resection, higher morbidity (38% vs. 19.8%,
P =0.031) and mortality (14% vs. 4%, P = 0.037) rates, as well as a lower RO
resection rate (66% vs. 85.3%, P = 0.027), were reported in the arterial en bloc
resection group [58]. Similarly, in a meta-analysis of 26 studies involving 366
patients who underwent arterial resection and 2243 patients who did not, Mollberg
et al. reported increased mortality (odds ratio [OR], 5.04; 95% confidence interval
[CI], 2.69-9.45; P < 0.0001) and decreased 1-year (OR, 0.49; 95% CI, 0.31-0.78;
P =0.002) and 3-year (OR, 0.39; 95% CI, 0.17-0.86; P = 0.02) survival among
patients who underwent arterial resections compared to patients who did not [59].
Parallel outcome disparities are reported in patients who underwent arterial resec-
tions compared to patients who underwent venous resection. In a study of 184
BRPC patients treated with gemcitabine-based chemoradiation, Takahashi et al.
reported worse survival outcomes among patients who underwent vascular resec-
tions for arterial involvement than for venous involvement [60]. Thus, unlike the
feasibility and safety demonstrated with venous resections, arterial resections are
associated with unfavorable surgical and prognostic outcomes.

Modified Appleby Procedure for Encasement
of the Celiac Artery

The Appleby procedure was first described in 1953 as a total gastrectomy with
resection of the CA for locally advanced gastric cancer [61]. Currently, the modified
Appleby procedure involves a distal pancreatectomy (DP) and splenectomy with
CA resection (DP-CAR) for locally advanced cancers of the body and tail of the
pancreas [62]. Perfusion of the liver is achieved through retrograde flow of the pre-
served gastroduodenal artery.

Single-institution series report a 91% RO resection rate and 5-year survival of
30—40% among patients who underwent DP-CAR [63-65]. In a matched 3:1 analy-
sis of patients who underwent DP (n = 51) and DP-CAR (n = 17), Peters et al.
reported similar RO resection rates (DP-CAR vs. DP, 82.4% vs. 92.2%) and median
OS (DP-CAR vs. DP, 19 vs. 20 months) [66]. The majority of patients who under-
went DP-CAR received neoadjuvant FOLFIRINOX (n = 15), and only one patient
(6.7%) had a R1 resection, compared to the surgery-first patients (n = 2) who had a
100% R1 resection. Furthermore, there were no differences in complication rates
and mortality between the two procedures. However, these results may not be gen-
eralizable, as this study was conducted at high-volume, tertiary medical center and
is not reflective of mortality rates as high as 18% from prior studies [65]. A matched
analysis of the American College of Surgeons National Surgical Quality
Improvement Program database comparing patients who underwent DP-CAR to DP
reported higher 30-day mortality rates after DP-CAR (10% vs. 1%, P < 0.03) [67].
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Future Directions

Despite the introduction of new neoadjuvant regimens and advancements in surgical
technique and perioperative care, progress made by physicians and surgeons treating
patients with pancreatic cancer continue to be outpaced by its rising incidence and
mortality rate. Response and resection rates for BR and LAPC have improved over the
past decade with the introduction of newer agents such as FOLFIRINOX and gem-
citabine combinations, when compared historically to single-agent gemcitabine. As
was the case with the ACCORD-11 and MPACT trials, future breakthroughs in the
treatment of metastatic pancreatic cancer may carry over promising effective systemic
therapies to downstage patients with advanced nonmetastatic disease [30, 47].

Targeted therapy, genomic profiling, and immunotherapy are prospective
adjuncts to bridge the gap between modest advancements in medicine and the
aggressive nature of pancreatic cancer. Mutations in proto-oncogene KRAS, which
is directly downstream of epidermal growth factor receptor (EGFR) gene, have been
reported in over 90% of pancreatic cancers and may be responsible for decreased
efficacy of EGFR inhibitor erlotinib [68]. Silencing of KRAS expression has been
demonstrated in increased erlotinib inhibition of EGFR in vitro [69].

Immunotherapy utilizing “checkpoint inhibitors,” antibodies that target proteins
expressed by cancer cells that allow it to hide from the body’s immune system, has
demonstrated promising response rates in other metastatic cancers. Although
administration of single-agent ipilimumab (anti-CTLA-4) did not prolong survival
in patients with metastatic pancreatic cancer, a delayed response occurred in one
patient with progressive disease, suggestive of a potential immunotherapeutic influ-
ence [70]. Combination of immunotherapy with established treatment regimens
may lead to a treatment breakthrough in patients with metastatic cancer, paving the
way for more effective therapies to downstage patients with BR and LAPC.
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Chapter 11

Cytotoxic Therapy in Advanced Pancreatic
Cancer: Where We Are and Where We Are
Headed

Namrata Vijayvergia and Steven J. Cohen

Introduction

In 2016, pancreatic cancer will be the 12th most commonly diagnosed cancer and the
fourth leading cause of cancer deaths in the United States. The incidence of pancre-
atic cancer has been slowly rising over the last decade. It is estimated that about
53,000 new cases will be diagnosed and 42,000 people will die from pancreatic
cancer in 2016 [1]. The small difference between the incidence and death rate of
pancreatic cancer reflects the early distant spread and inadequacy of current thera-
pies. The 5-year survival rates for localized and advanced pancreatic cancer are 29%
and less than 5%, respectively, which is lower than all other common cancers [2].
The majority of patients are diagnosed at an advanced stage and are not eligible for
surgical resection [2]. Even those patients with early-stage disease undergoing cura-
tive surgery have a very high likelihood of relapse, making systemic therapy the
mainstay of treatment for pancreatic cancer. The use of systemic cytotoxic chemo-
therapy in the treatment of metastatic pancreatic adenocarcinoma will thus be
reviewed here.

N. Vijayvergia, M.D. (P<)
Fox Chase Cancer Center, Philadelphia, PA 19111, USA
e-mail: namrata.vijayvergia@fccc.edu

S.J. Cohen, M.D.
Abington Hospital-Jefferson Health, Abington, PA 19001, USA

© Springer International Publishing AG 2018 205
T. Bekaii-Saab, B. El-Rayes (eds.), Current and Emerging Therapies
in Pancreatic Cancer, DOI 10.1007/978-3-319-58256-6_11


mailto:namrata.vijayvergia@fccc.edu

206 N. Vijayvergia and S.J. Cohen

First-Line Therapy
Single Agent

Before 1998, 5-fluorouracil (5-FU) was the only available therapy for advanced pan-
creatic cancer based upon superiority against best supportive care in small prospec-
tive studies and later a meta-analysis [3—5]. The low response rates (<7%) with
single-agent 5-FU highlighted the need for further research [3]. In 1997, Burris et al.
subsequently published a pivotal randomized trial that compared gemcitabine
(1000 mg/m? weekly x 7 followed by 1 week break, then weekly x 3 every 4 weeks
thereafter) to weekly bolus 5-fluorouracil (600 mg/m?) as first-line therapy for 126
newly diagnosed patients with locally advanced or metastatic pancreatic cancer [6].
Patients were required to have no prior chemotherapy and a Karnofsky performance
status greater than 50 to be eligible for the study. Although the objective response rate
was poor in both arms (5.4% for gemcitabine arm and 0% for 5-FU arm), the gem-
citabine group had a significantly better clinical benefit response, defined as improve-
ment in pain, performance status, and/or weight (24% vs 5%). Median overall survival
(5.6 months vs 4.4 months) and 1-year survival (18% vs 2%) were also modestly
improved. Both gemcitabine and 5-FU were well tolerated with similar toxicities. On
the basis of this trial, gemcitabine was approved for initial treatment of either locally
advanced or metastatic pancreatic adenocarcinoma, and it became the standard of
care. Several other classes of chemotherapeutic agents—anthracyclines, taxanes,
camptothecins, and alkylating agents like streptozocin and ifosfamide—have been
extensively studied in phase II trials for single-agent activity against pancreatic can-
cer [7-18]. They were all minimally active or inactive against pancreatic cancer.
None of them had better response or survival rates than single-agent gemcitabine.

Combination Regimens

Once gemcitabine was established as a standard of care, clinical trials commonly
evaluated combination regimens with a gemcitabine backbone, as summarized in
Table 11.1 None of these studies found a combination regimen to be superior to
gemcitabine alone. Two phase III studies evaluating the combination of gemcitabine
with capecitabine versus gemcitabine alone found no significant improvement in
median overall survival despite one of the trials demonstrating a higher response
rate with the combination regimen [22, 28]. Phase III trials studying gemcitabine in
combination with cisplatin or irinotecan also did not outperform gemcitabine alone
[19, 29-31]. Similar outcomes were reported when gemcitabine was given with or
without 5-FU [21, 32]. The combination of gemcitabine and oxaliplatin (GEMOX)
was compared to gemcitabine alone in two large multicenter studies [20, 33]. In the
GERCOR/GISCAD intergroup trial of 326 patients, GEMOX was associated with
significant improvement in response rates (27% vs 17%) and median PFS
(5.8 months vs 3.7 months) but with only a trend to improve OS (9 months vs
7.1 months, p = 0.13). On the other hand, the E6201 study, designed to compare
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Table 11.1 Studies combining gemcitabine with different chemotherapeutic agents

Study Gem vs Overall survival control

(Gem + X) # patients | arm Overall survival study arm
Cisplatin [19] 192 6.0 months 7.5 months
Oxaliplatin [20] 313 7.1 months 9.0 months
5-FU [21] 322 5.4 months 6.7 months
Capecitabine [22] 533 6.2 months 7.1 months
Pemetrexed [23] 565 6.3 months 6.2 months
Irinotecan [24] 360 6.6 months 6.3 months
Exatecan [25] 349 6.2 months 6.7 months
S-1[26] 834 8.8 months 10.1 months
Nab-paclitaxel [27] 861 6.7 months 8.5 months

Gem = Gemcitabine
Combination with nab-paclitaxel resulted in a significant improvement in median overall survival

overall survival (OS) of standard weekly gemcitabine versus gemcitabine fixed-dose
rate or GEMOX, showed no significant advantages for GEMOX. The median sur-
vival and 1-year survival were 4.9 months and 16% for gemcitabine and 5.7 months
and 21% for GEMOX (HR, 0.88, p = 0.22) [33]. More recently, in the phase III
GEST trial, S-1 (an oral fluoropyrimidine) was compared to gemcitabine mono-
therapy or a combination of gemcitabine + S-1 [26]. Although S-1 monotherapy was
shown to be non-inferior to gemcitabine in OS (9.7 months vs 8.8 months for gem-
citabine, p < 0.001), the combination of gemcitabine plus S-1 was not superior to
gemcitabine monotherapy (OS 10.1 months vs 8.8 months, p = 0.15). Several older
combination regimens containing 5-FU were studied in randomized trials in the
1980s and 1990s [34, 35]. None showed a survival benefit over single-agent 5-FU.

Given multiple combination therapy trials, ultimately a meta-analysis was per-
formed to evaluate randomized trials comparing gemcitabine versus gemcitabine
plus another cytotoxic drug [36]. The meta-analysis used 15 trials with 4465
patients. It revealed a significant survival benefit for combination therapy with a
pooled hazard ratio of 0.91 (95% CI, 0.85-0.97, p = 0.004). Further analysis by type
of combination showed a statistically significant benefit of combining gemcitabine
with a platinum analog (n = 1248 from five studies; HR 0.85, p = 0.01) or a fluoro-
pyrimidine (n = 1813 from six studies; HR 0.90, p = 0.036). Looking at patient
characteristics, the only factor predictive of benefit from combination chemother-
apy was patient performance status (ECOG 0-1/Karnofsky score 90—100) with a
pooled HR of 0.76 and p < 0.001 (1108 patients from five studies).

Gemcitabine and Nab-Paclitaxel

Activity for the combination of gemcitabine and albumin-bound paclitaxel (nab-
paclitaxel) was first reported in a phase I/II study involving 67 patients with previ-
ously untreated metastatic pancreatic cancer [37]. At the maximally tolerated dose,
response rates of 48% and median survival of 12.2 months were observed. Guided
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by these encouraging results, Von Hoff et al. conducted a phase III study to evaluate
the efficacy and safety of the combination of nab-paclitaxel and gemcitabine versus
gemcitabine monotherapy in patients with metastatic pancreatic cancer (MPACT or
Metastatic Pancreatic Adenocarcinoma Clinical Trial) [27]. This multicenter inter-
national study randomized 861 patients with a Karnofsky performance-status score
of 70 or more to either nab-paclitaxel (125 mg/m?) plus gemcitabine (1000 mg/m?)
on days 1, 8, and 15 every 4 weeks or gemcitabine alone (1000 mg/m? weekly x 7
followed by 1 week break, then weekly x 3 every 4 weeks thereafter) until disease
progression. The primary endpoint was overall survival, and secondary endpoints
were progression-free survival and overall response rate. Approximately 10% of the
patients were older than 75 years of age, and 8% had a relatively poorer perfor-
mance status (Karnofsky score = 70). Response rates (23% vs 7%), median
progression-free survival (5.5 months vs 3.7 months), and median overall survival
(8.5 months vs 6.7 months) were all significantly improved with the combination.
The improved outcome from the combination came with the expected increase in
toxicities compared to gemcitabine alone. The most commonly seen adverse events
(grade 3 or higher) were neutropenia (38% vs 27%), fatigue (17% vs 7%), and neu-
ropathy (17% vs 1%). Febrile neutropenia occurred in 3% of the patients treated
with the combination regimen compared to 1% of those with single-agent therapy.
Despite a higher incidence with gemcitabine + nab-paclitaxel, neuropathy of grade
3 or higher improved to grade 1 or lower in a median of 29 days. The use of subse-
quent anticancer therapy was similar between the two groups (38% in the nab-
paclitaxel-gemcitabine group and 42% in the gemcitabine group). Stromal
fibroblasts in pancreatic adenocarcinoma overexpress secreted protein acidic and
rich in cysteine (SPARC), and its overexpression was previously found to be a
marker of poor prognosis [38]. In the phase I/II trial of gemcitabine plus nab-
paclitaxel [37], a significant improvement in overall survival was seen in patients
with high SPARC expression compared to patients with low SPARC expression
(17.8 vs 8.1 months, p = 0.431). Unfortunately, an analysis of SPARC expression in
the MPACT study did not demonstrate an association with survival and thus not a
predictive marker for nab-paclitaxel (HR 1.019, p = 0.903) [39].

FOLFIRINOX

Prior to presentation of the MPACT trial, researchers in France were studying the
combination of 5-FU, oxaliplatin, and irinotecan (FOLFIRINOX) in advanced pancre-
atic cancer. Conroy et al. in 2005 reported results from a phase II study using this regi-
men. Forty-six patients with advanced pancreatic cancer, the majority with metastatic
disease, received this regimen for a median of eight cycles. Time to disease progres-
sion was 8.2 months and median overall survival was 10.2 months [40]. FOLFIRINOX
was then studied in a phase II randomized study conducted in 176 treatment-naive
patients with metastatic pancreatic cancer [41]. Objective response rates were signifi-
cantly higher with the combination regimen (39% vs 11% with gemcitabine alone).
This study was expanded to the phase IIl ACCORD 11/PRODIGE study, conducted at
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48 centers in France. In this study, 342 patients with newly diagnosed metastatic pan-
creatic cancer were randomly assigned to receive FOLFIRINOX (oxaliplatin 85 mg/
m?, irinotecan 180 mg/m?, leucovorin 400 mg/m?, and 5-FU 400 mg/m? bolus fol-
lowed by 2400 mg/m? over 46 h as continuous infusion every 2 weeks) or gemcitabine
alone (1000 mg/m? weekly for 7 of 8 weeks and then weekly for 3 of 4 weeks) within
1 week of enrollment. Patients had to be <75 years of age, have a performance status
of ECOG 0-1, and be treatment naive for metastatic disease. Duration of therapy goal
was set at 6 months. The patient-selection criteria of this study were very rigorous
(ECOG 0-1, age less than 76). Only 38% of the patients had carcinoma of the pancre-
atic head, likely related to the exclusion of patients with a high bilirubin level, resulting
in a lower proportion of enrolled patients with biliary stents (14.3%).

The primary endpoint was overall survival, and secondary endpoints were progression-
free survival, tumor response, safety, and quality of life (QoL). The multidrug combina-
tion was found to be significantly more efficacious than gemcitabine. At the preplanned
interim analysis, the primary endpoint had been met and enrollment was stopped at 250
patients. The objective response rate was 31.6% vs 9.4% (p < 0.001), and median PFS
was 6.4 months versus 3.3 months (p < 0.001) favoring the combination. With a median
follow-up of 26.6 months, the median overall survival was better in the FOLFIRINOX
group as compared with the gemcitabine group (11.1 months vs 6.8 months (p <0.001)),
and landmark overall survival rates at 6, 12, and 18 months were 75.9%, 48.4%, and
18.6%, respectively, in the FOLFIRINOX group as compared with 57.6%, 20.6%, and
6.0%, respectively, in the gemcitabine group. However, FOLFIRINOX was significantly
more toxic than gemcitabine, as shown in Table 11.2 Incidences of grade 3 or 4 neutro-
penia, febrile neutropenia, thrombocytopenia, diarrhea, and sensory neuropathy were
significantly higher in the FOLFIRINOX group, whereas the incidence of grade 3 or 4
transaminitis was significantly higher in the gemcitabine group. Second-line therapy
was administered in 47% of patients in the FOLFIRINOX group and in 50% in the
gemcitabine group. QoL was assessed using the European Organisation for Research
and Treatment of Cancer Quality of Life Questionnaire C30 every 2 weeks. The time
until definitive deterioration >20 points on this scale was significantly longer for
FOLFIRINOX compared with gemcitabine for global health score; physical, role, cog-
nitive, and social functioning; and six symptom domains (fatigue, nausea/vomiting,
pain, dyspnea, anorexia, and constipation) [43]. Thus, despite its toxicities, FOLFIRINOX
significantly reduced QoL impairment compared with gemcitabine.

Dose modifications

In the MPACT study, only 71% of the nab-paclitaxel doses and 63% of the gem-
citabine doses remained at full dose due to protocol-driven reductions secondary to
toxicities. In the clinic, administering three weekly doses out of four at full dose is
quite challenging. Thus, there has been significant interest in developing and testing
alternative doses and schedules of gemcitabine and nab-paclitaxel. A recent retro-
spective analysis of a prospectively established database of patients who received a
modified regimen combining gemcitabine at 1000 mg/m?* and nab-paclitaxel at
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Table 11.2 Comparing MPACT and ACCORD11/PRODIGE studies

MPACT trial [27] ACCORD 11/PRODIGE [42]

Gemcitabine + nab-

paclitaxel Gemcitabine | FOLFIRINOX | Gemcitabine
ORR 23%* 7%* 31.6%* 9.4%*
PFS 5.5 m* 3.7 m* 6.4 m* 3.3 m*
oS 8.5 m* 6.7 m* 11.1 m* 6.8 m*
OS at 1 year 35%%* 22%%* 48.6%* 20.6%*
Grade 3/4 38% 27% 45.7%* 21%*
neutropenia
Febrile neutropenia | 3% 1% 5.4%%* 1.2%%*
Diarrhea 6% 1% 12.8%* 1.8%*
Neuropathy 17% 1% 9%* 0%*
Fatigue 17% 1% 23.6% 17.8%

*Statistically significant difference
ORR overall response rate, PFS progression-free survival, OS overall survival

125 mg/m? every 2 weeks for first-line therapy was reported at GI-ASCO 2015 [44].
Sixty-three patients were evaluable for toxicity, and 47 were evaluable for response.
Patients on the modified regimen had a median progression-free survival of
4.8 months (95% confidence interval [CI] = 2.6-7.4) and median overall survival of
11.1 months (95% CI = 5.3-not reached). With the modified regimen, 27% of
patients experienced neurotoxicity of any grade, with the rate of grade 3 or 4 toxic-
ity less than 2%. In clinical practice, a modified dose (nab-paclitaxel at 100 mg/m?)
or schedule (two out of three weeks or every other week treatments) of this regimen
is routinely used to improve tolerability.

Similarly, the side effect profile of FOLFIRINOX has prompted various modifi-
cations to improve its tolerability. A Brazilian retrospective study of 19 patients
with metastatic pancreatic adenocarcinoma who were treated with a modified dose
FOLFIRINOX (no bolus 5-FU and reduced dose of at least one agent since the first
cycle) was presented at ASCO 2013 [45]. Prophylactic G-CSF was given to 14
(73%) patients. Grade 3/4 toxicities were reported in 10 patients (52.6%): nausea/
vomiting 1 (5.2%), diarrhea 1 (5.2%), fatigue 3 (15.7%), neutropenia 4 (21%),
thrombocytopenia 1 (5.2%), and febrile neutropenia 3 (15.6%). Elevations in AST
and ALT above the upper limit of normality were identified in 5 (26.31%). No
deaths were reported due to toxicity. At 4.5 months follow-up, median overall or
progression-free survival was not reached. Similar results have been published from
other small series using modified FOLFIRINOX (omitting 5-FU bolus, 25% dose
reduction in irinotecan and prophylactic growth factor support) in this disease [46].
A recent phase II using modified FOLFIRINOX (25% dose reductions of irinotecan
and bolus 5-FU, prophylactic pegfilgrastim) suggested a similar response rate and
improved tolerability compared to full dose FOLFIRINOX in advanced pancreatic
cancer. Grade 3/4 toxicities were vomiting, peripheral sensory neuropathy (3.2%),
febrile neutropenia (4.8%), anemia (6.4%), neutropenia (16.2%), fatigue (12.9%),
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and thrombocytopenia (11.3%). Neutropenia (p < 0.0001) and vomiting (p = 0.006)
were significantly decreased. Response rate in 29 evaluable pts was 31.4% and sim-
ilar to historical data (31.6%, p = 0.82) [47]. Given the above experiences, the cur-
rent NCI national group standard is to administer FOLFIRINOX without the 5-FU
bolus and with growth factor support. Dose reduction of irinotecan to 150 mg/m? is
increasingly considered as well.

Thus, there are currently two appropriate frontline combination regimens (gem/
nab-paclitaxel and FOLFIRINOX) for patients with metastatic pancreatic cancer.
Both have demonstrated superiority to the historical standard gemcitabine in pro-
spective randomized studies. The two regimens have never been compared head to
head in a prospective study, but Table 11.2 illustrates their comparative efficacy and
adverse event profile. A lack of predictive biomarkers guiding selection of
FOLFIRINOX versus gem/nab-paclitaxel necessitates individualization of therapy
based on patient’s age, performance status, and preferences. Other chemotherapy
options including gemcitabine plus erlotinib [48] or even gemcitabine monotherapy
may be considered in patients with poor or compromised performance status.

Second-Line Therapy

The choice of second-line therapy is largely dictated by the previous treatment regi-
men, side effects, and patients’ performance status. Supportive data for second-line
therapy initially came from the CONKO-003 study which was a multicenter, ran-
domized trial that studied a folinic acid and fluorouracil/oxaliplatin combination
referred to as OFF (oxaliplatin 85 mg/m? on days 8 and 22 plus short-term infu-
sional FU (2000 mg/m? over 24 h) and leucovorin (200 mg/m? over 30 min), both
given on days 1, 8, 15, and 22) versus folinic acid and fluorouracil (FF) in 168
gemcitabine refractory metastatic pancreatic cancer patients [49]. After a median
follow-up of 54.1 months, the median overall survival in the OFF arm was signifi-
cantly better compared to the FF arm (5.9 months and 3.3 months, respectively,
hazard ratio 0.66; 95% CI, 0.48-0.91; p = 0.010). Time to progression with OFF
(2.9 months; 95% CI, 2.4-3.2) versus FF (2.0 months; 95% CI, 1.6-2.3) was signifi-
cantly extended as well (HR, 0.68; 95% CI, 0.50-0.94; log-rank p = 0.019).
Toxicities were similar between the treatment arms, with the exception of grade 1-2
neurotoxicity (38.2% vs 7.1%, p < 0.001). In contrast, the PANCREOX study failed
to demonstrate a benefit of adding oxaliplatin to infusional 5-FU/leucovorin in the
second-line setting [50]. This was a smaller, second-line, phase III, randomized
study of 108 patients with advanced pancreatic cancer who had previously received
gemcitabine. Patients were randomly assigned to mFOLFOXG6 or infusional 5-FU/
leucovorin. There was no observed difference in progression-free survival between
the two arms (median 3.1 vs 2.9 months, p = 0.99), and overall survival was inferior
in patients assigned to the combination arm (median 6.1 vs 9.9 months, p = 0.02).
Increased toxicity was observed with the addition of oxaliplatin in this setting with
grade 3/4 adverse events occurring in 63% of mFOLFOX6 patients and 11% of
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5-FU/leucovorin patients. Based on the results of CONKO-003 study and the effi-
cacy of FOLFIRINOX in the first line, FOLFOX is generally considered an active
regimen in the second-line setting for advanced pancreatic cancer. The activity of
single-agent irinotecan in pancreatic cancer has been investigated in several small
studies, with little evidence of efficacy [51-53]. Nanoliposomal irinotecan is
designed to improve the time in circulation and the intratumoral levels of irinotecan
and its active metabolite SN-38 [54]. Promising results were seen in a phase II study
of 40 patients with previously treated metastatic pancreatic cancer who received
nanoliposomal irinotecan at 120 mg/m? every 3 weeks. The median overall survival
was 5.2 months with a I-year survival rate of 25% and acceptable toxicity profile
[55]. This led to the larger phase III NAPOLI-I study that included metastatic pan-
creatic cancer patients with previous exposure to gemcitabine-based therapy. Four
hundred and seventeen patients were randomly assigned to either nanoliposomal
irinotecan plus fluorouracil and folinic acid (n = 117), single-agent nanoliposomal
irinotecan (n = 151), or 5-FU and folinic acid (n = 149) [56]. Primary endpoint was
overall survival. The median survival was longer with combination therapy com-
pared to the 5-FU arm (median 6.1 vs 4.2 months, hazard ratio 0.67, 95% CI 0.49—
0.92), as was progression-free survival (3.1 vs 1.5 months with control). Median
overall survival was not significantly different in the single-agent nanoliposomal
irinotecan and fluorouracil groups (4.9 months vs 4.2 months; hazard ratio 0.99,
0.77-1.28, p = 0.94). Grade 3 or higher adverse events occurring most frequently in
the combination arm were neutropenia (27%), diarrhea (13%), vomiting (11%), and
fatigue (14%). Based upon these results, nanoliposomal irinotecan was approved, in
combination with 5-FU and leucovorin, for patients with metastatic pancreatic can-
cer who have previously received gemcitabine-based regimen.

Gemcitabine-based second-line regimens for patients receiving FOLFIRINOX in
first line have not been as well studied. A multicenter prospective study evaluated the
safety and efficacy of gemcitabine and nab-paclitaxel after FOLFIRINOX therapy in
57 patients. The disease control rate was 58%, with a 17.5% objective response rate.
Median overall survival was 8.8 months (95% CI, 6.2-9.7), and median progression-
free survival was 5.1 months (95% CI, 3.2-6.2). Since the start of first-line chemo-
therapy, median survival was 18 months (95% CI, 16-21). Incidence of grade 3 or
higher toxicities was 40%, consisting of neutropenia (12.5%), neurotoxicity (12.5%),
asthenia (9%), and thrombocytopenia (6.5%). On balance, NCCN guidelines recom-
mend second-line fluoropyrimidine-based chemotherapy for those previously treated
with gemcitabine-based regimen and second-line gemcitabine-based therapy for
those previously treated with fluoropyrimidine-based treatment [57]. This also
reflects the common treatment pattern in clinical practice.

Other Novel Chemotherapeutic Agents
Evofosfamide (formerly TH-302) is a prodrug that converts into a DNA-alkylating

agent in the hypoxic tumor microenvironment. A phase I/Il clinical study
(NCTO00743379) of solid tumors investigating evofosfamide doses of 240-575 mg/m?>
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on days 1, 8, and 15 of a 28-day cycle established the recommended phase II dose
of the combination with gemcitabine at 340 mg/m?. A subsequent randomized phase
II study combining it with gemcitabine suggested improvement in progression-free
survival compared to gemcitabine alone (5.6 months vs 3.6 months, p = 0.005) and
a nonsignificant trend toward better overall survival (9.2 months vs 6.9 months,
p = 0.8) [58]. This led to the phase Il MAESTRO study of gemcitabine + evofos-
famide [59] that enrolled 693 patients with newly diagnosed advanced pancreatic
cancer. There was no significant difference in overall survival (median OS 8.7 m
with combination vs 7.6 m with gemcitabine alone, HR = 0.84 (95% CI, 0.71-1.01,
p = 0.059)). Median progression-free survival was 5.5 months with evofos-
famide + gemcitabine compared to 3.7 months with gemcitabine + placebo
(HR =0.77 (95% CI, 0.65-0.92, p = 0.004)).

A nucleoside transporter protein, human equilibrative nucleoside transporter 1
(hENT1), promotes transport of gemcitabine into malignant cells and was evalu-
ated as a predictive marker of gemcitabine therapy in pancreatic cancer. CO-101
is a novel gemcitabine analog which is not dependent on the nucleoside transport
mechanism. The Low hENT1 and Adenocarcinoma of the Pancreas (LEAP) study
randomized metastatic pancreatic cancer patients to either gemcitabine or
CO-101. The cohort was divided into high and low hENT1 expression groups,
and the primary endpoint was overall survival in the low hENT1 tumor expression
subgroup. There was no difference in survival between treatments in the low
hENT1 subgroup or overall population (HR of 0.994 and 1.072, respectively).
Similarly, low versus high hENT1 expression did not affect survival in patients
treated with gemcitabine [60].

Lurbinectedin (PMO01183) binds covalently to tumor DNA, forming adducts that
are capable of inducing double-stranded breaks and interfering with the transcrip-
tional machinery [61]. A phase I study in solid tumors demonstrated an activity
signal in metastatic pancreatic cancer among others with reversible myelosuppres-
sion as its main dose-limiting toxicity [61]. Synergy in combination with fluoropy-
rimidines was also reported [62]. In the subsequent phase I study of the combination
of lurbinectedin and capecitabine (NCT02210364), four patients with metastatic
pancreatic cancer were enrolled, but only two had stable disease as their best
response [63]. No other studies are currently evaluating its role in pancreatic
cancer.

Conclusion

Although the treatment of advanced pancreatic cancer has improved significantly in
the last decade, prognosis remains poor with median survival less than a year.
Despite the promise of molecularly targeted and “personalized” medicine, the major
advances in pancreatic cancer over the last few years have involved traditional or
bioengineered cytotoxic agents. Further development of cytotoxic agents based on
promising preclinical data should be continued.
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Chapter 12
Molecularly Targeted Therapies
in Pancreatic Cancer

Walid L. Shaib and Bassel F. El-Rayes

Introduction

Molecularly targeted therapies are designed to inhibit specific cellular signaling path-
ways involved in cancer growth, resistance, and metastasis. Potential advantages of tar-
geted therapies over conventional cytotoxic therapies are improved safety due to selective
inhibition of cancer-related pathways and enhanced activity. Furthermore, targeted ther-
apies are the cornerstone for “personalized” or “precision” medicine, where the molecu-
lar profile of the tumor rather than histologic features drives the treatment decision. The
early success of agents like imatinib in chronic myelogenous leukemia and gastrointes-
tinal stromal tumors catapulted molecularly targeted therapies to the forefront of cancer
management. In pancreatic ductal adenocarcinoma (PDAC), several classes of targeted
therapies have been evaluated in large randomized clinical trials. Although these clinical
trials were supported by promising preclinical data, the results have been largely disap-
pointing. Currently, the clinical standard of care for PDAC remains heavily dependent
on conventional cytotoxic drugs and radiation therapy. Ongoing trials are evaluating
novel targeted therapies including agents targeting the microenvironment (discussed in
Chap. 13), DNA repair (discussed in Chap. 14), and cancer stem cells.

The most commonly mutated signaling pathways in PDAC are Ras-MAPK, p16/
CDKN2A, TP53, SMADA4, and TGF-beta. These signaling pathways are key regulators
of carcinogenesis and progression of PDAC. The most common genetic alterations in
PDAC cells are telomere abnormalities and chromosomal instabilities. Other less com-
mon genetic mutations include BRCA2, PALB2, FANCC, FANCG, FBXW7, BAX,
RB1, and many others that involve amplifications, chromosomal deletions, and DNA
mismatch repair genes [1, 2]. Table 12.1 summarizes the clinical trials that evaluated
targeted agents used in the treatment of pancreatic cancer discussed in this chapter.
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Farnesylation

KRAS mutation is present in >80% of PDAC tumors. An essential step in KRAS
posttranscriptional activation is farnesylation, which is key in the transport of the
RAS protein to the cell membrane [3]. Selective inhibitors of farnesyl transfer-
ases (e.g., tipifarnib) have been used to inhibit processing and activation of
KRAS. Preclinical data using tipifarnib in PDAC models demonstrated signifi-
cant clinical activity [4]. Phase I studies of farnesyl transferase inhibitors as
monotherapy or in combination with other chemotherapeutic agents like
capecitabine [5] and irinotecan [6] were promising [7-9]. Based on the promis-
ing preclinical data and the safety profile, a phase III double-blind, placebo-
controlled study randomized 688 patients with previously untreated stage IV
pancreatic cancer to gemcitabine with or without tipifarnib. Primary endpoint
was survival. This trial did not demonstrate any benefit for adding tipifarnib to
standard chemotherapy [10].

Matrix Metalloproteinases (MMPs)

The matrix metalloproteinases are a family of zinc-containing proteolytic enzymes
that degrade proteins in the extracellular matrix. Four main subgroups have been
defined: the collagenases, the gelatinases, the stromelysins, and the membrane-
bound MMPs. MMPs regulate cytokines, growth factors, and growth factor recep-
tors which affect cell migration, apoptosis, and proliferation as well as growth
factor sequestration. Loss of the tight control of MMP activity in cancer contrib-
utes to excessive destruction of the extracellular matrix, neovascularization, tumor
spread, and metastases [11]. A phase III clinical trial randomized patients between
gemcitabine alone and an MMP inhibitor, BAY 12-9566 (tanomastat), in the first-
line treatment setting with a primary endpoint being overall survival (OS). The
trial accrued 277 patients. It was closed to accrual after the second interim analysis
due to worsening survival in the study arm. The median OS on the BAY 12-9566
arm and the gemcitabine arm was 3.7 months and 6.6 months, respectively
(P <0.001) [12].

Another phase III trial using the same design randomized 414 patients in
first-line treatment to gemcitabine alone and marimastat at three dose levels, and
the OS was the primary endpoint. The degree of significance was not reached at
all the dose levels (5, 10, or 25 mg of marimastat and gemcitabine; 3.7, 3.5, 4.2,
and 5.6 months, respectively, P = 0.19) [13]. The same group reported a phase
III double-blind, placebo-controlled, randomized trial of 239 patients in the
first-line treatment of unresectable PDAC comparing gemcitabine and marimas-
tat to gemcitabine and placebo. The OS was the primary endpoint. There was no
significant difference in survival between the groups (OS 5.5 and 5.4 months,
P =0.95) [14].
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Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR) is a member of the erbB/human epider-
mal growth factor receptor family of tyrosine kinases, which includes erbB2/HER?2,
erbB3/HER3, and erbB4/HER4. Members of the EGFR family possess intrinsic
tyrosine kinase activity. Activation of EGFR by a ligand leads to autophosphoryla-
tion in tyrosine residues located on the intracellular domains of the receptor. The
activated tyrosine kinase in turn phosphorylates and activates intracellular signaling
pathways including PI3K/Akt and Ras-MPK. These pathways are critical in cancer
growth and metastasis. The inhibition of this tyrosine phosphorylation results in the
inhibition of angiogenesis and proliferation of cancer cells. In preclinical models,
EGFR promotes pancreatic tumorigenesis. Two independent groups showed that
EGFR deletion or treatment with erlotinib diminished pancreatic intraepithelial
neoplasia (PanIN) lesion formation and impaired its progression to PDAC.

Erlotinib is a selective competitive inhibitor of the tyrosine kinase domain of the
EGFR. In a phase III study, patients with previously untreated stage IV pancreatic
cancer were randomized to gemcitabine with or without erlotinib (NCIC CTG PA.3)
[15]. The OS benefit was 0.3 months (6.2 vs 5.9 months, P = 0.038). Given this
marginal benefit, erlotinib is not widely used in clinical practice [16]. EGFR inhibi-
tion was evaluated in another phase III that randomized patients with newly diag-
nosed pancreatic cancer to a monoclonal antibody against EGFR (cetuximab) in
combination with gemcitabine versus gemcitabine alone. Cetuximab, a monoclonal
antibody, binds to the extracellular ligand-binding domain of EGFR, suppressing
EGFR-dependent signaling through inhibition of ligand-dependent activation and
receptor dimerization and induction of antibody-dependent cell-mediated cytotox-
icity [17]. A total of 745 patients were enrolled with locally advanced/metastatic
PDAC. The median survival time, which was the primary endpoint, was reported at
6.3 months for the gemcitabine plus cetuximab arm compared to 5.9 months for the
gemcitabine-alone arm (P = 0.23). This difference was not statistically significant
[18]. Both these trials used EGFR inhibitors (erlotinib and cetuximab) and were
evaluated in molecularly unselected patients [19]. The two molecules differ in that
the erlotinib is an EGFR tyrosine kinase inhibitor that binds to the intracellular
tyrosine kinase domain and the cetuximab is an anti-EGFR monoclonal antibody
that binds to the extracellular ligand-binding domain. This could be one explanation
to the difference in survival outcomes. In the effort of finding predictive biomarkers
for EGFR inhibitors, KRAS and EGFR gene copy numbers were evaluated in 117
patients enrolled on the trial. The results did not demonstrate a predictive value for
either KRAS mutational status or EGFR copy number [20].

AIO-PKO0104 study is a multicenter trial comparing gemcitabine/erlotinib fol-
lowed by capecitabine with capecitabine/erlotinib followed by gemcitabine in
advanced PDAC. The study demonstrated that both treatment strategies are feasible
and of comparable efficacy (OS of 6.2 vs 6.9, P = 0.90). KRAS wild-type status was
associated with improved survival (HR 1.68, P =0.005) for erlotinib-treated patients
[21]. Another post hoc analysis of the AIO-PK0104 study found that KRAS codon
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12 mutations constituted 70% of the patients and showed no association for response
(P =0.40). KRAS wild-type patients had an improved survival (HR 1.68, P =0.005),
and this trend was also observed during non-erlotinib-containing second-line che-
motherapy. Based on the data, the authors concluded that KRAS is more likely a
prognostic rather than predictive biomarker [22].

Angiogenesis

Vascular endothelial growth factors (VEGFs) through interaction with VEGF recep-
tors (VEGFR) have a central role in controlling angiogenesis and lymphangiogen-
esis, both of which are important in PDAC pathogenesis, progression, and metastasis
[23, 24]. VEGF is expressed in all PDAC tumors [23]. VEGF-A/VEGFR-2 signal-
ing plays an important role in inducing invasion and migration of PDAC cells.
VEGFR-2 and phosphorylated VEGFR-2 (pVEGFR-2) were expressed in 69% and
50% of 107 PDAC, respectively, suggesting that these receptors are important tar-
gets in PDAC treatment [25, 26]. Bevacizumab, a monoclonal antibody against
VEGF-A, has shown activity against a vast number of tumors including colorectal
[27] and lung cancers [28]. CALGB initiated a phase III trial comparing gem-
citabine and bevacizumab (10 mg/kg) combination to gemcitabine alone in patients
with advanced-stage pancreatic cancer (CALGB 80303). The trial randomized 602
patients. The primary endpoint was OS. The results of the trial did not show any
significant difference (P = 0.95) or in any of the secondary endpoints [29]. The addi-
tion of bevacizumab to gemcitabine/erlotinib combination was evaluated in a phase
II trial. The AViTA (addition of bevacizumab to gemcitabine and erlotinib) enrolled
605 patients to gemcitabine/erlotinib/bevacizumab or gemcitabine/erlotinib/pla-
cebo combinations. The primary endpoint was OS, and this was not met (7.1 vs
6.0 months, P =0.21) [30].

Axitinib is a tyrosine kinase inhibitor of VEGFR and has shown clinical activity
in renal cell cancer [31]. The combination of gemcitabine and axitinib was com-
pared to gemcitabine alone in patients with treatment-naive advanced-stage pancre-
atic cancer in a phase III trial enrolling 632 patients. Primary endpoint was OS. No
difference in OS was observed (8.5 vs 8.3 months, P = 0.54) [32]. A shared flaw in
the design of these trials is lack of a biomarker to select patients who may benefit
from anti-angiogenic therapy. Currently there are no validated predictive biomark-
ers [33]. Pant et al. evaluated baseline serum albumin as a predictive biomarker in a
pooled analysis from seven prospective clinical trials evaluating gemcitabine-based
therapy with or without bevacizumab. The authors reviewed data from 264 patients.
Normal baseline albumin was associated with significantly improved OS (10.2 vs
4.1 months, P = 0.0001) for patients receiving bevacizumab. Albumin level of
>3.4 g/dL was proposed to be a prognostic factor in advanced-stage bevacizumab-
treated PDAC patients in a pooled prospective analysis [34].

Ramucirumab is a monoclonal antibody against VEGFR-1 and VEGFR-2. In clin-
ical trials, it has shown activity in colorectal [35] and gastric cancer [36, 37]. An
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ongoing phase II randomized, placebo-controlled trial combining FOLFIRINOX
with ramucirumab is currently accrual (NCT02581215) [38]. The rationale behind
this combination is that the fluoropyrimidine backbone, and contrary to gemcitabine
treatment, increases bone marrow-derived circulating endothelial progenitor cells and
pro-angiogenic growth factors, making these suitable targets to VEGFR inhibition.

Her2/neu

Her2/neu amplification estimate was reported at 2% in an analysis of 490 tumors
from patients with pancreatic cancer [39]. Targeting Her2/neu in patients with pan-
creatic cancer who had overexpression of the Her2/neu by immunohistochemistry
staining 3+ pattern was evaluated in a phase II multicenter single-arm trial combin-
ing trastuzumab and capecitabine. Her2/neu 3+ expression on immunohistochemis-
try (IHC) was 11% of 212 patients. Trastuzumab and capecitabine resulted in a
progression-free survival at 12 weeks (primary endpoint) of only 23.5% and an OS
of 6.9 months [40]. Trastuzumab was also studied in combination with gemcitabine
in a phase II trial. Her2/neu 24/3+ by IHC staining was seen in 16% of 269 patients.
Treatment with gemcitabine/trastuzumab combination resulted in an OS of 7 months
and the 1-year survival of 19% that was comparable to gemcitabine single-agent
treatment [41]. The results of these trials are disappointing for targeting Her2/neu
overexpression in pancreatic cancer.

Janus Kinase Inhibition (JAK 1/2)

The Janus kinase (JAK)-activated STAT (signal transducer and activator of tran-
scription) pathway contributes to pancreatic cancer cellular proliferation and sur-
vival [42]. The JAK pathway is commonly activated by inflammatory cytokines
such as IL-6. Multiple clinical studies have demonstrated a negative prognostic
value for elevated markers of systemic inflammation in PDAC patients [43, 44].
CRP and hypoalbuminemia are markers of inflammation and are known to be nega-
tive prognostic factors in pancreatic cancer [45]. In preclinical PDAC models, the
JAK/STAT and related inflammatory pathways play a crucial role in cancer progres-
sion. Initially ruxolitinib was approved for myelofibrosis with the specific target
mutation of JAK 2 V617F mutation [46]. In a series of 26 patients with PDAC, this
mutation was not identified [47]. In RECAP, patients who progressed on gem-
citabine were randomized to either capecitabine alone or combination of capecitabine
and ruxolitinib, a JAK 1/2 inhibitor [48]. A total of 127 patients were randomized.
No difference in survival outcomes was observed (4.5 vs 4.3, respectively, P = 0.25).
In the prespecified subgroup of patients with systemic inflammation as measured by
elevated serum C-reactive protein (CRP > 13 mg/L), survival significantly favored
the ruxolitinib/capecitabine combination (3- and 6-month survivals of 48% and
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42% vs 29% and 11%, respectively, P = 0.01). Based on these results, JANUS 1 and
JANUS 2 phase III trials restricted enrollment to patients with elevated CRP
(NCTO02117479). Both studies were closed after a planned interim analysis demon-
strated no added benefit of ruxolitinib to capecitabine [49]. Trials combining gem-
citabine with ruxolitinib or gemcitabine and nab-paclitaxel with ruxolitinib are
ongoing (NCTO01822756). Ruxolitinib in combination with gemcitabine/nab-
paclitaxel is in phase I/II clinical trial [50].

MUC1

Human mucin 1 (MUC]1) is a protein secreted by over 85% of PDAC and absent in
normal pancreas [51]. Patients with metastatic PDAC and MUCI expressing circu-
lating tumor cells had inferior survival outcomes [52]. Clivatuzumab tetraxetan
(PAM4) is a monoclonal antibody that specifically targets pancreatic MUCI. The
antibody part, clivatuzumab (targeted at MUC1), is conjugated with tetraxetan and
has a chelator for yttrium-90. Initial phase I trial that evaluated single-agent PAM4
demonstrated promising responses to treatment in small set of patients with pancre-
atic cancer [53]. A second phase I study of repeated cycles of the same drug in
combination with low-dose gemcitabine demonstrated an encouraging response
rate of 16% and a disease control rate of 42% and a median survival of 7.7 months
(including 11.8 months for those who received repeated cycles) [54]. Major toxici-
ties were related to myelosuppression. Encouraged by the results of these early tri-
als, a phase III study was conducted comparing best supportive care to low-dose
gemcitabine with *°Y clivatuzumab in the third-line setting (NCT01956812), fol-
lowing a planned interim analysis on OS, after more than 50% of the required 371
deaths had occurred. The interim analysis showed that the treatment arm of Y
clivatuzumab tetraxetan combined with low-dose gemcitabine and best supportive
care did not demonstrate a sufficient improvement in OS and the study was termi-
nated for futility [55].

MEK/MAPK

The MEK/MAPK and PI3K/Akt/mTOR pathways are downstream pathways to
KRAS. Efforts to target these downstream effectors of KRAS activation are in study
[56], although results have been disappointing. The difficulty in targeting KRAS
mutation led to the hypothesis that targeting downstream targets such as MEK could
lead to same results as the direct target of the KRAS. Trametinib, a mitogen/extracel-
lular signal-related kinase (MEK) 1/2 inhibitor, was approved in treatment of unre-
sectable or metastatic BRAF V600E/K-mutated melanoma [57]. A randomized
double-blind phase II study was designed to determine OS in patients with pancre-
atic cancer treated with trametinib and gemcitabine versus gemcitabine alone. The
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trial enrolled 160 chemo-naive PDAC patients. There was no significant difference
in OS (8.4 vs 6.7 months, P = 0.45) [58]. Another selective, noncompetitive MEK
1/2 inhibitor, pimasertib, was studied in a randomized phase II trial in combination
with gemcitabine in chemo-naive PDAC patients. A total of 88 patients were ran-
domized, and the primary endpoint, which was progression-free survival, was not
met (3.7 vs 2.8 months, respectively, P = 0.61) [59]. Selumetinib, a mitogen-activated
protein kinase (MAPK) inhibitor, demonstrated similar efficacy as capecitabine in a
phase II study randomizing 77 PDAC patients in the second-line treatment setting
after failure to gemcitabine. The OS was the primary endpoint and was not met (5.4
vs 5.0 months, P = 0.92) [60]. Similarly, targeting mTOR, using everolimus, has
failed to show activity in previously treated metastatic pancreatic cancer. The trial
was a phase II single arm that enrolled 33 patients. The median progression-free
survival and overall survival were 1.8 and 4.5 months, respectively [61, 62]. Patients
with pancreatic cancer in the setting of Peutz—Jeghers syndrome harbor an alteration
in the STK11 tumor suppressor gene. STK11 encodes an mTOR1 inhibitor, and
hence cancers with this mutation are dependent on mTOR activity. A remarkable
response to mTOR inhibition was reported in a patient with pancreatic cancer with
STK11 mutation highlighting the importance of selecting patients with appropriate
mutation profile for testing molecularly targeted agents [63].

Activating RAS mutations may signal through multiple pathways. Inhibition of
MEK may upregulate the activation of the PI3K/Akt pathway, necessitating a strat-
egy to target multiple pathways simultaneously. Ah et al. tested this hypothesis by
combining selumetinib with erlotinib in patients with metastatic pancreatic cancer
who have progressed on one prior therapy [64]. Although no partial responses were
observed, median OS was about 7.5 months with 51% disease control rate. A com-
bination of selumetinib and MK-2206 (Akt inhibitor) did not improve OS in patients
progressing after gemcitabine-based chemotherapy when compared to FOLFOX in
a randomized phase II study [65]. Based on the current evidence, targeting the sig-
naling pathways downstream from RAS has, at best, yielded modest activity. The
design of these trials and lack of molecular selection of patients may have contrib-
uted to the observed negative results.

Targeting RAS

Several strategies targeting RAS are being evaluated in pancreatic cancer. These path-
ways include viral-mediated targeting of RAS-mutated cells (Reolysin®), dislodging
RAS from cell membrane, and inhibiting RAS transcription. Salirasib inhibits RAS-
dependent cell growth by dislodging all RAS isoforms from the plasma membrane
with activity demonstrated in PDAC cell lines and xenograft models [66]. A phase I
study combining salirasib with gemcitabine in advanced PDAC demonstrated a
median OS of 6.2 months and a 1-year survival of 37 % [67]. Posttranscriptional
inhibition of RAS expression through small interfering RNA (siRNA) is a promising
approach for therapy in pancreatic cancer. Using pancreatic tumor xenografts, Rejiba
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et al. demonstrated suppression of mutant KRAS expression using specific siRNA
leading to tumor growth inhibition [68]. A major challenge of using siRNA clinically
has been developing a drug delivery strategy. A biodegradable polymeric matrix
encompassing siRNA such as anti-KRASS!?P siRNA (known as local drug eluter;
siG12D LODER) is designed to provide slow and stable local drug release within a
tumor over a period of a few months. This method of drug delivery can suppress
KRAS expression, in vitro and in vivo, resulting in antitumor activity and improved
survival in mouse models [69]. This was studied in a phase I/II first-line treatment
trial followed by gemcitabine treatment in locally advanced pancreatic cancer. A
total of 15 patients were enrolled. Stable disease was defined in 12 patients. Median
OS was 15.1 months. The combination was well tolerated [70].

Hedgehog Pathway

Inhibition of the hedgehog pathway decreases the growth of various types of tumors,
including PDAC [71, 72]. Cancer-associated stromal fibroblasts overexpress the
hedgehog receptor smoothened (SMO), leading to activation of the sonic hedgehog
pathway [73]. In preclinical study, the SMO receptor inhibitor saridegib with gem-
citabine in gemcitabine-resistant mice resulted in increased tumor vasculature and
extended survival [74]. However, a phase IB/II study comparing gemcitabine + the
hedgehog inhibitor vismodegib in PDAC did not translate to any benefit [75].
Another mutation that has been identified is the TCHI that encodes genes for the
hedgehog receptor. These mutations have not been reported in PDAC.

STAT3

The interaction and crossroad effect of the JAK and STAT pathways have always
been linked to each other. STAT3 is aberrantly activated in human PDAC and has
also been shown to be critically important for PDAC precursor lesion formation [76,
77]. Increase in STAT3 phosphorylation predicts poor outcome in PDAC following
resection with curative intent [78]. Furthermore, it has been shown that inhibition of
STAT3 results in increased sensitivity to gemcitabine chemotherapy as well as
reduction in tumor burden and delay of tumor progression in PDAC [79]. f-Catenin
expression has been correlated with resistance of pancreatic cancer cells to chemo-
therapy [80]. Blockade of the STAT3 and p-catenin pathways, therefore, offers a
novel and potentially highly effective strategy to target cancer stem cells and resis-
tance to existing chemotherapy. STAT3 increases the expression of the stemness-
associated genes Sox2, c-Myc, Nanog, and p-catenin.

BBI608, a STAT3 inhibitor, has demonstrated potent anticancer stem cell effects
in a broad spectrum of cancer types while sparing normal hematopoietic stem
cells. BBI608 has also demonstrated inhibitory activity against a broad spectrum
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of heterogeneous (bulk or non-stem) cancer cells. BBI608 has demonstrated potent
antitumor activity as monotherapy in vivo in a variety of murine xenograft models
of human cancer including colorectal, pancreatic, head and neck, breast, prostate,
gastric, and liver cancers. In an open-label, multicenter study, 31 patients received
BBI608 in combination with gemcitabine and nab-paclitaxel. This combination
was well tolerated. The median progression-free survival was encouraging at 7.8
months [81] (NCT02231723). A phase III trial is planned comparing gemcitabine/
nab-paclitaxel with BBI60S to gemcitabine and nab-paclitaxel.

Conclusion

Molecularly targeted therapies have had no impact on the treatment of pancreatic can-
cer. Multiple randomized trials evaluating agents targeting intracellular signaling path-
ways, angiogenesis, tumor stroma, and tumor antigens have failed to identify any
active agents. With the exception of erlotinib, the management of pancreatic cancer
remains heavily dependent on cytotoxic chemotherapy regimens. Many mechanisms
have been proposed to explain this lack of activity of targeted agents in pancreatic
cancer. First, trials have not selected patients based on molecular profile. The success
of targeted agents in other disease types has heavily depended on selecting patients
with certain molecular profiles such as ALK activation in non-small cell lung cancer
(NSCLC) [82]. Identifying predictive biomarkers is an essential step prior to initiating
large randomized trials. The development of PARP inhibitors in patients with impaired
DNA repair is an example of the change in drug development strategies in pancreatic
cancer. A second challenge in the treatment of pancreatic cancer has been the lack of
an active chemotherapy backbone regimen to combine with targeted agents. The suc-
cess of anti-angiogenic agents in colorectal cancer, for example, was enhanced by the
activity of SFU-based therapy. In pancreatic cancer, anti-angiogenic agents were devel-
oped using a single-agent gemcitabine backbone regimen that has modest activity. The
new generations of trials are evaluating novel agents in the setting of more active com-
bination chemotherapy regimens. A third challenge has been the lack of predicative
preclinical models that can guide drug development. Newer models including organ-
oids, patient-derived xenografts, and genetically engineered mouse models hold prom-
ise for better preclinical prediction of activity of targeted agents. Finally, novel targeted
therapies currently in clinical trials have encouraging preliminary activity and could
provide a valuable addition to the more active chemotherapy combinations.
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Chapter 13
Targeting the Tumor Microenvironment

Julia Carnevale and Andrew H. Ko

Introduction and Overview

Pancreatic cancer is a stroma-rich malignancy, characterized by a dense desmoplas-
tic reaction at the primary pancreatic site that may comprise more than half of the
tumor volume [1]. However, rather than merely representing some sort of inert
fibrotic scaffolding, evidence has accumulated over the years that this stromal com-
partment, also often referred to as the tumor microenvironment (TME), is a dynamic
entity that evolves and changes during the course of pancreatic tumorigenesis,
impacting the biology of pancreatic cancer in a myriad of ways. This includes play-
ing critical roles in tumor growth, invasiveness, metastatic spread, stemness, resis-
tance to therapy, and immune escape.

The accumulation of these discoveries has led researchers to focus on iden-
tifying pharmacologic approaches to target the stroma in order to inhibit the
malignant potential of pancreatic cancer and improve drug delivery. However,
studies using a variety of different genetically engineered mouse models have
also suggested that the tumor stroma may function to restrain pancreatic can-
cer growth in some contexts, serving in a protective capacity—thus highlight-
ing both the multiplicity and diversity of functions of the stromal compartment
and our need to proceed with caution as we seek to manipulate the TME for
therapeutic benefit. Herein we will review many of the research efforts under-
way that seek to modulate different aspects of the TME to attenuate tumor
growth and improve delivery of potent treatments for patients with pancreatic
cancer.
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The Starring Role of Pancreatic Stellate Cells

In addition to a rich extracellular matrix comprised of multiple collagens, glycopro-
teins, and growth factors, the TME features a variety of cell types including mesen-
chymal cells (most notably fibroblasts of various types, including pancreatic stellate
cells), inflammatory cells, and vascular endothelium (see Table 13.1).

Pancreatic cancer-associated fibroblasts comprise a large percentage of the cel-
Iular compartment of the TME. There is considerable heterogeneity in these fibro-
blasts [2, 3], distinguished by differential expression of specific protein markers,
with many of the cells likely derived from the bone marrow rather than originating
from within the pancreas itself [4—7]. The most well-studied subset of fibroblasts
that play a central role in tumor—stromal interactions and the development and main-
tenance of desmoplasia are termed pancreatic stellate cells (PSCs), so-called
because of their star-shaped morphology, cytoplasmic storage of vitamin A in the
form of lipid droplets, and similarity in behavior to hepatic stellate cells, the primary
mediators of fibrosis in the liver [8, 9]. Analogously, PSCs represent the primary
cells responsible for the production of fibrosis in response to pancreatic injury, pan-
creatitis, and cancer [10-13]. In healthy pancreas tissue, PSCs, which are typically
found in a periacinar location, remain in a quiescent state; however, under inflam-
matory conditions, these cells are activated, becoming highly proliferative and dif-
ferentiating into myofibroblasts, where they deposit extracellular matrix, including

Table 13.1 Components of the pancreatic cancer microenvironment

Component Examples
Mesenchymal cells Cancer-associated fibroblasts
Pancreatic stellate cells (PSCs) (aka myofibroblasts)
Immune cells Mast cells
Myeloid-derived suppressor cells (MDSCs)
Neutrophils

Tumor-associated macrophages (TAM)
T lymphocytes (primarily regulatory)
Extracellular matrix proteins Collagens I, III, IV
Fibroblast-associated protein
Fibronectin

Growth factors

Hyaluronic acid

Laminin

Matrix metalloproteinase 2 (MMP-2), MMP-9, MMP-11
SPARC/osteonectin
Thrombospondin-1/2

Vasculature Endothelial cells
Pericytes

Abbreviations: MMP, matrix metalloproteinase; SPARC, secreted protein acidic and rich in
cysteine

A.H. Ko, Progress in the Treatment of Metastatic Pancreatic Cancer and the Search for Next
Opportunities. J Clin Oncol, 33(16), 2015: 1781. Reprinted with permission © 2015 by American
Society of Clinical Oncology. All rights reserved
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collagens I and III, fibronectin, and matrix metalloproteinases that remodel the
matrix [12, 14]. PSCs can be distinguished from non-stellate pancreatic fibroblasts
(PFBs) based on surface protein expression, most notably a-smooth muscle actin
(SMA), which is not usually expressed in PFBs [10]. Specific to cancer, pancreatic
tumor cells activate PSCs via various secreted factors, including transforming
growth factor (TGF)-B1, fibroblast growth factor (FGF)-2, and platelet-derived
growth factor (PDGF), as well as Sonic Hedgehog (SHH) [11, 15-18]. (The role of
SHH will be discussed in greater detail in a later section in this chapter.) The reverse
also holds true: PSCs play a critical role in influencing multiple aspects of pancre-
atic tumor biology and signaling, with the concentration of PSCs within pancreatic
tumors providing potentially useful prognostic information. In one analysis per-
formed by Erkan and colleagues of 233 patients who underwent surgery for their
pancreatic cancer, those whose tumors contained the highest ratio of a-smooth mus-
cle actin (as a proxy for PSC activity) relative to collagen deposition—which the
investigators referred to as an “activated stromal index”—had the lowest median
survival rate [19]. Fujita et al. similarly showed in a retrospective analysis of 109
patients undergoing pancreatectomy at their institution that higher intratumoral lev-
els of a-SMA mRNA expression were associated with shorter survival [20].

The potentially agonistic role for PSCs in pancreatic cancer tumor growth, sur-
vival, and metastasis has been demonstrated in a series of in vitro and in vivo co-
culture experiments, in which tumor cells were either exposed to media from PSCs
or co-cultured with PSCs themselves, and metrics of the malignant phenotype mea-
sured. In one such study, following isolation of PSCs obtained from patients under-
going pancreatic cancer resection, Hwang et al. showed that pancreatic cancer cell
lines grown in media taken from these cultured PSCs (both immortalized and non-
immortalized) resulted in increased proliferation, invasion, and colony formation on
soft agar [21]. Co-injection of pancreatic cancer cell lines with immortalized PSCs
also led to increased tumor progression and metastasis in an in vivo orthotopic
mouse model. Mouse experiments performed by Vonlaufen et al. produced similar
findings; athymic mice receiving intrapancreatic injection of a MIA PaCa-2 cell line
together with PSCs, compared to the pancreatic cancer cell line alone, demonstrated
larger tumors, more fibrotic bands containing activated PSCs within tumors, and an
increased number of regional and distant metastases [22].

It is believed that the increased metastatic potential of tumor cells is mediated in
large part by various secreted factors by PSCs, including matrix metalloproteinases
and SPARC (secreted protein acidic and rich in cysteine), which are known to pro-
mote and increase tumor cell invasion. (SPARC, which has been the subject of con-
siderable interest for its putative role in mediating tumoral uptake of the
chemotherapy drug nanoparticle-bound (nab)-paclitaxel, will be discussed in greater
detail later in this chapter.) In addition, Xu and colleagues performed a sex mis-
match study (injecting fluorescently labeled male human PSCs plus female pancre-
atic cancer cells into the pancreas of female mice) to track PSCs and further evaluate
their role in metastases [23]. Indeed, they found that PSCs exhibit transendothelial
migration (i.e., can intravasate/extravasate to and from blood vessels), thus actually
being able to accompany cancer cells to distant sites of metastasis.
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Adding to their multiplicity of roles, PSCs may also be important in tumor angio-
genesis, as they do secrete proangiogenic molecules, including vascular endothelial
growth factor (VEGF), especially under hypoxic conditions [24]. PSCs have been
demonstrated in mouse studies to increase the concentration of CD31+ (endothe-
lial) cells in primary pancreatic tumors when injected locally [23]. Conversely, at
the same time, they may help sustain the hypovascular, hypoxic microenvironment
that characterizes pancreatic tumors via their role in stromal deposition [25, 26].

Several groups have demonstrated that PSCs also help mediate the immunosup-
pressive microenvironment of pancreatic tumors. Ene-Obong and colleagues
showed in a series of studies on both human pancreatic cancer samples and a well-
validated genetically engineered murine model of pancreatic cancer expressing both
oncogenic Kras and mutant p53 in pancreatic cells (Kras™E-0120+ | Trp53ESL-RI72H
Pdx-1-Cre; herein referred to as the KPC mouse) [27] that activated PSCs reduce
migration of CD8(+) T cells to the juxtatumoral stromal compartment, suggesting
that PSCs also play a role in preventing an effective antitumor immune response
[26]. PSCs have further been demonstrated by Mace et al. to promote the differen-
tiation of myeloid-derived suppressor cells (MDSCs) [28].

Finally, multiple lines of evidence support the hypothesis that PSCs may contrib-
ute to the therapeutic resistance that notoriously characterizes pancreatic cancer. As
noted, PSCs are responsible for laying down much of the ECM that may represent
a physical barrier hampering adequate drug delivery and acquisition of resistance to
chemotherapy. Lonardo et al. reported that PSCs also form a niche for cancer stem
cells within pancreatic tumors by secreting embryonic morphogen nodal/activin at
the tumor/stroma interface, promoting in vitro sphere formation and invasiveness of
pancreatic cancer stem cells [29], the compartment of pancreatic tumors known to
be particularly resistant to standard therapies. Mantoni and colleagues performed a
series of both co-culture assays and in vivo experiments to demonstrate that PSCs
also radioprotect pancreatic cancer cells and that this radioprotection occurs in a
B1-integrin-dependent manner [1].

Taken as a whole, these data implicate pancreatic stellate cells as an intriguing
candidate for potential therapeutic intervention when considering stromal-targeting
strategies. As such, a variety of clinical approaches have been taken that focused
specifically on therapeutically targeting PSCs. One such broad approach leverages
the fact that PSCs express high levels of the vitamin D receptor (VDR), as shown by
Sherman et al. [30]. These investigators found that VDR acts as a master transcrip-
tional regulator of PSCs to push them from an activated to a quiescent state.
Consequently, administration of a potent vitamin D analogue, calcitriol, in KPC
mice led to stromal remodeling, increased intratumoral uptake of gemcitabine,
reduced tumor volume, and a 57% increase in survival compared to mice treated
with chemotherapy alone [30]. A number of clinical trials are ongoing to test vita-
min D analogues, such as paricalcitol and calcitriol, in combination with standard
chemotherapies in the neoadjuvant and advanced settings (http://clinicaltrials.gov;
NCT02030860, NCT02754726, NCT00238199).

It has additionally been observed that vitamin A (retinol) can also restore PSC
quiescence. Froeling et al. administered all-trans-retinoic acid (ATRA) to KPC mice
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which induced quiescence and reduced motility of PSCs, leading to reduced prolif-
eration and increased apoptosis of surrounding pancreatic cancer cells [31]. Based
on this research, there is now a phase I clinical trial open testing ATRA in combina-
tion with chemotherapy in patients with metastatic pancreatic cancer (the STAR-
PAC trial).

However, we need to proceed with caution when targeting the fibroblast com-
partment of pancreatic tumors given the potential protective role these cells may
play in this disease, as highlighted by a set of experiments performed by Ozdemir
and colleagues [32]. These investigators generated transgenic mice in which
a-SMA-positive myofibroblasts could be selectively targeted in their pancreatic
tumors; the result of depleting these myofibroblast cells (presumably derived from
PSCs) was the development of pancreatic cancers that not only showed significant
remodeling of the extracellular matrix but also were highly undifferentiated and
hypovascular. In total, these tumors behaved in a biologically more aggressive fash-
ion and resulted in significant reduction in animal survival. (Similar findings were
also observed in an analysis of resected human pancreatic cancer specimens, in
which lower numbers of myofibroblasts correlated with worse survival.) Notably,
these myofibroblast-depleted tumors exhibited a decrease in T-effector cells and an
increase in suppressive T regulatory cells, associated with increased CTLA-4
expression. Administration of an anti-CTLA-4 antibody in this setting resulted in a
rescue of the phenotype of myofibroblast-depleted tumors, with a reduction in
undifferentiated cancer cells, and attenuated PDAC progression, which was associ-
ated with a significant extension in overall survival in these mice [32]. This observa-
tion suggests a possible clinical strategy that could be explored in which
immunotherapy is combined with stromal-depleting agents.

Another distinct fibroblast subtype, the carcinoma-associated fibroblast (CAF)
(identified by expression of the membrane protein fibroblast activation protein-o
(FAP)), also appears to play a unique immunosuppressive role in pancreatic tumor
biology [33]. Depleting these cells in mouse models of pancreatic cancer, which has
been shown to sensitize tumors to immunotherapy, may represent an additional
therapeutic approach that can potentially be tested in clinic in the future.

Immune Cells: Key Constituents of the Microenvironment

Studies of well-established genetically engineered mouse models, including the
KPC mouse, have shown that from the very earliest stages of pancreatic cancer
development, there is a rich and progressive infiltration of leukocytes [34]. This
leukocyte infiltrate is dominated by immunosuppressive cells, such as tumor-
associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and
regulatory T cells (Tregs). Tregs, characterized by a CD4+ CD25+ FoxP3+ pheno-
type, are primary mediators of immune evasion in cancer [35], most notably by
suppression of conventional T-helper cells, and have been shown in some studies to
correlate with poorer prognosis in patients with pancreatic cancer [36]. MDSCs,
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which are elevated in both the circulation and the TME of patients with pancreatic
cancer, also represent key players in suppressing host immunity via inhibition of T
cell activation and migration, as well as promoting expansion of the population of
Treg cells [35, 37]. TAMs, meanwhile, play a myriad of roles, including contribut-
ing to tumor angiogenesis, growth, and stromal remodeling [35, 38, 39]. Other
immune cell types, including neutrophils and mast cells, can also be found in vari-
able concentrations within the TME.

Conversely, there generally appears to be a striking paucity of activated cytotoxic
(effector) CD8+ T cells or NK cells to counter this dense immunosuppressive infil-
trate [40—42]. This imbalance between anti- and pro-inflammatory cell types in the
TME of pancreatic cancer reflects its uniquely immunosuppressive milieu and why
this malignancy is commonly referred to as non-immunogenic [42]. Efforts are
ongoing both to more precisely characterize the immune cell composition in human
pancreatic tumor specimens and especially to develop novel therapeutic strategies
to prime the host immune system and induce a more robust cytotoxic T cell response
against pancreatic cancer.

Given the remarkable transformative impact that immunotherapy has had in
other solid tumor types, notably melanoma, lung cancer, genitourinary malignan-
cies, and head and neck tumors, it is not surprising that there have been and continue
to be intensive clinical efforts trying to exploit and unleash the host immune system
to similar effect in pancreatic cancer, albeit with limited efficacy to date. These
strategies include, but are not limited to, genetically modified cellular and attenu-
ated live bacterial-based vaccines, immune checkpoint inhibitors (antibodies against
PD-1, PD-L1, CTLA-4, IDO inhibitors, and others), and various other agents
designed to inhibit any specific one or more of the immunosuppressive cell types
noted above. While Chap. 15 of this book provides a more in-depth look at these
different immunotherapeutic strategies in pancreatic cancer, this section offers one
representative example to illustrate how our understanding of one specific immune
cell type, the tumor-associated macrophage (TAM), has informed a diverse array of
approaches in which these particular cells are being targeted.

Targeting TAMs. Of the many elements comprising the pancreatic cancer TME
that contribute to immunosuppression, the predominance and negative prognostic
value of TAMs (particularly M2-polarized, or anti-inflammatory, TAMs) [43-45]
have made these cells a particularly intriguing candidate for therapeutic targeting.
TAMs are derived from inflammatory monocytes which are recruited from the bone
marrow, extravasate into tumor tissues, and differentiate into macrophages that
inhibit T cell response. In addition to playing a leading role in creating this immu-
nosuppressive milieu within the TME, TAMs also have versatile functions in pro-
moting cancer cell proliferation, stimulating tumor angiogenesis and extracellular
matrix breakdown, and enhancing tumor invasion and metastasis [46].

Sanford and colleagues reported that inflammatory monocytes were increased in
the peripheral blood of patients with pancreatic cancer compared with healthy con-
trols and that increased levels correlated inversely with survival in patients following
pancreatic cancer surgery [47]. Moreover, these same investigators determined that
mobilization of these cells from the bone marrow into the circulation, as well as
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recruitment of these cells to sites of inflammation where they develop into (tumor-
associated) macrophages, is dependent on the chemokine CCL2 and its receptor
CCR2. The potential therapeutic implications of this finding were realized by treat-
ing tumor-bearing wild-type mice with a CCR2 antagonist (PF-04136309), in whom
a marked decrease in TAMs was found with a corresponding increase in effector T
cells, suggesting enhanced antitumor adaptive immunity. Importantly, these treated
mice showed a significant reduction in tumor growth as well as a significant decrease
in liver metastases compared to vehicle-treated mice. Furthermore, combination of
the CCR2 antagonist with gemcitabine proved to be additive in inhibiting tumor
growth and dramatically reducing rates of liver metastases [47].

Based on these encouraging preclinical data, an open-label, dose-finding, non-
randomized phase Ib study was conducted in treatment-naive patients with border-
line resectable or locally advanced pancreatic adenocarcinoma who were treated
with six cycles of either FOLFIRINOX (n = 8) or FOLFIRINOX plus PF-04136309
(n =39) [48]. Forty-nine percent of patients receiving the CCR2 inhibitor achieved
an objective tumor response, and the combination therapy did not confer signifi-
cantly added toxicity when compared to chemotherapy alone. Importantly, the
authors confirmed the on-target effects of the experimental agent, with (1) a signifi-
cant decline in peripheral CCR2-positive monocytes when compared to baseline,
(2) areduction in levels of TAMs in tumor biopsy specimen posttreatment and (3) a
rise in intratumoral CD8- and CD4-positive T cells with a relative decline in regula-
tory T cells in posttreatment compared to baseline samples. These findings sug-
gested a reversal of immunosuppression and restored antitumor immunity. Based on
these promising results, successor studies are in development or currently underway
evaluating this strategy for different stages of pancreatic cancer and/or in combina-
tion with other chemotherapy regimens (NCT02732938).

An alternative strategy for targeting TAMs entails “reprogramming” these cells
for antitumor activity. CD40 agonists may represent one such approach [49, 50].
CD40, a member of the tumor necrosis factor receptor (TNFR) superfamily, plays
an important role in induction of tumor apoptosis and regulation of immune activa-
tion, especially in cross talk between T cells and antigen-presenting cells [51-55].
However, in the context of pancreatic adenocarcinoma, Beatty and colleagues found
that CD40 agonists mediate their antitumor activity independent of T cells, but
rather by activating macrophages to infiltrate tumors, become tumoricidal, and
facilitate the depletion of stroma [49]. Specifically, these investigators observed that
treatment of genetically engineered KPC mice with the CD40 agonist antibody
FGK45 could induce tumor regressions with associated stromal degradation and
that this drug effect was lost when the mice were depleted of macrophages (but not
CD4- or CD8-positive T cells).

The clinical impact of CD40 activation has been explored in a phase I clinical trial
of the agonist CD40 antibody (CP-870,893) in combination with gemcitabine for
treatment-naive patients with advanced pancreatic cancer [50]. The overall objective
response rate (ORR) in this small (21 patients) study was 19%, with a median pro-
gression-free survival (PES) of 5.2 months and median overall survival (OS) of
8.4 months. The most common adverse event observed was grade 1-2 cytokine
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release syndrome, reflecting systemic immune activation, and a rapid (albeit tran-
sient) decrease in peripheral monocyte levels following CP-870,893 infusion. While
on-treatment biopsies were not mandated for this study, serial FDG-PET/CT scans
were performed, with somewhat heterogeneous metabolic responses noted. Other
trials either ongoing (NCT02588443) or in development are seeking to further eluci-
date the activity of CD40 agonists in pancreatic cancer, not only to assess their clini-
cal activity but also to look for the pharmacodynamic and immunologic effects of
this class of agents.

A third and final example in this category of TAM-targeting agents involves
blockade of colony-stimulating factor-1 (CSF-1) and/or its receptor (CSF-1R), a
signaling axis involved in the infiltration and activation of macrophages within
tumors. A number of preclinical studies in different tumor models have shown that
inhibition of CSF-1/CSF-1R signaling can block tumor progression and metastasis
[56-60]. Mitchem et al. specifically studied this approach in orthotopic pancreatic
cancer models and found that inhibitors of CSF-1R depleted mature TAMs, resulting
in improved efficacy of chemotherapy, fewer metastases, and increased antitumor T
cell immunity [58]. Zhu and colleagues showed that CSF-1R blockade upregulates
T cell checkpoints such as PD-L1 and CTLA-4, and combining CSF-1R and immune
checkpoint inhibitors could potently elicit tumor regressions in preclinical models
[61], offering a promising therapeutic strategy to explore in the clinical arena.

The therapeutic agents targeting CSF-1/CSF-1R that are furthest along in clini-
cal development include PL.X3397, a selective CSF-1R inhibitor, and emactuzumab,
an anti-CSF-1R monoclonal antibody. These agents have shown particularly prom-
ising clinical activity in a rare tumor type, tenosynovial giant-cell tumor, that is
characterized by overexpression of CSF-1 which binds to and recruits CSF-1R-
expressing cells of the mononuclear phagocyte lineage [62, 63]. Specific to pancre-
atic cancer, there currently are numerous active clinical trials testing CSF-1/CSF-1R
blockade in a variety of different capacities (NCT02777710, NCT02452424,
NCT02718911, NCT01316822, NCT01346358, NCT02526017, NCT(02829723).

Blood Vessels and the TME

Pancreatic adenocarcinoma in general is a hypovascular, poorly perfused tumor,
with fewer large-diameter vessels compared to adjacent normal human pancreas
[30, 64, 65]. This is due in large part to the dense desmoplastic stroma associated
with pancreatic tumors that compresses and distorts blood vessels [64, 66]. As will
be discussed in subsequent sections in this chapter, various stromal-depleting strate-
gies, such as recombinant hyaluronidase and inhibitors of Hedgehog signaling, have
been shown, at least in preclinical models, to increase tumor vascular density and
patency, resulting in improved drug delivery [64, 67].

The hypovascular nature of pancreatic cancer raises important questions regard-
ing the extent to which angiogenesis is important and plays a role in this malig-
nancy. Multiple groups have reported on the frequency of overexpression of the
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proangiogenic molecule VEGF-A (vascular endothelial growth factor-A) in human
pancreatic cancer, with some but not all reports finding a correlation between
VEGF-A levels and poorer clinical outcomes in patients, including shorter survival
[65, 68-70]. Experiments in subcutaneous or orthotopic nude mouse models of
human pancreatic cancer in which VEGF signaling was targeted (e.g., via antisense
RNA, a diphtheria toxin—VEGF fusion protein, or an adenoviral vector encoding the
soluble form of the decoy receptor VEGFR-1) have demonstrated evidence of
reduced tumor growth [71-73], lending some rationale to studying antiangiogenic
strategies in pancreatic cancer clinical trials.

To date, however, clinical trials focused on blocking VEGF signaling in pancre-
atic cancer have been disappointing, with no survival benefit observed in two large
phase III clinical trials with the addition of the anti-VEGF antibody bevacizumab to
standard therapy (gemcitabine or gemcitabine plus erlotinib) in the first-line meta-
static setting [74, 75]. Small-molecule inhibitors of VEGFR, such as axitinib and
sunitinib, have likewise not demonstrated any benefit when tested in either the first-
or second-line settings in this disease [76, 77]. An alternative strategy directly tar-
geting existing tumor vasculature consists of paclitaxel embedded within a cationic
liposome membrane (EndoTAG-1), which selectively binds to negatively charged
tumor endothelial cells [78]. A randomized controlled phase II study suggested
some improvement in clinical outcomes with the addition of this novel agent to
gemcitabine in patients with advanced pancreatic cancer [78], but further testing in
a larger phase III trial has not been forthcoming.

Despite these less than overwhelming results, interest remains in how best to
employ antiangiogenic strategies in pancreatic cancer. This may include evaluating
other angiogenic pathways beyond VEGF, as well as studying combination strate-
gies in which antiangiogenic therapies are administered together with other stromal-
depleting/remodeling agents or immunotherapies [65]. In general, mechanistic
arguments could be made to justify why therapeutic approaches that either impair
or increase tumor perfusion might be beneficial, highlighting the conundrum and
ongoing uncertainty regarding targeting tumor vasculature in this disease [66].

Hedgehog Signaling: Lessons Learned in Targeting
the Tumor Stroma

Hedgehog signaling represents an important developmental pathway in normal
mammalian embryogenesis, including normal pancreatic formation [79, 80].
Aberrant expression of Sonic Hedgehog (SHH), the most common Hedgehog
ligand, as well as its associated signaling components Patched (PTCH1, the cognate
receptor for Hedgehog ligands) and Smoothened (SMO, a co-receptor), is also fre-
quently seen in pancreatic cancer, with increasing activity as tumors progress from
early precursor (PanIN) lesions to invasive adenocarcinoma [81-88]. Studies
involving global sequencing analysis have identified this pathway as one of the
central elements undergoing transformation in nearly all pancreatic cancers [82].
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Yauch et al. used xenograft mouse models of pancreatic and colon cancer to
show that ligand-dependent activation of the Hedgehog pathway occurs in the
tumor microenvironment, as opposed to within the epithelium [89]. Specifically,
these investigators found that while Hedgehog ligands are produced by tumor
cells, the signal is then transduced in the stromal compartment of tumors, where
stromal cells express the SHH receptor PTCH1. Upon ligand binding, this leads
to activation of SMO and subsequent downstream activation of the GLI family of
transcription factors, which represent useful expression markers of Hedgehog
signaling activity [90]. Administration of a Hedgehog pathway antagonist in
these mice resulted in inhibition of tumor growth via downregulation of Hedgehog
target genes in the stromal microenvironment, but not within the tumor epithe-
lium. In sum, these findings suggested a paracrine requirement for Hedgehog
signaling (between tumor and stroma) in the tumorigenesis of Hedgehog-
expressing malignancies.

Subsequent studies specific to pancreatic cancer confirmed this paracrine model
of Hedgehog-mediated tumorigenesis. Tian and colleagues expressed an onco-
genic allele of SMO in mouse pancreas that activated Hedgehog signaling in a
cell-autonomous manner, showing that the signaling is restricted principally to
a-SMA-expressing spindle cells adjacent to tumor epithelium, rather than in the
epithelial cells themselves [91]. These researchers then microdissected human and
mouse pancreatic specimens to confirm that Hedgehog target gene expression
(GLI1) was significantly higher (40- to 120-fold in human samples) in the stromal
compartment compared to tumor epithelium. Bailey et al. demonstrated that
Hedgehog signaling contributes to the development of the desmoplastic stroma in
pancreatic tumors, in part, by promoting the differentiation and proliferation of
PSCs [18]. Administration of a blocking antibody to SHH to mice with orthotopi-
cally implanted pancreatic tumors significantly decreased the degree of desmopla-
sia observed.

The therapeutic implications of Hedgehog inhibition were most clearly sug-
gested by a series of experiments conducted by Olive et al., who used the KPC
mouse model to highlight how the desmoplastic stroma associated with pancreatic
cancer represents a poorly perfused, poorly vascularized physical barrier that
impairs effective drug delivery to the tumor [67]. Recognizing the role that Hedgehog
signaling plays in promoting this desmoplasia, these investigators studied the effects
of IPI-926, a semisynthetic derivative of cyclopamine that blocks Hedgehog signal-
ing by potently inhibiting Smoothened (SMO), on these mice. When given alone or
in combination with gemcitabine, IPI-926 was shown to deplete the desmoplastic
stroma and increase intratumoral vascularity. Mice treated with the combination
showed increased intratumoral concentration of gemcitabine metabolites, indicat-
ing improved drug delivery. An intervention—survival study on these mice, which
included monitoring of tumor volumes, showed that mice treated with the gem-
citabine/IPI-926 exhibited more frequent tumor shrinkage (albeit transient), had
fewer metastases to the liver, and had prolonged survival, when compared to
vehicle-treated controls, whereas no significant differences were observed with
gemcitabine or IPI-926 alone.
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Based on these preclinical findings with promising mechanistic rationale, several
clinical trials were initiated evaluating IPI-926 and other Hedgehog signaling inhib-
itors in combination with chemotherapy in advanced pancreatic cancer. However,
surprising results were reported from the largest of these studies, a randomized
phase II trial of gemcitabine plus either IPI-926 or placebo as first-line treatment of
metastatic pancreatic cancer. Specifically, this study found that patients receiving
IPI-926 had higher rates of progressive disease and correspondingly shorter overall
survival, when compared to the control group [92]. Another randomized phase II
study evaluating a different SMO inhibitor (vismodegib) in combination with gem-
citabine as first-line therapy in patients with metastatic pancreatic cancer showed no
detrimental effect, but no significant improvement in overall survival, compared to
gemcitabine plus placebo [93]. Other smaller single-arm studies reported somewhat
more promising efficacy results with this general strategy [94, 95] but overall were
too small to interpret.

Following the disappointing results from these clinical trials, several preclinical
studies were published in succession that helped shed some light on why manipula-
tion of the tumor stroma, via Hedgehog inhibition or other means, could potentially
produce detrimental effects. Rhim et al. developed KPC mice in which SHH was
conditionally deleted and found that while the SHH-deleted tumors had signifi-
cantly reduced stromal content, as predicted, these tumors were also more aggres-
sive and exhibited an undifferentiated phenotype, increased vascularity, and
heightened proliferation [96]. They further showed that long-term administration of
IPI-926 (as opposed to the short course of treatment of this drug in the experiments
by Olive et al.) mimicked SHH deletion, with tumors that were more highly prolif-
erative, vascular, and poorly differentiated than those arising in control mice treated
with vehicle or gemcitabine alone. These findings suggested that the short-term,
beneficial effects of increased drug delivery conferred by Hedgehog inhibition may
eventually be overcome by the deleterious effects of long-term inhibition of this
pathway. In addition to inducing dramatic changes in tumor histology and biology,
loss of SHH also produced tumors that were more sensitive to VEGF inhibition,
suggesting a genetic subset of pancreatic cancers in whom antiangiogenic strategies
may be appropriate to revisit.

Similar results were reported by Lee et al. in a series of experiments performed
on three separate genetically engineered mouse models of pancreatic cancer, in
which either genetic or pharmacologic reduction of Hedgehog signaling decreased
survival and accelerated tumor progression [97]. Conversely, administration of an
oral small molecule (SAG21k) that activates Hedgehog signaling mediated hyper-
plasia of stromal cells (particularly those with a myofibroblast-like phenotype,
likely PSCs) and expression of collagen I, as well as decreased proliferation and
progenitor-like character in the epithelial compartment. Intriguingly, these authors
suggest that on the basis of these results, there may be a role for Hedgehog pathway
activation in clinical trials of pancreatic cancer, although certainly this would have
to be balanced against the increased desmoplasia that would result—again,
highlighting the need to understand both the pros and cons of therapeutically target-
ing tumor stroma.
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Directly Targeting the Extracellular Matrix

The extracellular matrix (ECM) of pancreatic cancer is composed predominantly
of collagen and a complex mixture of proteoglycans and glycosaminoglycans. Of
these, one glycosaminoglycan of particular interest in pancreatic cancer is hyal-
uronic acid (HA), a negatively charged polymer consisting of disaccharide repeats
(alternating N-acetylglucosamine and glucuronic acid units) that represents a
major component of the ECM [64]. In addition to regulating multiple biological
processes via signaling through receptors CD44 and RHAMM (receptor for
HA-mediated motility), including angiogenesis, epithelial-mesenchymal transi-
tion, proliferation, and migration [98, 99], HA also contributes to the viscoelastic-
ity of the ECM via sequestering mobile cations and solvating water [99]. High
levels of HA in the ECM lead to elevated interstitial fluid pressure, which in turn
compresses tumor vasculature and hampers the ability of small-molecule cyto-
toxic therapies to reach tumor cells [67, 100—102]. Expression of HA has been
associated with lower overall survival rates in a number of malignancies, includ-
ing pancreatic cancer [103].

Enzymes that degrade hyaluronidases exist naturally [104] and can be isolated
and modified for use as cancer therapeutics. The one furthest along in clinical devel-
opment is PEGPH20, a recombinant form of human hyaluronidase that has been
pegylated to prolong its half-life in circulation to over 20 h. PEGPH20 has been
tested in xenograft models of pancreatic cancer where it has been shown to inhibit
tumor growth [105, 106]. Provenzano et al. further tested PEGPH?20 treatment in the
KPC mouse model, in which pancreatic tumors develop that faithfully recapitulate
the high intratumoral hyaluronic acid content of human pancreatic cancer [64]. In
this model, administration of PEGPH20 plus gemcitabine resulted in dramatically
lower intratumoral interstitial fluid pressure, increased patent vasculature, and con-
sequently improved tumor drug delivery. Mice treated with the combination of
PEGPH20 plus gemcitabine showed prolonged survival compared to gemcitabine
alone [64]. Jacobetz et al. independently reported similar results with the combina-
tions of PEGPH20 plus intraperitoneal gemcitabine and with PEGPH20 plus intra-
venous doxorubicin [99].

The mechanistic rationale and provocative preclinical findings have prompted
PEGPH20 to be studied in the clinical arena as a potential cancer therapeutic agent.
A phase Ib study examined the combination of PEGPH20 at escalating doses in
combination with standard gemcitabine in 28 patients with advanced pancreatic
cancer [107]. The most common PEGPH20-related adverse events were musculo-
skeletal and extremity pain, peripheral edema, and fatigue, although none of these
adverse events were serious or necessitated PEGPH20 discontinuation.
Thromboembolic events were also observed in 29% of patients. Median progression-
free survival (PFS) and overall survival (OS) rates were 5.0 and 6.6 months,
respectively. Notably, in the subset of patients whose tumors showed high levels of
HA expression, median PFS and OS were 7.2 and 13.0 months (n = 6), compared to
3.5 and 5.7 months for patients with HA-low tumors (n = 11).
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Subsequently, a randomized phase II trial was undertaken looking at the combi-
nation of gemcitabine and nab-paclitaxel with or without PEGPH20 in patients with
previously untreated metastatic pancreatic cancer. Importantly, for this study, a
companion diagnostic assay was developed to be able to determine HA expression
within tumors as a potential predictive biomarker for this treatment approach. Final
analysis of stage 1 data from this study was presented at the American Society of
Clinical Oncology (ASCO) Annual Meeting in 2016, at which point a total of 135
patients had been treated [108]. In the subset of patients with HA-high tumors
(comprising approximately a third of study subjects), the addition of PEGPH20 to
chemotherapy led to a clinically meaningful improvement in median progression-
free survival compared to chemotherapy alone (9.2 vs 6.3 months, respectively; HR
0.48), whereas this difference was less striking in patients with HA-low tumors
(median PFS 5.3 vs 4.3 months; HR 0.69). Response rate was also higher in the
PEGPH20-containing treatment arm compared to the control arm in patients with
HA-high tumors (55% vs 33%). Of note, due to high rates of thromboembolic
events observed early on the study, the trial was amended to mandate enoxaparin
(LMWH) prophylaxis for patients on both treatment arms, which appeared to miti-
gate this risk.

Given the promising efficacy results of this trial, with incorporation of a poten-
tially useful biomarker, a global phase III randomized controlled trial of similar
design as the phase II (gemcitabine/nab-paclitaxel with or without PEGPH20) was
initiated in 2016 (NCT02715804). However, this study is limited exclusively to
patients with HA-high tumors to try and enrich for the subgroup of pancreatic can-
cers most likely to benefit from this stromal-targeting strategy.

Aside from HA, other efforts to target the extracellular matrix have involved
inhibiting growth factors that stimulate extracellular matrix (ECM) formation.
Connective tissue growth factor (CTGF), for example, is a glycoprotein overex-
pressed in human pancreatic adenocarcinomas and some pancreatic cancer cell lines
[109] that plays multiple roles in tumor biology, including modulating deposition of
ECM and angiogenesis [110]. Several investigators have shown that administration
of FG-3019, a neutralizing CTGF-specific monoclonal antibody, confers antitumor
activity in pancreatic cancer both in vitro and in vivo [109, 110], although unlike
other stromal-targeting agents, it does not appear to enhance delivery of concur-
rently administered chemotherapy agents like gemcitabine [111]. On the basis of
this preclinical work, this “antifibrotic” agent has been and is being tested in pancre-
atic cancer clinical trials in combination with standard chemotherapy in the meta-
static and locally advanced settings [112, 113].

CTGF itself is a downstream modulator of TGF-, a key signal transduction
molecule which, as noted earlier in this chapter, is involved in the activation of PSCs
that leads to desmoplasia. Due to both the tumor-suppressing and tumor-promoting
effects of TGF-p signaling, blocking this pathway has been met with some trepida-
tion in the past. Whatcott and colleagues assessed the effects of LY2157299, a
TGF-BR1 inhibitor, in combination with gemcitabine on KPC mice, and found a
marked reduction in overall stromal content, including collagen I deposition [98].
This same agent has since been evaluated in a randomized, double-blind phase II
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trial in combination with chemotherapy in patients with advanced pancreatic cancer.
As reported at the 2016 ASCO Annual Meeting, addition of LY2157299 (also
known as galunisertib) to gemcitabine conferred modest improvements in overall
and progression-free survival compared to gemcitabine plus placebo (median OS
9.1 vs 7.6 months [HR 0.89]; median PFS 3.6 vs 2.8 months [HR 0.80], respec-
tively), with greater benefit observed in patients with lower baseline TGF-$1 levels
[114]. An alternative strategy that has been explored in pancreatic cancer is an anti-
sense oligonucleotide targeting TGF-B2 called trabedersen, which showed antitu-
mor activity in pancreatic cancer cell culture and in orthotopic mouse model [115].
This agent was subsequently evaluated in a phase I/II trial in which one long-term
responder with metastatic pancreatic cancer was reported [116], but further clinical
development has not been reported.

Do Chemotherapy Agents Remodel the TME?

In addition to the investigational therapeutic approaches described elsewhere in this
chapter, there is also preclinical and clinical evidence that one of the standard che-
motherapeutic agents approved for use in pancreatic cancer, albumin-bound pacli-
taxel (nab-paclitaxel), exerts some effects on the TME. In the original phase I/II
report of gemcitabine plus nab-paclitaxel that led to the pivotal phase III MPACT
trial, von Hoff et al. performed parallel experiments using patient-derived xenograft
models of pancreatic cancer to demonstrate that exposure to nab-paclitaxel depleted
the desmoplastic stroma [117]. The reduction in tumor stroma and the accompany-
ing increase in vascularization facilitated the delivery of gemcitabine and conse-
quently increased intratumoral levels of gemcitabine. Furthermore, the authors
hypothesized that a key albumin-binding protein called SPARC (secreted protein
acidic and rich in cysteine) expressed by stromal fibroblasts may represent an
important mediator facilitating the uptake of nab-paclitaxel in the TME that contrib-
utes to stromal depletion. Indeed, early clinical data suggested that stromal expres-
sion of SPARC may serve as a useful predictor of sensitivity to treatment with
nab-paclitaxel [117], in addition to representing a poor prognostic factor overall
[118]. However, subsequent analysis performed on archival tumor specimens as
well as plasma samples from the MPACT trial failed to corroborate any predictive
utility for SPARC in patients receiving either gemcitabine plus nab-paclitaxel or
gemcitabine alone [119].

In a separate small but intriguing study, Alvarez et al. reported that patients with
resectable or borderline resectable pancreatic cancer who received two cycles of
gemcitabine plus nab-paclitaxel prior to surgical resection showed decreased tumor
stiffness (as measured by endoscopic ultrasound elastography) [120]. Histological
evaluation of these patients’ surgical specimens revealed tumors with a less abundant
and less organized network of type I collagen fibers compared to a denser, well-
organized collagen fiber network seen in the samples from patients who were either
untreated or received conventional (non-nab-paclitaxel-containing) chemoradiation.
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Furthermore, patients treated with nab-paclitaxel plus gemcitabine had fewer cancer-
associated fibroblasts (CAFs) in their tumor specimens. Parallel experiments per-
formed on genetically engineered mice suggested that these stromal altering effects
were likely attributable to the nab-paclitaxel rather than the gemcitabine [120].

Conclusion

Pancreatic cancer retains its title as one of the most aggressive and lethal of all
malignancies, characterized by aggressive biology, an early propensity to metasta-
size, chemoresistance, and poor immunogenicity. The uniquely complex tumor
microenvironment associated with this disease helps explain many of these adverse
features. Both laboratory and clinical exploration has deepened our understanding
of the role that the varied cellular and acellular components of the TME play and
how we may be able to therapeutically exploit each of them to improve the outlook
for patients diagnosed with pancreatic cancer. Clinical trials of novel therapies
designed to target elements of the TME have met with mixed success to date, and
history teaches us that we must proceed with caution when manipulating the stro-
mal compartment. Nonetheless, it is likely that such approaches will find their place
alongside, or in combination with, cytotoxic therapies, immunotherapies, and other
molecularly targeted strategies in changing the paradigm in how we treat this chal-
lenging disease in the future.
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Chapter 14
Synthetic Lethality: Achilles Heel in Select
Patient Subpopulations

Min Yuen Teo and Eileen M. O’Reilly

What Is Synthetic Lethality?

Synthetic lethality is a principle first described in the early twentieth century when
it was observed that certain nonallelic genes were lethal in fruit flies only in combi-
nation, even when the homozygous parents were perfectly viable [1, 2]. In modern
biological context, it is defined as a type of genetic interaction where the “co-
occurrence of two genetic events results in organismal or cellular death” [2—4].

There has been numerous well-documented examples of synthetic lethality in
cancer described in the scientific literature, including the dependence of WEEI in
the setting of SET domain-containing 2 (SETD2) deficiency [5] and reliance on
enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH?2) activity in the
setting of SWI/SNF mutation [6]; the latter has in fact led to current clinical devel-
opment of EZH?2 inhibitors in tumors lacking components of SWI/SNF complex.
However, the concept of synthetic lethality has been best studied to date in the set-
ting of BRCA1/2 tumors.

BRCA1 and BRCA2 are crucial components of a tightly modulated pathway
which responds predominantly to double-strand breaks. Double-strand breaks are
by far the most lethal of DNA damages and are repaired by either the homologous
recombination or nonhomologous end-joining pathways. Homologous recombina-
tion is the preferred repair mechanism due to high-fidelity DNA repair and lower
error rates [7]. Cells with defective double-strand repair show a high degree of
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chromosomal instability, including chromosome breaks and radial chromosomes,
which may lead to acquired mutations with consequential oncogenesis [8—10].

Due to both endogenous and environmental stressors [7], DNA damage can
occur in the form of base modification, single-strand breaks, double-stand breaks,
and intra-strand and inter-strand cross-links [11]. Destruction is first detected by
checkpoint kinases ataxia telangiectasia mutated (ATM) and ataxia telangiectasia
and Rad3-related protein (ATR), which lead to downstream activation of the
Fanconi anemia complex. Once activated, the Fanconi anemia complex proceeds to
recruit other component proteins of the homologous recombination mechanism
including the BRCA1 and BRCA2 genes which encode for proteins which play a
central role in homologous recombination pathway [12, 13]. Clinically significant
mutations in these genes are frequently frameshift insertions or deletions which are
translated into functionally impaired proteins [14], thereby contributing to defective
homologous recombination mechanism. The impaired mechanism leads to accumu-
lation of mutations and chromosomal defects which increase the risk of carcinogen-
esis and, conversely, increased sensitivity to cross-linking properties of cytotoxic
agents [15-17].

In the absence of effective double-strand breakage repair, alternative DNA repair
mechanisms are frequently hobbled. PAR-1 is a nuclear protein which localizes to
the site of DNA damage and contributes to the majority of PARP activity. PARP is
a critical component of the base excision repair pathway, an important pathway in
repair of single-strand breakage. Conversely, loss of PARP-1 increases the forma-
tion of DNA lesions that might be repaired by components of homologous recom-
bination. In cells with loss of function of BRCA1/2, PARP inhibition further
interrupts alternative DNA repair pathways, leading to accumulation of large num-
bers of chromatid aberrations and subsequent cell cycle arrest and cell death and
therefore demonstration of synthetic lethality [16].

The Clinical Application of Synthetic Lethality
Across Different Cancer Types

While the principle and mechanistic evidence of synthetic lethality have been well
recognized in preclinical studies, the clinical application has only arisen relatively
recently with the development of PARP inhibitors.

Ovarian cancer and breast cancer are the two diseases at the forefront of efforts
to capitalize on the concept of synthetic lethality for therapeutic vulnerability,
largely driven by the recognition of BRCA1/2-related cancers as part of hereditary
breast-ovarian cancer syndrome. Olaparib is one of the first small molecule PARP
inhibitors which has entered clinical evaluation and, more importantly, to demon-
strate clinical evidence of synthetic lethality. In its phase 1 study, a total of 60
patients with various cancer types were enrolled, 23 of which were confirmed
BRCA1/2 mutation carriers. Two patients were not evaluable for antitumor activity,
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while two other patients had cancers not commonly associated with BRCA1/2
mutation, and their disease progressed rapidly despite therapy. Of the remaining 19
patients with ovarian, breast, and prostate cancer, 12 patients derived clinical benefit
with radiologic or tumor marker responses or meaningful disease stabilization of
over 4 months. Olaparib has since been extensively investigated in ovarian cancer
and has demonstrated improvement in progression-free survival in combination
with chemotherapy and as maintenance treatment in the first-line setting [18] and
durable response in relapsed disease [19] most notably among patients with germ-
line BRCA1/2 mutations, culminating in FDA approval for olaparib in this disease.

Development of PARP inhibition in breast cancer was transiently stalled due to
the negative phase III study of carboplatin plus gemcitabine in combination with
iniparib [20], but it was later identified that iniparib was found to harbor very low
PARP inhibitory activity [21]. More recently, the large adaptive I-SPY 2 trial suc-
cessfully demonstrated clinical activity of veliparib in combination with carboplatin
with enhanced pathologic complete response rates among triple negative breast can-
cer patients undergoing neoadjuvant therapy and is therefore selected to undergo
phase III evaluation [22].

Beyond breast and ovarian cancer, a recently reported phase II study demon-
strated the clinical activity of olaparib in a cohort of heavily pretreated patients with
metastatic castration prostate cancer, with a response rate of 33%. Interestingly,
88% of responders were found to harbor either somatic or germline mutations in
BRCA1/2 and other DNA damage repair genes [23], further proving the validity of
synthetic lethality as a clinical target. In fact, it was more recently shown that up to
11.8% of men with metastatic castration-resistant prostate cancer harbor germline
deleterious mutations in DNA damage repair genes. Up to three quarters of these
mutations were represented by BRCA2 (44%), ATM (13%), CHEK2 (12%), and
BRCAI (7%) (PMID 27433846). Interestingly, the noted prevalence was signifi-
cantly higher than men with localized disease (4.6%) and general population with
no known cancer diagnosis (2.7%) [24].

BRCA1/2 Mutations and Alterations in Homologous
Recombination Genes Are More Prevalent in Pancreatic
Adenocarcinoma than Previously Thought

It is estimated that 5—15% of pancreatic adenocarcinoma has an inheritable compo-
nent and is linked to various inherited cancer susceptibility syndromes [25] such as
hereditary breast and ovarian cancer syndrome [25], Lynch syndrome, Peutz-
Jeghers, familial atypical multiple mole melanoma syndrome, and hereditary pan-
creatitis [26]. Many of these have well-studied and characterized genomic etiologies
related to single gene defects.

Hereditary breast and ovarian cancer syndrome is by far the most studied and encom-
passes a significant proportion of inheritable pancreatic adenocarcinoma, estimated to
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be between 4 and 7% of all pancreatic adenocarcinomas [27, 28]. Correlation between
pancreatic cancer and hereditary breast and ovarian cancer syndrome was first gleaned
from large population-based studies on hereditary breast and ovarian cancer syndromes.
The large Hereditary Breast Cancer study enrolled over 5000 female carriers of
BRCA /2 mutations. With an average follow-up time of 2 years, eight cases of pancre-
atic cancers were diagnosed. Although low by absolute numbers, this observation rep-
resented a significantly higher standardized incidence rate compared to the general
population, with a standardized incidence radio of 2.55 for BRCA[ carriers and 2.13 for
BRCA2 carriers [29]. Similarly, the Breast Cancer Linkage Consortium study which
enrolled over 3728 women with germline BRCA2 mutation observed 3.51 times
increased risk for development of pancreatic cancer [30].

While the two studies described above were mainly designed to study women
with BRCA1/2-mutated breast cancers, other investigators have sought to answer a
similar question with slightly different methodologies. Studies examining pancre-
atic cancer patients with strong family histories provided additional supporting evi-
dence by demonstrating enrichment of related genetic variants.

In one of the earliest studies of 29 patients with pancreatic cancer and highly
significant family history from the National Familial Pancreatic Tumor Registry
(NFPTR), germline DNA analysis found BRCA?2 mutation 17.2% of the patients,
while no germline mutations in the other three genes tested for the study were
observed (MP2K4, MADH4, and ACVRIB) [31]. Similarly, Lucas and colleagues
identified germline BRCA1/2 mutations in 21.9% of 32 patients with pancreatic
cancer and 18.9% in patients without a cancer diagnosis currently enrolled in their
high-risk pancreatic cancer prevention and genetics program [32].

In one of the largest published series to date, 175 patients with pancreatic cancer
treated in Memorial Sloan Kettering Cancer Center (MSKCC) underwent clinical
genetic counseling and germline DNA analysis. Patients were enrolled based on
suspicious personal or family history. Among all enrolled patients, 56.0% had
Ashkenazi Jewish ancestry, 26.3% had personal history of prior malignancies, and
30-50% had family history of malignancies in first-degree relatives. In this study,
pathogenic mutations were identified in 15.1% of patients, including 13 patients
with BRCA2 mutation, four patients with BRCA1 mutations, p16 mutations in two
further patients, PALB2 in one patient, and four patients with germline mutations in
mismatch repair genes [28]. Patients with Ashkenazi Jewish ancestry were more
likely to be tested positive for BRCA1/2 genes (13.7%) compared to those with
non-Ashkenazi Jewish ancestry (7.1%).

While these studies, including the Hereditary Breast Cancer and Breast Cancer
Linkage Consortium studies, have convincingly demonstrated the link between risk
of pancreatic carcinogenesis and germline BRCA1/2 mutations, these studies
enrolled specifically high-risk patients, enriched for strong personal or family history
for pancreatic cancers or other BRCA-related malignancies, or known carrier status.
The inherent selection bias therefore precludes any meaningful estimation of the
magnitude or incidence of the correlation. However, a recent Canadian study sought
to address this particular question: In an unselected cohort of patients with pancreatic
adenocarcinoma, 11 of 306 patients (3.6%) were found to harbor pathogenic BRCA2
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mutations and another three patients (1.0%) with BRCA 1 mutations [27]. A high rate
of Ashkenazi ancestry was noted in the study cohort at 10.8%. When analyzed sepa-
rately, BRCA1/2 mutations were observed in four of 13 (12.1%) Ashkenazi Jewish
patients and in 10 of 273 (3.7%) non-Ashkenazi Jewish patients (p = 0.05), which
reflects the relatively similar observation from the MSKCC series described
previously.

As discussed above, the DNA response and repair mechanism, including that of
homologous recombination, consist of a complex network of many enzymes and
proteins, and therefore it is conceivable that alterations in other members of the
mechanism might demonstrate similar phenotypic consequences. Recent works by
different groups have implicated germline mutations in other components of homol-
ogous recombination beyond BRCA1/2.

In a series of an unselected cohort of 96 pancreatic cancer patients from the
Mayo Clinic Pancreatic Cancer patient registry, 14 pathogenic mutations in 13
patients were identified in eight genes, namely, ATM, BRCA2, checkpoint kinase 2
(CHEK2), MutS homolog 6 (MSH6), BRCA1-associated RING domain 1 (BARDI),
BRCAI, Fanconi anemia complementation group M (FANCM), and Nibrin (NBN),
majority of which are components of the homologous recombination pathway [33].
Similar observations were noted in a significantly larger sample set of 638 patients
with familial pancreatic cancer without known germline mutations. Whole genome
sequencing identified truncating mutations in a wide range of DNA damage repair
genes at low frequencies, including ATM, polymerase (DNA directed) Nu (POLN),
polymerase (DNA directed) theta (POLQ), Fanconi anemia complementation group
C (FANCC(), Fanconi anemia complementation group M (FANCM), etc. [34]. The
Ontario Pancreas Cancer Study investigated the prevalence of germline mutations in
a limited panel of genes—including ATM, BRCAI, BRCA2, APC, CDKN2A, and
various mismatch repair genes. Among 290 probands, 11 pathogenic mutations
were identified, of which 3 were alterations in the ATM gene [35]. In another study
of the Mayo Clinic Pancreatic Cancer Cohort, four pathogenic mutations in ATM
were noted out of 14 pathogenic mutations in 13/96 patients [33], while another
regional pancreatic database observed four mutations in ATM out of 11 mutations
seen in 10/70 patients [36], therefore conferring a prevalence of 1.0-5.7% among
high-risk patients with pancreatic cancers.

Other groups, on the other hand, focused on incidence of selected genes. Partner
and localizer of BRCA2 (PALB2) has attracted particular attention. The PALB2
protein recruits BRCA?2 to sites of DNA damage [37], forms a complex with both
BRCAT1 and BRCA2 in homologous recombination repair [38], and contributes to
formation of rad51 nucleofilaments [39]. However, the incidence of germline
PALB2 mutations appears to be relatively low. Zhen and colleagues observed a
deleterious mutation in the PALB2 gene in 0.6% of patients with familial pancreatic
cancer [40], and no PALB2 mutations were detected at all in a Dutch series of 28
non-BRCA1/2 familial pancreatic cancer families and 28 non-BRCA1/2 familial
breast cancer families with at least one confirmed case of pancreatic cancer [41].
However, another series of 39 cases with a confirmed family history of pancreatic
cancer revealed three cases of PALB2 mutation (7.7%) [42]. In a large Italian series
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of non-BRCA1/2 familial breast cancer families, frequency of germline PALB2
mutation was estimated to be 2.1% [42]. Collectively, these studies suggested that
the true incidence of a germline PALB2 mutation in pancreatic cancer patients with
family history might be in the range of 1.5-2.1%.

Van der Heijden and colleagues observed mutations in FANCC and Fanconi ane-
mia complementation group G (FANCG) genes in a small subset of patients with
early-onset pancreatic adenocarcinoma [43]. In a large screening study of 421
patients with pancreatic cancers, two truncating mutations in FANCC were observed,
but none were observed for FANCG although they were not associated with family
history [44]. Rogers and colleagues examined genomic DNA from 38 patients with
familial pancreatic cancer for mutations in FANCC and FANCG genes. Several
polymorphisms of indeterminate functional significance were reported. The authors
observed that these genes did not appear to contribute to the clustering of pancreatic
cancers seen in the setting in familial pancreatic cancer and concluded that these
genes were uncommon causes of inherited pancreatic cancers [45].

Taken together, these studies indicated that familial pancreatic adenocarcinoma
patients harbor germline mutations in other components of the DNA damage
response or homologous recombination mechanism. However, the prevalence of
individual mutations is low, comparable to observations in other cancer types [46—
48]. Besides Roger and colleagues’ work on FANCC and FANCG genes [5], the low
prevalence of these mutations and the lack of large pancreatic germline cohorts to
date render it challenging to evaluate the penetrance strength of these mutations or
their absolute risk in pancreatic carcinogenesis.

Early Signals of Potential Synthetic Lethality:
BRCA1/2-Mutated Pancreatic Adenocarcinoma and
Platinum or DNA-Targeting Cytotoxic Chemotherapy

FOLFIRINOX (5-Fluorouracil, oxaliplatin, irinotecan, leucovorin) and gemcitabine
plus nab-paclitaxel are the current standards of care for advanced pancreatic adeno-
carcinoma based on superior survival data from the French PRODIGE4/ACORD11
trial [49] and the MPACT study [50], respectively, compared to single agent gem-
citabine. Details of the studies are discussed elsewhere in this issue. Nevertheless,
overall survival for these cancers remains poor, with medians in the range of
6—11 months and a small number of patients living beyond 2 years.

It is postulated that, for a subset of pancreatic cancers with BRCA1/2 or related
mutations, their inability to repair DNA damage and inherent genomic susceptibility
can enhance sensitivity to platinum-based chemotherapy or other DNA-targeting agents.
This was indeed the observation gleaned from other cancer types [51]. With pancreatic
adenocarcinoma, there are preclinical models which have also supported the hypothesis.
This is best illustrated in a recent pancreatic xenograft study. BRCA-mutant xenografts
were significantly more sensitive to cisplatin than BRCA wild-type xenografts [52].
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Nevertheless, this observation has only been supported by case reports and small
series for pancreatic adenocarcinoma [53-56]. Sonnenblick and colleagues reported
a case of a 60-year-old patient with pancreatic cancer and BRCA2 germline muta-
tion. The patient was treated with gemcitabine with progressive disease as best
response. Cisplatin was added to gemcitabine, which led to a dramatic radiographic
and biochemical complete response [53]. Chalasani and colleagues presented the
case of a 49-year-old woman with germline BRCA?2 mutation and metastatic pancre-
atic adenocarcinoma who achieved substantial partial response with third-line che-
motherapy with capecitabine and mitomycin C, a cross-linking agent with identical
mode of action as cisplatin [54]. Another case reported a 71-year-old BRCA2 carrier
with dual diagnosis of prostate and pancreatic adenocarcinomas, who achieved dis-
ease control with second-line irinotecan for over 27 cycles of treatment [55].

In a small series of ten patients with pancreatic adenocarcinoma and known
germline BRCA?2 mutations [57], six patients achieved a mean duration of response
of 4.8 months, ranging from 2 to 8§ months, with platinum-based combination che-
motherapy. Seven patients were treated with topoisomerase-I inhibitors alone or in
combination with other agents, and these patients experienced a mean duration of
disease response of 8.3 months. Two patients who were exposed to mitomycin C
responded for 2.3 and 3 months, respectively. In another small series of 15 patients,
six patients received platinum-based chemotherapy as first-line therapy, five of
those experienced partial radiographic response, including one complete response
with FOLFIRINOX [58]. Golan and colleagues reported superior overall survival in
platinum-treated patients with either stage III disease (48 months versus 10 months)
or stage IV disease (15 months versus 7 months) [59]. Although these are small
series with highly selected patients, the data to date collectively suggest that supe-
rior disease control might be attainable in patients with BRCA1/2 mutations.

Synthetic Lethality and PARP Inhibition in Pancreatic
Adenocarcinoma

As described previously, the discovery of synthetic lethality as a biological concept
and observable phenomenon in vitro [16] has led to effective use of PARP inhibitors
in other BRCA-related cancers [18, 23, 60]. In pancreatic cancer, preclinical studies
have reaffirmed comparable observations. In pancreatic cancer xenografts, increased
sensitivity to cisplatin but not gemcitabine was observed in BRCA1/2-mutated
tumors [52]. In murine models, the addition of PARP inhibitor to cisplatin could
increase time to cancer and overall survival [61].

Early clinical data have been promising. In a small retrospective series of 15
patients with pancreatic cancer and confirmed germline BRCA mutations (4 with
BRCALI and 11 with BRCA?2), two patients were treated with PARP inhibitors
either alone or in combination with chemotherapy in the first-line non-curative set-
ting and enjoyed partial response lasting 2 and 6 months, respectively. Of two
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patients who were treated with PARP inhibitors in the second-line setting, one sus-
tained stable disease for 6 months [58]. While the clinical responses were not uni-
formly positive, it has nonetheless spurned sufficiently interest to develop the
concept further in pancreatic cancer which has a severe unmet need for effective
therapies. This led to several PARP inhibitors in various stages of clinical evaluation
and development, including olaparib, veliparib, and rucaparib.

In a large phase II study, patients with advanced solid tumor cancers and con-
firmed germline BRCA1/2 mutations were treated with single-agent olaparib at
200 mg BID. There were 23 patients with gemcitabine-refractory metastatic pancre-
atic cancer among the study cohorts. Objective responses were observed in 21.7%
of patients, while 34.8% of patients demonstrated stable disease of at least 8 weeks’
duration. Median progression-free and overall survivals were 4.6 and 9.8 months,
respectively [62]. In a phase I study of gemcitabine and olaparib, the recommended
phase 2 dose was determined to be gemcitabine 600 m/mg2 and olaparib 100 mg
BID. The study included a dose expansion cohort where patients with treatment-
naive locally advanced or metastatic pancreatic cancer were randomized to olaparib
plus gemcitabine at the maximum tolerated dose as determined or standard dose
gemcitabine. The combination did not appear to confer improvement in disease
control or survival rates; however, patients were not routinely genotyped in this
study [63]. Although no further development was planned for the combination,
olaparib is currently being investigated in various other clinical settings for pancre-
atic cancer, including in a phase 1 study of olaparib in combination with irinotecan,
cisplatin, and mitomycin C (NCT01296763) and in the phase III POLO trial
(NCTO02184195). The trial aims to accrue approximately 145 patients with con-
firmed deleterious germline BRCA1/2 mutations who achieve at least disease stabi-
lization following 16 weeks or more of platinum-based chemotherapy. Patients will
be randomized in a 3:2 ratio to olaparib as maintenance therapy or placebo. The
primary endpoint is a progression-free survival. As of January 2016, over 635
patients have been screened, and results were available for 590 patients, of which 46
patients (7.8%) showed germline BRCA mutations. Thirty-six of these patients
(6.2%) had newly found to harbor germline BRCA mutations as a result of study
screening process [64]. Table 14.1 summarizes ongoing trials.

Veliparib is also currently undergoing extensive drug development in pancreatic
cancer. Some single-agent clinical activity has previously been observed. Some
clinical activity for single-agent veliparib was also observed in a study of 16 patients
with confirmed BRCA1/2 or PALB2 mutation. Five had BRCA1 mutation while 11
had BRCA2 mutations. Only one partial response was noted which progressed at
6 months, while four patients achieved stable disease, and ten had progressive dis-
ease as best response [65]. Veliparib was also examined in combination with cispla-
tin and gemcitabine in a phase IB dose-finding study [66]. A total of 17 patients
were enrolled, and the randomized phase II dose of veliparib was determined to be
80 mg PO BID days 1-12 combined with cisplatin 25 mg/m? and gemcitabine
600 mg/m? IV days 3 and 10, every 21 days. Nine patients had BRCA 1/2 mutation,
while the remaining patients were BRCA wild type and enrolled based on strong
personal or family history of malignancy. No significant activity was noted in the
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latter group, but for the BRCA-mutated subgroup, six out of nine patients experi-
enced partial response, while the remaining patients had stable disease as best
response. In another dose-finding study, veliparib was tested in combination with
FOLFIRI. Among the 96 patients enrolled, partial responses were noted in 2 out of
14 patients who had a diagnosis of pancreatic cancer [67].

Other ongoing studies involving veliparib includes a randomized phase II study
of cisplatin, gemcitabine, plus veliparib versus cisplatin and gemcitabine
(NCTO01585805), a phase 1 study of veliparib in combination with gemcitabine and
intensity-modulated radiation therapy in patients with locally advanced disease
(NCTO01908478), and a phase I/II study of veliparib in combination with FOLFOX
in metastatic pancreatic adenocarcinoma (NCT01489865).

Rucaparib is another PARP inhibitor in a much earlier stage of development. A
phase II trial enrolled patients with metastatic pancreatic adenocarcinoma with
known somatic or germline BRCA1/2 mutation and at least one prior line of sys-
temic therapy. Nineteen patients were treated before the study was closed due to
lack of responses in the first 15 patients. However, partial responses were subse-
quently noted in two patients and complete response in one patient. All responders
only had one prior line of treatment and were platinum sensitive [68].

Conclusion

Pancreatic adenocarcinoma remains a difficult disease to treat with challenging out-
comes. At a molecular level, it is characterized by diverse underlying mechanisms
of disease progression and treatment resistance, including genomic instability [69].
The recognition of BRCA-related pancreatic adenocarcinoma as a clinically rele-
vant subtype offers new opportunities for biology-driven drug development and
biomarker-directed therapeutics. To date, preclinical optimism has not been trans-
lated into a high level of preliminary clinical signals based on early readouts. These
observations are consistent with observations in breast, ovarian, and prostate can-
cers. Nevertheless, numerous studies are still ongoing, evaluating PARP inhibitors
in combination with different systemic cytotoxic agents. New agents targeting dif-
ferent components of DNA damage response and repair mechanism, such as ATM
and ATR inhibitors, are currently under phase 1 evaluation, and their role in yielding
insight regarding disease-related synthetic lethality remains to be seen.
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Chapter 15
Immunotherapies in Pancreatic Cancer

Mohamad Bassam Sonbol and Mitesh J. Borad

Pancreatic cancer is the fourth leading cause of cancer-related deaths in the United
States. Most of the new cases of pancreatic cancers (approximately 53,070 cases
annually) are diagnosed in advanced stages with 5-year survival of 2% [17]. The
mainstay of treatment in pancreatic cancer had been with gemcitabine until a recent
study showed the superiority of the nab-paclitaxel addition to gemcitabine com-
pared to the monotherapy. In addition, FOLFIRINOX (fluorouracil, leucovorin,
oxaliplatin, and irinotecan) is another regimen that has been shown to be effective
and has been added to the “arsenal” of treatment approaches against this lethal can-
cer. However, even with the addition of the latter, the median overall survival has
only improved to 11.1 months [18]. Hence, there remains an unmet need for new
therapeutic agents. With a better understanding of the pancreatic microenvironment,
there has been a great focus on the use of immunotherapies in pancreatic cancer in
an attempt to attain a further survival benefit.

Pancreatic Cancer Microenvironment

The complex tumor microenvironment in pancreatic cancer plays a crucial role in
this cancer resistance to therapeutic agents and its poor prognosis. Effector T-cells,
which play an important role in antitumor activity via antigen-presenting cells
(APC) activation, are decreased in numbers in pancreatic microenvironment
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[1-3].0n the other hand, immunosuppressive cells, such as T-regulatory cells
(T-regs) and myeloid-derived suppressor cells (MDSCs), are found to be increased
in number [2]. These immunosuppressive cells play an important role in hindering
host immune response and accelerating angiogenesis, thus leading to tumor
growth and extension. In addition to the abovementioned cellular activity, multi-
ple inhibitory receptors and enzymes have been described in the pancreatic micro-
environment and lead to worse prognosis. For example, indoleamine
2,3-dioxygenase (IDO) is one of the enzymes that when increased, as seen in
pancreatic cancer, attracts T-regs into the microenvironment and leads to increase
in the number of effector T-cells [3, 4]. The prognostic value of these cellular
changes has been described previously. The number of T-regs and MDSCs is
inversely related to survival, whereas effector CD4* T-cells correlate with better
prognosis [2]. CD40 is another co-stimulatory molecule that is expressed on
T-cells, and when binding to its ligand CD40 on APCs within pancreatic tumor
stroma, it leads to upregulation of the surface expression of MHC which results in
T-cell activation.

A better understanding of the microenvironment in pancreatic cancer has led
to identifying multiple immunological targets that are currently under
investigation.

In this chapter, we describe some of the immunotherapies that are being investi-
gated in pancreatic cancer with a focus on checkpoint inhibitors. Virotherapy and
vaccines are covered in depth in accompanying chapters.

Immune Checkpoint Inhibitors

As described previously, multiple receptors work as co-stimulatory or co-inhibitory
signals affecting the host reaction to tumor growth. Program death (PD-1) and its
ligand (PD-L1), along with cytotoxic T-lymphocyte-associated protein-4 (CTLA-
4), have received recent attention with FDA approval of multiple PD-1/PD-L1
immunotherapy agents in melanoma and bladder, lung, kidney, and head and neck
cancers.

PD-1 is a co-inhibitory molecule that is expressed in multiple cells including
CD4+ and CD8+ T-cells, T-regs, and natural killer cells (NK). PD-L1 is mainly
expressed in several solid tumors and tumor-infiltrating lymphocytes (TILs). The
interaction between PD-1 and its ligand PD-L1 leads to decreased T-cell prolifera-
tion, cytokine release, and cytolytic activity of PD-1+ T-cells.

Several phase I/II trials have incorporated the use of immune checkpoint inhibi-
tors as monotherapies, or in combination with other agents such as chemotherapy,
vaccines, or a combination of checkpoint inhibitors (Table 15.1).
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Checkpoint Inhibitors as Monotherapies and Dual Checkpoint
Inhibitors

BMS-936559, a PD-L1-specific, [gG4 monoclonal antibody, was studied in a phase
I clinical trial of advanced solid tumors. There was no objective response in patients
with pancreatic cancer that were included in the efficacy population of the study [6].
MEDI4736, durvalumab, is another PD-L1-specific monoclonal antibody that has
been studied in a phase I expansion study in multiple tumor types including 32
patients with pancreatic adenocarcinoma. Grade 3/4 toxicity was reported in 13% of
patients with adverse events leading to discontinuation of treatment in one patient
due to grade 3 elevated liver function tests. Tumor shrinkage was detectable in a
subset of patients, including pancreatic cancer. Upon a median follow-up of 6 weeks,
objective response rate was seen in 7% (2/29) of patients, and disease control was
achieved in 21% (6/29) [19]. A phase 2 study evaluating the efficacy of the combi-
nation of durvalumab with the CTLA-4 inhibitor tremelimumab is currently under-
way (ALPS study: NCT02558894).

Ipilimumab, an anti-CTLA-4 agent, has been shown to be relatively ineffective
in 27 patients with locally advanced/metastatic pancreatic cancer with only one
patient having delayed response after initial progressive disease [8]. In another
phase Ib study, ipilimumab was combined with gemcitabine in 16 patients with
advanced pancreatic cancer. Response (partial response + stable disease) was seen
in 43% of patients with 2 out of 16 having partial response and 5 having stable dis-
ease. Median PFS was 2.5 months with OS of 8.5 months. The combination was
generally tolerable [20]. Another phasel/2 randomized clinical trial is currently
underway and comparing ipilimumab combined with the PD-1 inhibitor nivolumab
vs. nivolumab monotherapy (NCT01928394).

Pembrolizumab, a PD-1 inhibitor that has been FDA approved and shown to be
effective in multiple other solid tumors, is currently under investigation in multiple
clinical trials in pancreatic cancer as single agent (NCT02331251, NCT02054806),
in combination with hypofractionated radiotherapy (NCT02303990), and in combi-
nation with chemoradiation (CRT) in neoadjuvant settings (NCT02305186). Results
of these trials are yet to be published.

In a study utilizing CD40 pathway, CP-870,893, a humanized CD40 agonist, was
given in combination with gemcitabine to 21 previously untreated advance pancre-
atic cancer patients. Four patients had partial response and 11 with stable disease.
Median OS was 7.4 months [10].

A single agent therapeutic approach focusing on overcoming T-cell immuno-
logic endpoints with PD-1/PD-L1 and anti-CTLA-4-directed agents in pancreatic
cancer has been so far discouraging. This minimal-response pancreatic cancer com-
pared to the promising results with other types of solid tumors can be explained by
the unique microenvironment. Besides the paucity of the effector T-cells in the pan-
creatic microenvironment, the dense pancreatic cancer stroma restricts immune cell
migration and comprises a barrier in front of the cancer antigen recognition. Hence,
an important concept in potentiating the checkpoint inhibitors is by finding ways to
invite more lymphocytes into the tumor stroma in an attempt to expose this “for-
tress.” Multiple strategies are currently under development to help in exposing the
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microenvironment by either inducing an “immunogenic blast” with introducing
cancer antigens to the immune system with chemotherapy or radiation or by further
sensitizing the immune system using vaccines and viruses.

Checkpoint Inhibitors Combined with Vaccines

The main principle behind vaccine immunotherapy is to mount an immune response
against the tumor by administering a tumor-specific antigen. In general, vaccine
immunotherapy can be divided into whole-cell vaccines (GVAX and algenpantucel-
L) and synthetic vaccines (using whole protein or peptide). This will be covered in
more detail in another chapter.

GVAX is an allogeneic-irradiated whole-cell pancreatic tumor vaccine. It con-
sists of two allogeneic pancreatic tumor cell lines that have been modified with
plasmid vector encoding the cDNA for human GM-CSF. GM-CSF activates and
recruits the APCs, which mounts an immune response by engaging with the tumor
antigen expressed by the vaccine {Jaffee, 2001 #192; Kleponis, 2015 #193}.

In a preclinical study, it was found that PD-L1 is weakly expressed at a low fre-
quency in untreated human and murine pancreatic ductal adenocarcinomas, but treat-
ment with a GVAX significantly upregulated PD-L1 expression after treatment of
tumor-bearing mice. Furthermore, anti-PD-1/PD-L1 antibodies enhanced antitumor
activities of the GVAX and improved murine survival compared with PD-1 antibody
monotherapy or GVAX therapy alone [11]. Based on the abovementioned preclinical
data and looking at the combination of nivolumab with GVAX in metastatic pancre-
atic cancer patients (NCT02243371) and in the adjuvant settings in patients with
surgically resectable pancreatic cancer (NCT02451982), two clinical trials have
been initiated. On the other hand, the combination of the anti-CTLA-4 ipilimumab
with GVAX has been shown to be potentially effective. In a study of 30 patients with
previously treated advanced pancreatic cancer, ipilimumab was combined with
GVAX in one arm compared to ipilimumab monotherapy in the other arm. Stable
disease was seen in two patients in the monotherapy arm compared to three in the
combination arm. The OS was favoring the combination arm compared to the ipili-
mumab monotherapy arm (5.7 vs. 3.6 months, respectively, P = 0.072). Immune-
related adverse events were seen in 73% of patients in monotherapy arm compared
to 80% in the combination arm. Twenty percent of patients in both arms experience
grades 3—4 IRAESs (colitis, Guillain-Barré syndrome, nephritis, and pneumonitis)
[21]. A preliminary announcement of negative results of a follow-up study has been
made, and the final results are awaiting presentation/publication.

Other Potential Targets

Bruton’s tyrosine kinase (BTK) has been identified as a potential target in the treat-
ment of pancreatic cancer. Both murine and human pancreas ductal adenocarcino-
mas (PDACs) exhibit increased BTK activation in tumor CD20+, CD1 1b+cells.
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Inhibition of BTK in a preclinical study, as shown by Gunderson et al., led to slowed
progression of orthotopic tumors in a T-cell-dependent manner [12]. In addition,
this was accompanied by an increase in effector and memory CD8+ T-cells which
could potentiate the efficacy of immune checkpoint inhibitors when combined with
ibrutinib. The combination of ibrutinib with durvalumab, MEDI4736, is currently
being studied in a phase Ib/II clinical trial (NCT02403271, recruiting). On the other
hand, NCT02436668, RESOLVE trial, is a phase II/III clinical trial that is studying
the combination of ibrutinib vs. placebo, in combination with nab-paclitaxel and
gemcitabine in the first-line treatment of patients with metastatic pancreatic adeno-
carcinoma (recruiting).

There has been emerging evidence that inflammation plays an important role in
the tumorigenesis process in pancreatic cancer. Recently, specific inflammatory sig-
naling pathways such as STAT3/IL-6, NF-kB, and CXCR2 have been implicated in
PDAC progression. CXCR2 is a receptor for multiple human chemokines and was
found to regulate the migration of MDSCs. In a preclinical study, the inhibition of
CXCR?2 reduced metastasis and improved response to gemcitabine and anti-PD-1
by allowing T-cell infiltration [13]. The combination of ulocuplumab, a fully human
IgG4 anti-CXCR4 antibody, with nivolumab is currently being studied in a phase I/
II study (NCT02472977) in solid tumors including patients with pancreatic cancer.

On the other hand, the importance of IL-6 in pancreatic cancer has been shown
before, and several studies have demonstrated that elevated IL-6 levels are associ-
ated with increased tumor size and poor prognosis. IL-6 binds to its membrane
receptor complexes containing the common signal-transducing receptor chain gly-
coprotein 130 (GP130), which subsequently leads to series of signaling events that
include the JAK/STAT, MAPK, and PI3K pathways. The activation of IL-6/STAT3
pathway can modulate the pancreatic cancer microenvironment with increasing the
amount of immunosuppressive cells such as MDSCs and T-regs [14]. Therefore,
targeting IL-6 as monotherapy or combined with other therapeutic methods is cur-
rently being studied. In a preclinical study on pancreatic cancer cells, the adminis-
tration of bazedoxifene, an IL6-GP130 inhibitor, led to apoptosis and suppressed
tumor growth in pancreatic cancer cells via STAT3 phosphorylation and STAT3
DNA binding. In addition, a synergistic effect was seen when bazedoxifene was
combined with paclitaxel or gemcitabine, leading to further inhibition of cell viabil-
ity and cell migration in pancreatic cancer cells [15]. In another more recently pub-
lished study, combining IL-6 with PD-L1 blockade in mice with pancreatic cancer
limited the tumor progression and enhanced the overall survival. The authors also
showed that this dual inhibition was accompanied by a change at the level of the
microenvironment with increased number of infiltrating effector T-cells in the tumor
[14].

Another potential target is the focal adhesion kinase (FAK) which is an intracel-
lular, nonreceptor kinase encoded by PTK2. FAK is overexpressed and activated in
a variety of cancer including pancreatic cancer where it serves as a scaffolding
protein and its overexpression is correlated with tumor size. Moreover, FAK over-
expression is correlated with increased fibrosis and poor T-cell infiltration. Therefore,
multiple FAK inhibitors have been developed and currently being studied in differ-
ent malignancies in preclinical and early phase I studies. In a recent preclinical
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study on mouse model of human PDAC, the VS-4718 FAK inhibitor led to suppres-
sion of tumor progression and increased survival [16]. In addition, FAK inhibition
promoted the responsiveness to PD-1 antagonist. Therefore, the combination of
VS-4718 (defactinib) with checkpoint immunotherapy is currently being tested in a
phase I clinical trial (NCT02546531).

Conclusion

The treatment of pancreatic cancer remains very challenging. As the effect of cyto-
toxic agents has plateaued, immunotherapeutic interventions could be the way to
improve survival in this deadly disease. However, the use of immune agents as
monotherapies has not been promising, and combining such agents together or with
other targeted therapies might be needed to alter the microenvironment in order to
make the cancer more susceptible to immunotherapies. In addition, further studies
are needed to identify which patient populations might be more susceptible to
immunotherapies (such as mismatch repair deficient tumors).
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Chapter 16
Vaccine Therapy in Pancreatic Cancer

Benjamin A. Weinberg and Michael J. Pishvaian

Introduction

Pancreatic ductal adenocarcinoma (PDA) is a devastating illness, with only 7.7% of
patients alive 5 years after their initial diagnosis [1]. Even in the most optimal cir-
cumstance, in which patients with resectable disease who undergo resection and
complete adjuvant therapy, median overall survival (mOS) is only 28.0 months [2].
Improvement is desperately needed for patients with metastatic disease (mPDA),
with meager mOS estimates ranging from 8.5 months with gemcitabine and nab-
paclitaxel to 11.1 months with FOLFIRINOX (oxaliplatin, irinotecan, leucovorin,
and fluorouracil) [3, 4]. Thus, researchers have been actively exploring alternatives
to conventional cytotoxic chemotherapy, and one of the most exciting avenues
involves training the immune system to attack the cancer directly. Unfortunately,
PDA is frequently thought of as poorly immunogenic with no objective responses to
single-agent checkpoint inhibitors (anti-programmed death 1 (anti-PD-1) or anti-
programmed death ligand 1 (anti-PD-L1)) [5]. However, studies demonstrate that
by appropriately priming PDA cells using vaccines, one can induce them to become
immunogenic and susceptible to checkpoint inhibitors and other immunotherapy
approaches [6]. In this chapter we review the rationale for using vaccines to fight
PDA, the targets unique to PDA that have been previously utilized, methods to aug-
ment the immune response to PDA vaccines, and key prior and ongoing trials of
PDA vaccines in the clinic.
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Vaccine Background

The immune system has long been recognized as a potential partner in attacking
cancer cells. Early successes, such as high-dose interleukin-2 (IL-2) in melanoma
[7, 8] and renal cell carcinoma [9, 10] and bacillus Calmette-Guérin (BCG) in early
stage bladder cancer [11], focused on ways to amplify a nonspecific immune
response using preexisting immune effector cells that already recognized tumor
antigens. These findings further stimulated interest in developing cancer vaccines
that could induce clonal expansion of B and T cells that recognize specific tumor
antigens. This method has the added benefit of generating memory B and T cell
populations that can engage in active surveillance and mount a response upon repeat
recognition of tumor cells.

Active-specific immunotherapy using cancer vaccines can induce the develop-
ment of antibodies directed against tumor antigens. Anti-idiotype antibodies (AIAs)
against tumor-associated antigens (TAAs) destroy cancer cells via antibody-
dependent cytotoxicity (ADCC) [12]. These AIAs are formulated by first adminis-
tering a TAA, resulting in the production of an anti-TAA antibody (Ab1) which then
itself generates antibodies against itself (Ab2, the AIA), a mirror image of Abl, and
a mimic of the original TAA, which then can again stimulate antibody production
against the original TAA (Ab3, the anti-AIA) [13]. The end result is an antibody that
targets the TAA without requiring the presence of the foreign TAA protein. The AIA
is processed, presented to antigen-presenting cells (APCs), and then presented to
the major histocompatibility complex (MHC) of T cells, inducing targeted CD4-
and CD8-driven immune responses [14].

Other cancer vaccines use different modalities to stimulate an immune response.
Whole cell vaccines are destroyed tumor cells whose contents are taken up by APCs
causing activation of B and T cells. These vaccines can be autologous, as used in
adjuvant studies derived from resected tumor specimens, or allogeneic, derived
from preexisting tumor cell lines [15].

Recombinant viral DNA vaccines use a preexisting viral coat to infect cells and
house a reengineered viral genome that expresses a specific TAA. Once inside the
cell, viral DNA encoding for the TAA protein is transcribed to mRNA and ulti-
mately translated in the cytoplasm, leading to intracellular production and process-
ing of the TAA, its presentation to the cell surface via MHC class I or II, and
recognition by CD8* or CD4* T cells, respectively [16, 17].

While peptide vaccines are the most simple and easy to use cancer vaccines, they
have numerous disadvantages in PDA: many peptides cannot be presented by
MHCs, CD8" cytotoxic T lymphocytes (CTLs) may be ineffective at killing PDA
cells, TAAs and MHCs are often downregulated, and dendritic cell (DC) function
may be decreased in patients with advanced PDA [18-21].

In contrast, DC vaccines more effectively stimulate specific CTL responses
[22]. DCs are more effective at presenting antigens compared with activated mac-
rophages and B cells as they have higher numbers of MHC, costimulatory, and
adhesion molecules, and they migrate to lymph nodes where they can interact and
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stimulate T cells [23]. DCs are normally found within the tumor microenviron-
ment but are frequently suppressed by tumor production of cytokines (interleu-
kin-6 (IL-6), IL-10, and vascular endothelial growth factor (VEGF)) [22, 24, 25]
and condition T cells to become suppressive (FOXP3* and IL-13-producing CD4*
T and natural killer (NK) cells) [26, 27]. However, if this local suppression can be
overcome, dendritic cells are effective killers of cancer cells because they can
recognize multiple tumor antigens and expand multiple lineages (NK cells and
CTLs) targeting different antigens [22]. There are two methods of producing DC
vaccines: (1) generating DCs ex vivo by bombarding them with TAAs and rein-
jecting them into patients where they travel via lymphatics, interact with T cells,
and induce an immune response and (2) using TAAs within monoclonal antibodies
directed against receptors on DCs in order to deliver a large amount of antigen to
DCs within lymphatics [22].

Vaccines have been studied in multiple oncology settings, including for use in
adjuvant treatment and in advanced and metastatic disease. In the adjuvant setting,
vaccine therapy is designed to create a surveillance mechanism by which residual
tumor cells could be recognized by the immune system. In the advanced setting,
vaccines may be used to stimulate a CTL response with the goal of disease control.

Vaccine Targets

Numerous TAAs and pathway targets for PDA vaccines have been studied, and in
this section, we review the reasoning as to why these targets are important in PDA
cells and the early phase clinical trials performed to study these agents.

CEA

Carcinoembryonic antigen (CEA) is a 180-kDa glycoprotein that is expressed on
over 90% of PDA tumors [28, 29]. It is a member of the immunoglobulin superfam-
ily encoded on chromosome 19 [30]. CEA is normally expressed during fetal devel-
opment and is implicated in intercellular adhesion [31, 32]. CTLs are able to
recognize CEA epitopes that bind MHCs A2, A3, and A24, but otherwise CEA is
considered poorly immunogenic because of exposure during fetal development and
immune tolerance [29]. One method to augment its immunogenicity is to modify
the human leukocyte antigen (HLA)-A2 CEA CAP-1 epitope to CAP1-6D, increas-
ing CTL recognition by 100-1000-fold [33]. This technique was used to make
CEAVac, a vaccine comprised of the CEA peptide CAP1-6D, montanide (incom-
plete Freund’s adjuvant, IFA), and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) [34]. In a phase I trial, Geynisman and colleagues randomized 19
patients with previously treated PDA expressing HLA-A2 and CEA to one of three
dose levels of CEAVac (10 pg, 100 pg, or 1000 pg) given every 2 weeks until
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disease progression [34]. Seventy-four percent of the patients had metastatic
PDA. Of the 14 patients who received at least 3 doses of CEAVac, | patient with
locally advanced PDA at dose level 1000 pg had a complete response (CR) and was
alive at 71 months, and another patient at dose level 100 pg had stable disease (SD)
for 11 months and was alive at 39 months. Both patients had strong CTL responses
measured by Enzyme-Linked ImmunoSpot (ELISpot) assay and indeed mean CTL
response correlated with dose level (248 spots per 10* CD8* cells at dose level
1000 pg vs 37 spots at dose level 10 pg, P = 0.037). Treatment was well tolerated
with no grade 3 or 4 toxicities. While CEAVac monotherapy at dose level 1000 pg
elicited a CTL response, these results did not translate into significant clinical
efficacy.

Another CEA vaccine studied in CEA-expressing adenocarcinoma is ALVAC, a
reengineered canarypox virus encoding CEA. A phase I study using a recombinant
vaccinia-CEA virus vaccine failed to show any antineoplastic effect in humans but
was shown to be safe and able to elicit CTL responses [35]. The canarypox virus has
several advantages over vaccinia because it is an avian virus that does not replicate
in mammals, humans are unlikely to have been previously exposed to it, and it
induces strong CTL responses [36, 37]. In a phase I study, ALVAC-CEA was admin-
istered to 20 patients, including 2 patients with pancreatic cancer, at three different
dose levels (2.5 x 107, 2.5 x 106, and 2.5 x 107 plaque-forming units) [38]. Of the 15
patients with measurable disease, no patients had an objective response to treat-
ment, although 7 of 9 HLA-A2-positive patients had an increase in CEA-specific
CTL precursors (based on limiting dilution assays of peripheral blood mononuclear
cells, PBMCs). Higher dose levels did not result in higher rates of CTL responses,
and no grade 3 or 4 toxicities occurred.

Building on this trial, a pilot study of ALVAC-CEA plus the T cell costimulatory
molecule B7.1 was performed in 39 patients with CEA-expressing tumors [39].
B7.1, also known as CD80, works by binding to CD28 on T cells which leads to the
production of cytokines including IL-2 and interferon (IFN) y, forming a costimula-
tory signal that prevents an anergic response by the T cell to the antigen [40]. Again,
3 dose levels were used, 2.5 x 107, 1.0 x 108, and 4.5 x 10® plaque-forming units,
and 3 patients enrolled had PDA. Thirty patients who received at least 4 injections
of the vaccine were evaluable, 8 patients had SD, and no patients had CRs or partial
responses (PRs). Twelve of 15 HLA-A2-positive patients had a significant increase
in CEA-specific T cell precursor frequency by ELISpot assay.

Another phase I trial of ALVAC-CEA-B7.1 of 18 patients with metastatic CEA-
expressing tumors only had 1 patient with PDA, but again this study showed that the
vaccine can produce CEA-specific T cell responses and was well tolerated [37].
Three patients had SD which correlated with their CTL response. Thus, the addition
of B7.1 may have augmented the immunogenicity of the ALVAC-CEA as evidenced
by increase of specific CTL responses and possible clinical efficacy based on stabi-
lization of disease. The second stage of this study used GM-CSF as an adjuvant to
enhance antigen processing and presentation to DCs [41]. Thirty patients received
the vaccine alone and another 30 received the vaccine plus GM-CSF. While more
patients who received GM-CSF had SD compared to those who received vaccine
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alone (44% vs 27%, P = 0.1213), this clinical benefit did not correlate with CEA-
specific T cell precursors as there was a statistically significant increase in patients
who received vaccine alone but not on those patients who received GM-CSF [41].

MUC-1

Mucin 1 (MUC-1) is a MHC-independent TAA and highly glycosylated transmem-
brane protein in epithelial cells that may be involved in metastasis due to its anti-
adhesion properties and promotion of invasion [42]. MUC-1 expression on
circulating tumor cells (CTCs) in mPDA is a negative prognostic biomarker [43]. In
a phase I trial, 63 patients (including 24 patients with PDA) received a synthetic
mucin peptide combined with BCG [44]. No patients had an objective response, but
3 patients (including 1 with PDA) had SD. Out of 22 tested patients, only 7 had an
at least twofold increase in mucin-specific CTLs after vaccination. Patients did have
adverse reactions to vaccination including skin breakdown (98%), fever (64%),
chills (48%), anorexia (40%), hypoalbuminemia (40%), and rigors (16%), and
higher levels of IL-6 were associated with the development of constitutional symp-
toms (P =0.001).

A synthetic MUC-1 peptide (GVTSAPDTRPAPGSTAPPAH;s-CONH,) loaded
autologous DC vaccine was studied in 10 patients with resected PDA and 2 patients
with resected biliary cancer in an adjuvant phase I/I study [45]. The vaccine was
tolerated well without any adverse events, although no specific CTL responses were
seen. mOS was 26 months, and 4 of the 12 patients were alive after more than
4 years of follow-up and without recurrent disease. This MUC-1 peptide with DC
construct has not been further explored in published clinical trials.

Kaufman and colleagues conducted a phase I trial of a poxvirus vaccine and a
fowlpox virus vaccine targeting both CEA and MUC-1 in 10 patients with advanced
pancreatic cancer using 3 costimulatory molecules (B7.1, ICAM-1, and LFA-3, or
TRIad of COstimulatory molecules (TRICOM)) [46]. As discussed previously, acti-
vation of a T cell by an APC requires both an interaction between the peptide/MHC
complex and T cell receptor (TCR) and a second interaction using a costimulatory
molecule. Each costimulatory molecule has distinct T cell ligands (B7.1 binds to
CD28/cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), ICAM-1 binds to
CD11a/CD18, and LFA-3 binds to CD2), and the 3 checkpoint interactions work
synergistically to lower the threshold of T cell activation in animal models [47]. In the
phase I trial, patients received a recombinant vaccinia viral vaccine with CEA, MUC-
1, and TRICOM (PANVAC-V) followed by 3 vaccines of the same construct using a
fowlpox virus (PANVAC-F) every 2 weeks. All vaccinations were followed by 4 daily
doses of GM-CSF. Patients could continue monthly booster vaccines for up to
12 months if they did not have progressive disease (PD). The 2 different viral rectors
were used in a prime-boost sequence that had been shown to generate superior T cell
responses in studies of malaria using Plasmodium falciparum circumsporozoite anti-
gen (PfCSF) and in prostate cancer using prostate-specific antigen (PSA) [48, 49].
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In the phase I trial of PANVAC, 5 of 8 evaluable patients had antigen-specific CTL
responses by ELISpot assay, and patients who developed anti-CEA or anti-MUC-1
immune responses had improved mOS compared to those patients without immune
responses (15.1 vs 3.9 months, P = 0.002) [46]. The only adverse events were minor
injection site reactions, and there were no grade 3 or 4 adverse events. Thus, PANVAC
demonstrated both potential clinical efficacy and safety in this small study of PDA
patients. We have proposed a clinical trial of PANVAC with the anti-PD-L1 antibody
durvalumab (see section on ongoing vaccine clinical trials below) to further augment
this immune response.

RAS

The RAS superfamily contains over 150 small GTPase proteins that regulate a vari-
ety of cellular functions by serving as molecular switches that bind GTP (“on” state)
and hydrolyze it to GDP (“off” state) [50]. Within this family, humans have three
RAS genes (HRAS, KRAS, and NRAS), and mutated RAS genes are oncogenes that
play crucial roles in the development of many types of malignancies [51]. RAS
mutation status carries vital prognostic and predictive information for patients with
metastatic colorectal cancer (nCRC) as anti-epidermal growth factor receptor (anti-
EGFR)-directed therapies are not as effective in RAS-mutated tumors, and patients
with RAS-mutated tumors have inferior overall survival compared with patients
with RAS wild-type tumors [52-54]. In PDA, more than 90% of tumors harbor
KRAS mutations in codons 12, 13, or 61, and the vast majority of mutations occur
in codon 12 (most commonly G12V, G12D, and G12R) [55]. KRAS mutations are
thought to play in early role in oncogenesis as they are present in precursor PDA
lesions (pancreatic intraepithelial neoplasia, PanIN) [56, 57]. Activated KRAS
mediates multiple downstream signal transduction cascades including the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K)/AKT
pathways [58]. Thus, this pathway is an important potential therapeutic target,
although no targeted therapies have been developed despite over 30 years of study-
ing RAS [59]. This is still a burgeoning field of research, and recent advances
include targeting the active site of RAS, using siRNA, and co-targeting other critical
pathways such as YAP1 and c-Myc [60].

Given its near ubiquity in PDA, there has been a strong interest in targeting
KRAS mutations by using vaccines. Gjertsen and colleagues first demonstrated that
a synthetic peptide vaccine comprised of residues 5-21 of p2l RAS
(KLVVVGAXGVGKSALTI where X is the mutated amino acid, G to V, D, or R)
could elicit a T cell response by extracting PBMCs from a PDA patient, loading
them with a vaccine targeting their tumor’s specific RAS mutation and reinfusing
them back to the patient [61]. In this phase I/II study, 5 patients with advanced PDA
received the vaccine, and 2 patients developed a proliferative T cell response in
PBMCs and had SD at 2 months [62]. Further analysis of 1 patient with a G12V
mutation showed the development of specific CD4* and CD8* T cell responses [63].
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To augment the immune response, another phase I/II study combined the synthetic
RAS peptide with GM-CSF in 10 patients with resected PDA and 38 patients with
advanced PDA [64]. Resected patients received a vaccine matched to their specific
RAS mutation, while those with advanced disease received a mixture of four peptide
vaccines (containing the G12V, G12R, G12D, and G12C substitutions). Fifty-eight
percent of patients developed an immune response as measured by delayed-type
hypersensitivity (DTH) reaction or T cell response. Tumor biopsies in 1 of 4 patients
with advanced disease revealed tumor infiltrating lymphocytes (TILs) reactive
against the patient’s GI2R mutation. Overall, immune responders with advanced
PDA had improved mOS compared to nonresponders with advanced PDA (148 vs
61 days, P = 0.0002) [64]. In a long-term follow-up of patients who received the
vaccine in the adjuvant setting, mOS was 27.5 months and was 28 months among
immune responders, and 4 of 20 evaluable patients were alive at 10 years [65]. No
further clinical data using this vaccine have been published.

Another mutant RAS peptide vaccine (using residues 5—17 with G12C, G12V, or
G12D mutations corresponding to RAS mutation of the patient’s tumor) using
Detox™ PC adjuvant (composed of the cell wall skeleton of Mycobacterium phlei
and monophosphoryl lipid A from Salmonella) was first studied in a pilot adjuvant
trial in 5 PDA and 7 colorectal cancer patients [66]. Five of 11 evaluable patients
had a positive immune response as measured by IFN y gene expression, and the
mOS of the PDA patients was more than 44.4 months. The same vaccine and
Detox™ PC adjuvant were further evaluated in a trial of 53 patients with advanced
cancer (including 11 with PDA) plus either IL-2, GM-CSF, or both IL-2 and
GM-CSF [67]. IL-2 promotes the growth of tumor-specific lymphocytes and clonal
TILs [68-70]. Fifty-four percent of patients had an immune response by ELISpot
testing, 31% with vaccine plus IL-2, 92% with vaccine plus GM-CSF, and 36%
with vaccine plus IL-2 and GM-CSF (P = 0.003), and there was no correlation
between immune response and OS (P = 0.086) [67]. IL-2 may have negatively
impacted the formation of an immune response due to the expansion of T regulatory
cells (Tregs), but this finding was not directly assessed as few samples were tested
for Tregs in this study. There have been no other published clinical data using this
vaccine.

Another pilot adjuvant trial by Abou-Alfa and colleagues examined a different
21-mer synthetic RAS peptide in 24 patients with resected PDA [71]. Again, the
vaccine matched the RAS mutation of the patient’s tumor (G12R, G12 V, G12D, or
wild-type RAS) and used GM-CSF as an adjuvant. However, only 9 patients were
evaluable for an immune response, only 1 patient had a specific DTH response to
their RAS mutation, 3 patients had nonspecific DTH responses, and mOS was
20.3 months [71]. This vaccine has also not been studied further due to its poor
immunogenicity.

Carbone and colleagues studied custom 17-mer KRAS- or TP53-derived peptides
loaded into PBMCs of 39 patients including 9 patients with PDA (all of whom
received KRAS-targeting vaccines) [72]. Only one patient had an immune response
by CTL activity and IFNy response. This vaccine construct has also not been further
evaluated.
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Palmer and colleagues reported a phase I/II trial of TG0O1, a mixture of seven
RAS peptides, with GM-CSF and gemcitabine as adjuvant therapy in 18 patients
with resected PDA [73]. About 87.5% of patients had an immune response by
DTH persisting after gemcitabine, and the vaccine was well tolerated except for
allergic reactions in 4 patients including 2 cases of anaphylaxis. This trial is still
ongoing.

Finally, another vaccine targeting KRAS in PDA is GI-4000. GI-4000 is com-
prised of 4 strains of heat-inactivated recombinant yeast (Saccharomyces cerevi-
siae) that each express a modified RAS protein. Each strain has a different
combination of 3 modified RAS proteins of the 7 most common RAS mutations
(GI-4014: Q61L, G12V, and Q61R; GI-4015: Q61L, G12C, and Q61R; GI-4016:
Q61L, G12D, and Q61R; GI-4020: Q61L, G12R, and Q61H) [74]. In a phase I
study, Cohn and colleagues enrolled 32 patients with advanced colorectal cancer,
non-small cell lung cancer, or pancreatic cancer who failed at least 1 line of therapy
[75]. Only 9 patients had RAS mutations of whom 7 had mutations contained within
vaccine strains, and 6 patients received GI-4014, GI-4015, and GI-4016. There were
no serious adverse events reported. Two of 3 evaluable patients had evidence of a
mutation-specific CTL response by proliferation and cytokine secretion assays
(final results of the study were not published). A phase II study presented by
Muscarella and colleagues randomized 176 patients with resected RAS-mutated
PDA 1:1 to receive GI-4000 or placebo in 3 weekly injections followed by 6 cycles
of adjuvant gemcitabine (stratified by RO or R1 resection status) [76]. Patients con-
tinued monthly GI-4000 or placebo monthly during off weeks from gemcitabine
and monthly until intolerance, disease progression, or death. In an unplanned analy-
sis of 39 patients with R1 resections, the GI-4000 arm had a significantly higher rate
of mutation-specific CTL response by ELISpot (47% vs 8%, P = 0.032), and there
was improved mOS in immune responders compared to those who received placebo
(596 vs 444 days, P not reported). mOS was slightly longer in the GI-4000 arm
compared to placebo (524 vs 444 days, P not reported). There were no significant
adverse events associated with GI-4000. The final results of this completed study
have not yet been published.

TP53

Like KRAS, TP53 is frequently mutated in PDA, present in approximately 50% of
tumors [55]. TP53 mutations correlate with a poor prognosis and increased meta-
static potential [77, 78]. TP53 normally encodes the p53 protein that negatively
regulates cell growth and is activated in the setting of cellular stress or damage,
functioning as a tumor suppressor gene [79]. Thus, 7P53 is an excellent therapeutic
target in PDA.

In a phase II study, Chai and colleagues treated 36 patients with mPDA with a
DC vaccine (16 patients) or a DC vaccine combined with recombinant adenovirus-
p53 gene therapy [80]. There were no serious adverse events reported. DC vaccine
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alone had a disease control rate (DCR: CR, PR, or SD) of 37.5% and mOS of
5.5 months, compared to a DCR of 45% and mOS 6.8 months for those patients
treated with the combination. This vaccine construct has not been further studied.

B-hCG

B-human chorionic gonadotropin (B-hCG) is a hormone used as a marker for preg-
nancy that is also expressed by a variety of malignancies [81]. In 1 study, 56% of
PDA tumors stained positive by immunohistochemistry (IHC) using a monoclonal
antibody directed against f-hCG [82]. Iversen and colleagues reported results of a
phase II trial of CTP37-DT, a synthetic peptide of the terminal peptide of f-hCG
conjugated to diphtheria toxoid (DT), with gemcitabine vs vaccine alone in 55
patients with untreated mPDA [83]. There was improved mOS in the combination
group (6.6 vs 4.7 months with vaccine alone). This vaccine has not been further
explored in PDA.

Survivin

Survivin regulates cell cycle progression by blocking caspase activation and inhibit-
ing programmed cell death [84]. Given its antiapoptotic properties, overexpression
of survivin is associated with PDA carcinogenesis [85]. It is an ideal TAA as it is
expressed in fetal tissue and tumors but not in normal fully differentiated cells [86].
In a phase I study of HLA-A*2402-positive patients and survivin-positive advanced
PDA, Kameshima and colleagues explored the use of an HLA-A24-restricted
survivin-derived peptide vaccine (survivin-2B80-88, AYACNTSTL) with IFA and
IFNa adjuvants (based on a prior study in advanced colorectal cancer) [87, 88].
IFNa stimulates DC proliferation and activation and is thought to augment the
immune response [89]. In the study, 6 patients were vaccinated and 4 had SD. All 4
patients with SD had an over 200% increase tetramer staining for peptide-specific
CTLs postvaccination and positive response by ELISpot testing [88]. Further stud-
ies of this peptide have not been published.

Gastrin

Gastrin is a growth peptide, and its expression is upregulated in PDA [90]. G17DT
contains a synthetic gastrin peptide linked to DT, and antigastrin antibodies induced
by G17DT can inhibit the growth of PDA cells [91]. In a phase II trial, 30 patients
with advanced PDA received 3 doses of G17DT at 100 or 250 pg [92]. Twenty of
the 30 (67%) patients developed antigastrin antibodies, including 14 of 17 patients
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(82%) in the 250 pg group (P = 0.018). Three patients with an antibody response did
have grade 3 local injection site reactions (defined as abscess, ulceration, or necro-
sis). mOS from day of injection was 217 days for responders vs 121 days for nonre-
sponders (P = 0.0023). G17DT was well tolerated, induced an antibody response in
most patients at the 250 pg dose, and did improve mOS in responders compared to
nonresponders.

This study led to the larger phase III trial of 154 patients with untreated advanced
PDA unsuitable or unwilling to take chemotherapy who were randomized 1:1 to
receive G17DT (250 pg on weeks 0, 1, 3, 24, and 52) or placebo [93]. Seventy-nine
patients received G17DT and 74 received placebo. Injection site reactions occurred
in 18% of patients who received G17DT. In the intention-to-treat (II'T) population,
64.5% of patients treated with G17DT developed an anti-G17DT antibody response,
and their mOS was superior to nonresponders and to those who received placebo
(176 vs 63 vs 83 days, respectively, P = 0.003 by log-rank analysis) [93]. However,
the overall HR for mortality of 0.75 (95% CI 0.51-1.10, P = 0.138), comparing
G17DT treatment to placebo, was not statistically significant. Therefore, further tri-
als of G17DT in advanced PDA have not been performed.

Telomerase

Telomerase is an enzyme that preserves telomere length at the end of chromosomes,
supporting cellular immortalization and carcinogenesis in malignancy [94]. The
human catalytic unit of telomerase (h"TERT) is overexpressed on PDA cells but not
benign pancreatic tissue [95]. GV1001 is a synthetic peptide of hTERT (611-626:
EARPALLTSRLRFIPK) and is well recognized by CD4* T cells via MHC class
I. Bernhardt and colleagues used the vaccine in 48 patients with untreated advanced
PDA at 1 of 3 dose levels (112 pg, 560 pg, or 1.87 mg) plus GM-CSF [96]. The
vaccine was well tolerated and generated an immune response in 24 of 38 patients
by DTH test or specific T cell response, including 75% of those patients at the
560 pg dose level. Immune responders had improved mOS compared to nonre-
sponders (216 vs 88 days, P = 0.0001), and the 560 pg group had improved mOS
(260 days) compared to 112 pg (119 days, P = 0.006) and 1.87 mg (153 days,
P =0.05).

Building on this early work with GV1001, Middleton and colleagues performed
a phase III open-label trial of 6 cycles of gemcitabine (1000 mg/m? IV days 1, 8, and
15) and capecitabine (830 mg/m? PO twice daily 21 out of every 28 days) plus
GM-CSF and GV1001 (560 pg days 1, 3, 5, once weekly weeks 2—4, then monthly
starting week 6) [97]. In this trial, 1062 patients with untreated advanced PDA were
randomized 1:1:1 to received chemotherapy alone, chemotherapy followed by
GV1001, or concurrent chemoimmunotherapy. Unfortunately, it was a negative trial
as GV1001 did not improve mOS: 7.9 months with chemotherapy alone (95% CI
7.1-8.8), 6.9 months with sequential therapy (95% CI 6.4-7.6, HR 1.2, 98.25% CI
1.0-1.5, P = 0.0466), and 8.4 months with concurrent therapy (95% CI 7.3-9.7, HR
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1.05, 98.25% CI1 0.8-1.3, P = 0.6378) [97]. Another study of GV 1001 monotherapy
compared to gemcitabine was terminated prematurely due to lack of efficacy [98].
Further studies of GV1001 in PDA have not yet been published. A phase I study of
radiation, tadalafil, sargramostim, gemcitabine, and GV1001 in locally advanced
PDA is currently ongoing (NCT01342224).

WTl1

Wilms tumor gene (WTI) protein is expressed on a variety of cancers (including
65% of PDA), plays a role in carcinogenesis, and naturally induces an immune
response [99—102]. In a phase I study, 9 patients with advanced PDA and 16 patients
with advanced biliary cancer and appropriate HLA type (HLA-A*0201, HLA-
A*0206, and/or HLA-A*2404 positive) received gemcitabine and a WT1 vaccine
(HLA-AO2-restricted 126-134 peptide, RMFPNAPYL or a HLA-A24-restricted
235-243 peptide, CYTWNQMNL) [103]. The vaccine was administered with mon-
tanide (IFA). Two vaccine dose levels were evaluated (1 and 3 mg), and the higher
dose level was well tolerated with no reported dose-limiting toxicities (DLTs). The
vaccine generated WT1-specific PMBCs in 13 of 20 evaluable patients, and mOS of
the PDA patients was 259 days. There is evidence that gemcitabine works synergis-
tically with the WT1 vaccine by shifting the WT1 protein from the nucleus to the
cytoplasm, promoting its antigen presentation and generation of a WT1-specific
CTL response [104].

Following this study, a large phase I trial of 32 HLA-A*2402-positive patients
with advanced PDA used the 3 mg vaccine dose with montanide adjuvant every
2 weeks plus gemcitabine [105]. There was only 1 DLT (cerebrovascular ischemia)
reported. Eighteen of 31 evaluable patients had an immune response by positive
DTH test. mOS in all patients was 8.1 months and was statistically better in respond-
ers vs nonresponders (10.9 vs 3.9 months, P = 0.003) [105].

Further studies of WT1 utilized DC vaccines pulsed with WT1. In a phase I trial,
Koido and colleagues treated 10 patients with mPDA and 1 patient with cholangio-
carcinoma who possessed the appropriate HLA types with concurrent gemcitabine
and mature DCs pulsed with MHC-restricted WT1 peptides [106]. The treatment
was well tolerated, although 1 patient with rapidly progressing PDA died of a cere-
bral infarction. Only 4 of 10 evaluable patients had an immune response by DTH,
although immune responders did have improved mOS than nonresponders, and 3
patients with PDA and strong DTH reactions had a mOS of 717 days. An analysis
of markers for response in the PDA patients revealed increased posttreatment neu-
trophil to lymphocyte ratio, HLA-DR, and CD83 as potential positive prognostic
biomarkers [107].

Finally, another phase I study by Mayanagi and colleagues looked at the same
regimen (WT1 DC vaccine plus gemcitabine) as first-line therapy in 10 HLA-
A*2402-positive advanced PDA patients [108]. Adverse effects were consistent
with prior studies including gemcitabine. Sixty percent of patients had an immune
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response by DTH, and there was a significant increase in WT 1-specific T cells after
DC vaccination (compared to pre-vaccination, P = 0.036). While there were no
objective responses, 60% of patients had SD, and mOS was 243 days. Given the
lack of significant response, further studies of WT1 vaccines have not been reported.

VEGFR2

Vascular endothelial growth factor 2 (VEGFR2) promotes tumor growth via neo-
vascularization and plays a role in PDA development and metastasis, and its over-
expression represents a poor prognosis in patients with PDA [109-111]. Elpamotide
is an epitope peptide of VEGFR2-169 (RFVPDGNRI), HLA restricted to HLA-
A*2402. In a phase I study, Miyazawa and colleagues enrolled 21 HLA-A*2402-
positive patients with advanced PDA to received gemcitabine, IFA, and 3 escalating
doses of elpamotide (0.5, 1, or 2 mg on days 1, 8, 15, and 22 every 28 days) [112].
Of the 18 patients who received at least 4 doses of vaccine, no grade 4 adverse
events were reported, CTL responses by ELISpot were seen in 61% of patients, and
mOS was 7.7 months.

Given these findings, a larger phase II/III trial by Yamaue and colleagues ran-
domized 153 patients with untreated advanced PDA and the HLA-A*2402 geno-
type 2:1 to receive elpamotide plus gemcitabine or placebo plus gemcitabine [113].
Patients in the elpamotide arm had slightly higher rates of fever (31% vs 20.8%,
P=0.01) and aspartate aminotransferase (AST) elevation (36% vs 20.8%, P =0.015)
compared to the placebo arm. mOS was the same in both groups (8.36 months with
elpamotide vs 8.54 months with placebo, HR 0.87, P = 0.897), although patients
who received elpamotide who developed a severe infusion site reaction had
improved mOS compared to those who did not develop a severe reaction
(15.67 months vs 8.28 months, HR 0.8, 95% CI 0.39-1.64, P value not reported).
Thus, while the addition of the vaccine to gemcitabine did not improve mOS, there
was a trend toward improved mOS in immune responders. Further studies of using
elpamotide in PDA have not been reported in the literature.

VXMOI is an oral DNA vaccine that contains a plasmid encoding VEGFR2 and
uses the vector Salmonella typhi Ty21a as a live-attenuated bacterial carrier (the oral
vaccine against typhoid fever) [114]. In a phase I trial, Schmitz-Winnenthal and col-
leagues randomized 45 patients with advanced PDA (previously treated with gem-
citabine) 2:1 to receive escalating doses of VXMOI1 (30 patients) or placebo (15
patients). No DLTs occurred so the maximum tolerated dose was not reached [115].
There was no difference in CTL responses or objective responses between the 2
groups, although there was indirect evidence of antiangiogenic vaccination effect by
increase in serum VEGF-A, collagen IV, and blood pressure [116, 117]. This trial
was extended to add monthly booster vaccinations to maintain a specific CTL
response (prime-boost vaccination). In this extended phase I trial, 12 of 18 vacci-
nated patients had a CTL response, and mOS was 9.3 months compared to 8.4 months
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in 8 patients who received placebo, and those vaccinated with a CTL response had
improved mOS compared to nonresponders (10.3 vs 5.4 months, P value not
reported) [118]. No further studies of VXMO1 in PDA have been published.

KIF20A

Kinesin family member 20A (KIF20A, also known as RAB6KIFL) is an intracel-
lular trafficking protein that promotes movement of organelles, helps form the
mitotic spindle, and plays a role in PDA carcinogenesis [119]. Inhibiting KIF20A
decreases invasion and proliferation of PDA cells [120]. The KIF20A peptide is also
an effective TAA as it can generate specific HLA-A2-restricted CTLs and is not
overexpressed in normal adult tissues [121]. Asahara and colleagues conducted a
phase I/II trial of 31 patients with advanced PDA and HLA-A*2402 positivity [122].
Twenty-nine patients received at least 4 doses of the KIF20A-66 peptide
(KVYLRVRPLL, 1 mg or 3 mg dose on days 1, 8, 15, and 22 every 28 days) with
IFA. The 3 mg dose was well tolerated, and a CTL response was detected in 70% of
patients overall. mOS was 142 days which was improved compared to historical
controls (9 patients with unmatched HLA, mOS 83 days, P = 0.0468).

Another phase I trial evaluated adding gemcitabine to the KIF20A peptide
with IFA (administered at 3 dose levels, 0.5, 1, or 3 mg on days 1, 8, 15, and 22
every 28 days) in 9 patients with advanced PDA and positive for HLA-A*2402
[123]. There were no grade 3—4 adverse events related to KIF20A. Specific CTL
responses determined by ELISpot were generated in 8 of 9 patients, and mOS was
173 days.

A phase I trial of the adjuvant cocktail OCV-CO01 (containing KIF20A, VEGFRI,
and VEGFR?2 peptides) with gemcitabine in 30 patients with resected PDA showed
a median disease-free survival (DFS) of 15.8 months, and mOS was not yet reached
[124]. Another phase II study of OCV-CO1 with IFA and gemcitabine in 68 patients
with untreated PDA and unknown HLA status showed a mOS of 9.2 months [125].
These studies are still ongoing in Japan.

HSP

Heat shock proteins (HSPs) and their related heat shock response pathways play
vital roles in pancreatic oncogenesis by chaperoning and stabilizing multiple onco-
proteins [126]. Maki and colleagues conducted a phase I study of an autologous
HSP vaccine (HSPPC-96) produced from tumor tissue in 10 patients with resected
PDA [127]. Patients did not receive other adjuvant therapy and mOS was 2.2 years,
but there was no correlation between development of an immune response and sur-
vival. No further studies of HSP vaccine in PDA have been reported.
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Whole Tumor Cell Vaccines

Algenpantucel-L

Algenpantucel-L is a whole cell allogeneic vaccine which contains 2 irradiated human
PCA cell lines (HAPa-1 and HAPa-2) genetically engineered to express the murine o [ 1,
3]-galactosyltransferase (0GT) gene [128]. Anti-aGT antibodies can stimulate NK cells
via ADCC as well as the complement system and in theory can cause hyperacute rejec-
tion of PDA cells analogous to rejection of allogeneic solid organ transplants [129, 130].
Hardacre and colleagues enrolled 73 patients in an adjuvant phase II trial of algenpantu-
cel-L followed by gemcitabine plus algenpantucel-L, chemoradiation with 5-FU plus
algenpantucel-L, and finally more gemcitabine plus algenpantucel-L [128]. Two dose
levels were studied (100 million cells—300 million cells per dose). The primary objective
was DEFS at 1 year which was seen in 62% of patients. mOS was not reached, and OS at
1 year was 86%. DFS at 1 year was significantly higher in patients who received the
higher treatment dose compared to the lower dose (81% vs 51%, P =0.02), and there was
trend toward higher OS at 1 year (96% vs 79%, P = 0.053) [128]. Unfortunately, a phase
IIT trial of adjuvant gemcitabine (with or without 5-FU chemoradiation) plus algenpan-
tucel-L or chemotherapy/chemoradiation alone was a negative trial, results not formally
published yet (NCT01072981). Another ongoing phase III study is using FOLFIRINOX
or gemcitabine plus nab-paclitaxel with or without algenpantucel-L in borderline resect-
able or locally advanced unresectable PDA (PILLAR trial, NCT01836432).

GM-CSF (GVAX)

GVAX is a vaccine comprised of 2 allogeneic, lethally irradiated PDA cell lines reen-
gineered with a plasmid vector to express GM-CSF [131, 132]. In early mouse studies,
GM-CSF proved to be an important cytokine in generating an immune response in
poorly immunogenic tumors by attracting APCs [133, 134]. In a phase I dose-escala-
tion study of GVAX in PDA, 14 patients with resected PDA (stages I-III) received 1
dose of GVAX followed by chemoradiation with 5-FU then 3 monthly doses of GVAX
[135]. There were no DLTs and DTH responses seen in 3 patients. DFS was 13 months,
and 3 patients were still without disease at over 25 months [135]. Given these results,
60 patients with resected PDA were given the highest dose level (5 x 10® cells) and
chemoradiation per the phase I schedule with the addition of a potential booster dose
6 months after the fourth GVAX dose [136]. In this phase II study, the treatment was
again well tolerated, and no DLTs were reported. mDFS was 17.3 months (95% CI
14.6-22.8), and mOS was 24.8 months (95% CI 21.2-31.6). GVAX generated a meso-
thelin-specific CTL response in 88% of patients who were HLA-AO0101 or HLA-
A0201 positive (mesothelin-binding epitopes), and this response correlated with
improved DFS [136]. Thus, the adjuvant GVAX plus chemoradiation regimen was
safe and produced survival estimates on par with historical controls.
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To augment the immunogenicity of GVAX, Laheru and colleagues added pre-
vaccination cyclophosphamide (Cy) to deplete Tregs that normally suppress the
immune response [137]. In a nonrandomized open-label pilot study, 30 patients with
advanced PDA received GVAX (5 x 108 cells per dose) every 3 weeks for 6 doses,
and an additional 20 patients received 250 mg/m? Cy IV 1 day prior to each GVAX
dose. In both groups the treatment was well tolerated with few grade 3—4 adverse
events: dehydration (2%), asthenia (4%), and fatigue (4%). mOS in the GVAX alone
group was 2.3—4.3 months in the group who received Cy (cohorts were unmatched
and not directly compared) [137]. In terms of mesothelin-specific CD8" T cell
responses, 9 of 10 evaluable patients who received Cy had evidence of a response,
while only 4 of 8 patients who received GVAX alone had a response. These results
indicate that Cy administered prior to GVAX can augment the CTL response.

Another method to increase the immunogenicity of GVAX is to add a checkpoint
inhibitor that blocks CTLA-4. Immune responses can be downregulated by the bind-
ing of CTLA-4 on the activated T cell surface with B7 antigens on APCs, resulting
in apoptosis of the T cell. In a phase II study, Royal and colleagues first evaluated the
use of ipilimumab (a fully humanized anti-CTLA-4 antibody that blocks the
CTLA-4/B7 interaction) as a single agent in 27 patients with advanced PDA [138].
Ipilimumab was given as 3 mg/kg IV every 3 weeks, 4 doses per course with maxi-
mum 2 courses. Unfortunately, the treatment was not effective as there were no
objective responses by RECIST criteria, and there were 3 reported immune-related
grade 3—4 adverse events (colitis, hypophysitis, and encephalitis in 1 patient each)
[138]. Prior preclinical work demonstrated potential synergy between CTLA-4
blockade and GM-CSF-based vaccines [139]. In a phase Ib trial, Le and colleagues
randomized 30 patients with previously treated advanced PDA 1:1 to receive ipilim-
umab alone or ipilimumab plus GVAX. Ipilimumab was administered at 10 mg/kg
IV based on successful studies in advanced melanoma, given every 3 weeks for 4
doses followed by maintenance dosing every 12 weeks (GVAX was administered
prior to ipilimumab infusions in the combination arm) [140-142]. mOS was longer
in the combination arm, although not statistically significant (5.7 vs 3.6 months, HR
0.51, 95% CI 0.23-1.08, P = 0.072) [142]. Among 19 analyzable patients who were
either HLA-A1 or HLA-A2 positive, 14 patients had mesothelin-specific CTL
responses by ELISpot. Patients with OS greater than 4.3 months had significant
increases in specific CTL responses relative to baseline (P = 0.014), suggesting that
CTL response correlates with improved survival. There were several grade 3—4
immune-related adverse events (rash, colitis (2), Guillain-Barre syndrome, pneumo-
nitis, and nephritis) [142]. This study showed that addition of a checkpoint inhibitor
could augment the immune response and potentially improve survival.

Finally, Le and colleagues studied GVAX and Cy with the addition of a live-
attenuated Listeria monocytogenes vaccine reengineered to secrete mesothelin
(CRS-207) [143—145]. CRS-207 stimulates both the innate and adaptive immune
system by turning on T cells and NK cells [145]. The combination of GVAX and
CRS-207 uses a heterologous prime-boost strategy to increase the immune response.
Ninety patients with previously treated mPDA were randomized 2:1 to receive 2
doses of GVAX and Cy followed by 4 doses of CRS-207 or to receive 6 doses of
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GVAX and Cy every 3 weeks. In patients who received at least 3 doses of vaccine,
mOS was significantly longer in the CRS-207 arm (9.7 vs 4.6 months, HR 0.53, 95%
CI0.29-0.96, P = 0.02). Notable adverse events in the CRS-207 arm included lym-
phopenia (8%), increased AST (5%), fatigue (5%), and pyrexia (5%). An increase in
mesothelin-specific CTL response in HLA-A1-, HLA-A2-, or HLA-A3-positive
patients was seen only in the CRS-207 arm (compared to baseline CTL levels,
P =0.042). Generation of a mesothelin-specific CTL response again correlated with
improved survival [143]. An ongoing trial of GVAX, Cy, CRS-207, and nivolumab
is ongoing (NCT02243371, see section on ongoing vaccine clinical trials below).

Ongoing Vaccine Clinical Trials

Randomized Phase II Study of the Efficacy and Immune
Response of GVAX Pancreas (with Cyclophosphamide)

and CRS-207 with or Without Nivolumab in Patients

with Previously Treated Metastatic Pancreatic Adenocarcinoma
(STELLAR, NCT02243371)

Given the prior experiences of combining GVAX with checkpoint inhibition (anti-
CTLA-4), there is ongoing interest in combining GVAX with other checkpoint
inhibitors such as nivolumab, a fully humanized IgG4 anti-PD-1 monoclonal anti-
body. Interestingly, patients with PDA tumors with high PD-L1 expression have
fewer TILs and a significantly worse prognosis than patients with low PD-L1 PDA
tumors [146]. However, prior studies of single-agent checkpoint inhibitors
(anti-CTLA-4 and anti-PD-L1 antibodies) have not shown clinical efficacy in PDA
[5, 138]. PDA tumors exposed to GVAX have increased TILs and an upregulated
immunosuppressive microenvironment including increased PD-L1 expression
[6, 147]. Thus, it may be possible to transform a previously “non-immunogenic”
PDA tumor to one that is susceptible to the immune system.

Building on this foundation with the prime-boost vaccination protocol of GVAX
followed by CRS-207, Le and colleagues plan to enroll 108 patients with mPDA who
have failed only 1 line of prior therapy for metastatic disease in phase II study [148].
Patients are randomized 1:1 to receive nivolumab (3 mg/kg IV day 1, cycles 1-6), Cy
(200 mg/m? IV day 1, cycles 1-2), GVAX (5 x 108 cells day 2, cycles 1-2), and CRS-
207 (1 x 10° day 2, cycles 3-6) or the same regimen without nivolumab. Key inclusion
criteria are Eastern Cooperative Oncology Group (ECOG) performance status (PS) of
0-1, measurable disease, and adequate bone marrow and organ function. Patients are
excluded if they have penicillin or sulfa allergies, ascites, significant effusions, auto-
immune disease, recent thrombosis within 2 months, or prior treatment with GVAX,
CRS-207, or checkpoint inhibitors. The primary endpoint is OS, and secondary end-
points include safety, response by tumor measurement and CA19-9 levels, and cor-
relation of survival and clinical responses with specific CTL responses.
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Pancreatic Tumor Cell Vaccine (GVAX), Low-Dose
Cyclophosphamide, Fractionated Stereotactic Body Radiation
Therapy (SBRT), and FOLFIRINOX Chemotherapy in Patients
with Resected Adenocarcinoma of the Pancreas (NCT01595321)

This pilot adjuvant study has enrolled 19 patients with resected PDA. The first 6
patients will receive 6.6 gray (Gy) of SBRT over 5 days within 6-10 weeks of sur-
gery followed by 6 cycles of FOLFIRINOX at least 14 days after SBRT. The other
patients will receive 1 dose of GVAX with Cy (200 mg/m?) after surgery followed
by SBRT and FOLFIRINOX and then up to 4 additional doses of GVAX with Cy.
The primary objective is safety and tolerability of this regimen, and the secondary
objectives are to determine survival (OS, DFS, and distant metastases-free survival)
and to correlate progression with mesothelin-specific CTL responses. Patients must
have an ECOG PS of 0-1, age 18-76, be within 10 weeks of surgical resection, and
have adequate organ function. Patients are excluded if they have metastatic disease
or have received other anticancer treatment other than surgery within 28 days.

Study with CY, Pembrolizumab, GVAX, and SBRT in Patients
with Locally Advanced Pancreatic Cancer (NCT02648282)

This second-line phase II study plans to enroll 54 patients with locally advanced PDA
who have already received at least 4 cycles of mFOLFIRINOX or gemcitabine plus
nab-paclitaxel (last dose 2—5 weeks prior to study enrollment). All patients receive
GVAX with Cy, pembrolizumab (anti-PD-1 antibody, 200 mg IV over 30 min), and
SBRT (6.6 Gy over 5 days). Patients must have an ECOG PS of 0-1, no metastatic
disease, no autoimmune disease, and no prior treatment with checkpoint inhibitors.
The primary objective is to determine the distant metastasis-free survival, and sec-
ondary objectives are to determine OS, local progression-free survival (PFS), and
immune-related toxicities. This study exploits the abscopal effect, in which radiation
stimulates the release of TAAs that activate APCs, and potential synergism with
checkpoint inhibitors by further enhancing of the T cell response [149].

A Phase 11, Multicenter Study of FOLFIRINOX Followed

by Ipilimumab with Allogenic GM-CSF Transfected Pancreatic
Tumor Vaccine in the Treatment of Metastatic Pancreatic
Cancer (NCT01896869)

This phase II study aims to enroll 92 patients with mPDA with SD after 8—12
doses of FOLFIRINOX and randomize them 1:1 to receive ipilimumab (3 mg/kg)
and GVAX or to continue FOLFIRINOX (which can be modified according to the
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patient’s tolerability to 5-FU, capecitabine, FOLFOX, FOLFIRI, or FOLFIRINOX
every 21 days). Patients must have an ECOG PS of 0-1 and adequate organ func-
tion, and they cannot have been off FOLFIRINOX for more than 70 days or have
received prior immunotherapy or chemotherapy (other than FOLFIRINOX or
adjuvant therapy). The primary objective is to determine OS; secondary endpoints
include adverse events, PFS, immune-related PFS (irPFS), objective response
rate, duration of response, and CA19-9 kinetics. This trial will help establish
GVAX/anti-CTLA-4 as an effective maintenance regimen relative to conventional
cytotoxic chemotherapy.

Dendritic Cell Vaccine and Chemotherapy for Patients
with Pancreatic Cancer (PancVax, NCT02548169)

This phase I study with an estimated enrollment of 20 PDA patients (resectable,
borderline, locally advanced, or metastatic) aims to establish safety of combining an
antigen-loaded DC vaccine with standard of care chemotherapy (FOLFIRINOX or
gemcitabine plus nab-paclitaxel). PancVax is an autologous DC vaccine in which
the patient’s monocytes are cultured with GM-CSF and IFNa and loaded with
mesothelin peptides. Patients receive 4 doses of the DC vaccine every 2 weeks with
concurrent chemotherapy. Secondary endpoints include response rates, OS, PFS,
surgical conversion rate at 6 months (if applicable), measurement of T cell responses,
and quality of life assessment. Patients must have an ECOG PS of 0-2, adequate
organ function, and cannot be on immunosuppressive medications or have autoim-
mune disease. This pilot trial will be helpful in establishing tolerability of concur-
rent DC vaccination and chemotherapy.

Inovio TRT-001: Telomerase DNA Immunotherapy in Breast,
Lung, and Pancreatic Cancers (NCT02327468)

As described above, hTERT is frequently expressed on PDA cells and can be recog-
nized by CTLs via MHCs (see description of telomerase in vaccine targets section).
Vonderheide and colleagues are enrolling 54 patients with resected cancers in a
dose-escalation 3 + 3 design of an hTERT DNA plasmid vaccine (INO-1400)
administered via electroporation with or without an IL-12 plasmid (INO-9012)
[150]. Electroporation allows the incorporation of exogenous DNA in vivo through
creation of a temporary electric field that allows transmission of large molecules
into the cell [151, 152]. Adding IL-12 to hTERT increased immune responses in
preclinical mouse models [153]. In this study, patients receive 4 monthly treatments.
Allowed tumor types include breast, lung, pancreatic, head and neck, ovarian,
colorectal, gastroesophageal, or hepatocellular carcinoma.
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A Phase I/II Trial of the PD-L1 Inhibitor, Durvalumab
(MEDIA4736) plus PANVAC in Combination with Maintenance
Chemotherapy for Patients with Metastatic Colorectal or
Pancreatic Adenocarcinoma

Finally, this study aims to determine the safety of combining a PD-L1 inhibitor
(durvalumab) with PANVAC (see section on MUC-1 in vaccine targets above) and
the recommended phase II dose of durvalumab in patients with mPDA or mCRC
who have SD on first-line therapy. The addition of a different anti-PD-L1 antibody
(atezolizumab) in combination with FOLFOX and bevacizumab in mCRC patients
has previously been shown to be well tolerated [154]. The phase II portion seeks to
determine the PFS rate at 8.5 months in mCRC (50% in the CAIRO3 study) and
PFS rate at 4 months in mPDA (second-line PFS typically around 50%) [155, 156].
Patients with mPDA will receive capecitabine 1000 mg PO BID Monday-Friday,
and patients with mCRC will also receive bevacizumab 5 mg/kg IV every 2 weeks.
The dose of durvalumab is 750 mg IV every 2 weeks, and if O—1 of 6 patients or 2
of 12 patients in phase I portion have a DLT, then 750 mg will be the recommend
phase II dose. The study plans to enroll 26 mPDA and 26 mCRC patients in the
phase II portion. Patients receive PANVAC-V (vaccinia, 2 x 10® plaque-forming
units (PFUs) on week 1 then PANVAC-F (fowlpox, 1 x 10° PFUs) every 2 weeks for
four doses starting week 3, then every 4 weeks for 4 doses. Durvalumab is also
started on week 3 and continues every 2 weeks through week 52. Patients must have
SD on first-line therapy for metastatic disease, measurable disease that is amenable
to serial biopsies, and adequate organ function. Patients with known central nervous
system metastases are excluded. This study will provide meaningful data not only
regarding the combination of PD-L1 inhibition and PANVAC but also its tolerabil-
ity and efficacy when administered with maintenance chemotherapy.

Conclusions

PDA remains a devastating illness with few effective treatment options, and numer-
ous attempts have been made at adding vaccine therapy to the armamentarium.
Several excellent vaccine targets exist, notably CEA, MUC-1, and telomerase, but
generating an immune response that translates into a clinical response has been
fraught with difficulty. These shortfalls have persisted despite the addition of immu-
nomodulating drugs designed to augment the immune response, such as IFA,
GM-CSF, IL-2, IL-12, IFNa, Cy, and conventional chemotherapy. The GVAX vac-
cine has also been extensively studied and has shown activity even in patients with
treatment-refractory mPDA. More recent studies that integrate checkpoint inhibi-
tion with priming using vaccine therapy hold promise and are still ongoing. The
optimal sequence of chemotherapy, radiation therapy, checkpoint inhibition, and
vaccine administration remains to be determined.
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Chapter 17
Virotherapies in Pancreatic Cancer

Daniel H. Ahn and Ramesh Ramanathan

Pancreatic cancer remains the fourth leading cause of cancer deaths in the United States
with a poor prognosis and a five-year survival of <5% across all stages [1]. In 2014, there
were approximately 53,070 new cases of pancreatic cancer with only 9% of patients hav-
ing localized, resectable disease [2]. Given that the vast majority of patients have
advanced disease at presentation, much of the focus for drug development has been in the
metastatic setting, which is evident with the advent of two combination chemotherapy
regimens for advanced disease [3, 4]. While conventional cytotoxic chemotherapy
remains the standard of care, an ongoing search for novel therapeutic approaches contin-
ues. One approach that has garnered much interest over the past several decades has been
investigating the therapeutic potential of biologic therapy, specifically viral therapy.
Herein, we will highlight and review viral therapy, with an emphasis on oncolytic viruses.

Viral Therapy

Oncolytic Virotherapy

Viral therapies represent one of many immunotherapeutic strategies in the treat-
ment of pancreatic cancer. Historical evidence has shown tumor regression and
remission of several advanced malignancies after the inoculation with naturally

D.H. Ahn, D.O. ¢ R. Ramanathan, M.D. (Ix)

Mayo Clinic, Department of Hematology/Medical Oncology, 5777 E. Mayo Blvd,
Phoenix, AZ 85054, USA

e-mail: Ramanathan.Ramesh@mayo.edu

© Springer International Publishing AG 2018 309
T. Bekaii-Saab, B. El-Rayes (eds.), Current and Emerging Therapies
in Pancreatic Cancer, DOI 10.1007/978-3-319-58256-6_17


mailto:Ramanathan.Ramesh@mayo.edu

310 D.H. Ahn and R. Ramanathan

occurring viruses [5]. These observations have led to the investigation of viral
therapies as a treatment for cancer. Oncolytic viral therapies have the potential to
preferentially infect and replicate in malignant cells while sparing the surround-
ing normal healthy cells [6]. Oncolytic viral replication can be undertaken by
selecting a virus that is either non-virulent to humans or by the genetic modifica-
tion of the viral genome. The anticancer activities from oncolytic viruses result
from the direct lysis of cancer cells by the virus and by cytotoxicity to cancer and
the surrounding stromal cells by activated innate and tumor-specific immune
cells (Fig. 17.1).

Death of cancer and stromal cells result in the release of tumor-specific epitopes
in conjunction with the damage-associated molecular pattern (DAMP), oncolytic
virus pathogen-derived pathogen-associated molecular pattern (PAMP) molecules,
and inflammatory cytokines that can elicit antitumor immunity [7, 8]. The ability of
oncolytic viral therapy to induce tumor cell apoptosis and stimulate an antitumor
immune response has resulted in its interest as a potential treatment in several
malignancies, including pancreatic cancer [7]. Several OV have been and are under
current investigation in the treatment of pancreatic cancer and will be reviewed in
detail below (Table 17.1).

Stimulation and activation of T cells
eIL-2
» Monoclonal antibodies against PD-1, PDL-1, CTLA-4
* Agonists for OX40, CD27, CD137

T cell infiltration into tumor

¢ Monoclonal antibodies against
VEGF/VEGFR

Enhanced tumor specific
antigen presentation

¢ Vaccine therapy

¢ IFN-o
* GM-CSF
Tumor
Recognition and cytotoxicity of Enhanced tumor specific
tumor cells antigen release
¢ Monoclonal antibodies against ¢ Chemotherapy
PD-1, PDL-1, IDO ¢ Radiotherapy

* Virotherapy

The figure above provides an overview of varying immunotherapeutic approaches, including viral
therapies, in the treatment of pancreas cancer.

VEGF-vascular endothelial growth factor; VEGFR-vascular endothelial growth factor receptor; PD-1-program death one;
PDL-1 program death ligand-1; IFN-interferon, GM-CSF —granulocyte macrophage colony stimulating factor;
IDO-indoleamine-2,3 dioxygenase

Fig. 17.1 Immunotherapeutic treatment strategies in pancreatic cancer
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Reovirus

Respiratory enteric orphan virus or Reovirus is a family of non-enveloped
double-stranded RNA virus that occurs naturally in humans and can affect the
gastrointestinal system and respiratory tract. It has innate oncolytic properties,
where its replication is dependent upon cellular activity of RAS; specifically, it
is cytopathic in transformed cells possessing an activated RAS signaling path-
way [13-16].

Early preclinical studies with Reovirus demonstrated its ability to infect, repli-
cate, and induce oncolysis with no activity in normal tissue across several solid
tumor malignancies [17-19]. Reolysin (pelareorep) is a propriety formulation of
the naturally occurring Reovirus Serotype3-Dearing strain, a live replication-com-
petent Reovirus [20]. While acquired Reovirus infections in humans are mild and
are limited to the respiratory and gastrointestinal tract, pelareorep demonstrated
cytotoxic effects on cancer cells that harbored mutations in the RAS signaling path-
way with a good safety profile [16, 21-23]. Additionally, when given concomi-
tantly with chemotherapy or radiotherapy, synergistic antitumor activity has been
noted, suggesting a potential benefit from a combined modality approach with
Reolysin [24, 25].

Given the ubiquitous nature of RAS mutations in pancreatic cancer [26, 27],
Reolysin has been of interest as a novel therapeutic agent for the treatment of this
disease. In preclinical studies, an increase in reovirus-induced oncolytic activity
was seen in RAS-mutated pancreatic cancer cell lines [28]. Consistent findings were
seen with the injection of Reolysin, where tumor regression was seen in injected
pancreatic cancer tumors, as well as in those not subjected to injection. In addition
to tumor growth suppression, immunohistochemical studies confirmed the presence
of Reovirus in each of responding tumors. Noonan et al. reported the results of a
phase Il randomized trial, in which 73 patients with metastatic pancreatic adenocar-
cinoma were randomized to receive carboplatin/paclitaxel alone or in combination
with Reolysin [11]. While this agent was well tolerated overall with minimal
treatment-related adverse effects, it failed to show an improvement in outcomes,
including in those patients with K-ras mutations. Interestingly, patients that received
Reolysin compared to the chemotherapy alone group had increased levels of several
markers (including IL-6, VEGF, regulatory T cells) associated with immunosup-
pression. Consistent with preclinical mice models, Reolysin exposure may promote
and enhance immunosuppression in a pre-existing immunosuppressive environment
[29]. Another single-arm phase II study evaluated the combination of Reolysin with
gemcitabine in treatment naive patients with advanced pancreatic cancer. Thirty-
three patients were enrolled, a median PFS was 4 months, and OS of 10.2 months
was observed. Of the 29 patients with evaluable disease, 1 patient had a partial
response, 23 had stable disease, and 5 patients experienced disease progression.
Thus, across two clinical trials, no significant activity was observed with Reolysin
compared to historical chemotherapy regimens, suggesting limited utility in the
treatment of pancreatic cancer.
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Adenovirus

Adenoviruses are non-enveloped, linear double-stranded DNA viruses that have
shown oncolytic activity across several tumor types and were the first OV evaluated
in a clinical trial for the treatment of pancreatic cancer. ONYX-015 is an E1B
55-kDA region-deleted virus that preferentially replicates in pancreatic cancer cells
with p53 alterations. Based on early preclinical studies that confirmed viral replica-
tion in abnormal cells, a phase I study evaluating intratumoral administration of
ONXY-015 was conducted in patients with advanced pancreatic cancer. While no
objective responses were seen in the 23 patients enrolled in the study, 11 patients
experienced prolong stable disease of at least 12 weeks [9]. The treatment was well
tolerated with minimal adverse effects. A subsequent phase I/II study was conducted
in patients with unresectable pancreatic cancer, where ONYX-015 was adminis-
tered intratumorally under endoscopic ultrasound guidance in combination with
gemcitabine [10]. Of the 21 patients enrolled in the study, 2 patients experienced a
partial response. Side effects related to the virus were mild, but several injection-
related complications (e.g., infection, duodenal perforation) were observed. While
no significant activity was observed from the two studies, the administration of
adenovirus was safe and well tolerated.

Herpes Simplex Virus (HSV)

Oncolytic HSV vectors have been under investigation as a therapeutic approach for
the treatment of pancreatic cancer. In a Japanese phase I study, HF-10, an unadulter-
ated, naturally occurring oncolytic HSV, showed no treatment-related adverse
effects and 16% response rate [12]. Oncovex GM-CSF (talimogene) is a genetically
modified live attenuated oncolytic herpes virus that has demonstrated durable
responses and was recently FDA approved in the treatment of unresectable meta-
static melanoma. Patients who received Oncovex GM-CSF experienced a durable
response rate of 16.3% (response >6 months), of which 29.1% had a complete
response [30]. While the potential of HSV as therapeutic agent in pancreatic cancer
is unknown, a recently completed phase I study assessing the safety of intratumoral
Oncovex GM-CSF injection in unresectable pancreatic cancer (clinicaltrials.gov,
NCT00402025) should provide further insight.

Vesicular Stomatitis Virus (VSV)

VSV is an RNA virus that is non-cell cycle-dependent, resulting in the rapid
uptake by cells. In pancreatic cancer cell lines, VSV showed superior oncolytic
activity in comparison to RSV and Sendai virus. Resistant cell lines demon-
strated that viral replication was dependent on type 1 interferon (IFN) activity,
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where highly viral replication and infectivity were seen in pancreatic cancer
cell lines that lacked an intact IFN response [7]. Additionally, in the same resis-
tant cell lines, high-level expression of antiviral IFN-stimulated genes, MxA
and OAS, and the aberrant activation of the JAK/STAT signaling pathway were
seen and potentially limited the ability for the virus to adequately infect cancer
cells [31].

Vaccinia Virus

Vaccinia virus is a replication-competent virus and is a member of the poxvirus
family that has demonstrated promising antitumor activity across several gastro-
intestinal malignancies including in pancreatic cancer. It is highly immunogenic
and produces a strong cytotoxic T cell and innate immune response [32]. As a
single agent or in combination with gemcitabine chemotherapy, Vaccinia
(GLV-1h68) has shown the ability to infect, replicate, and induce oncolysis in
pancreatic cancer cell lines [33]. A similar genetically modified Vaccinia virus,
GLV-1h51, was tested across several different malignancies, where pancreatic
cancer cell lines were most sensitive to viral infection, resulting in increased
tumor size regression [34]. An ongoing phase I study (ClinicalTrials.gov,
NCTO02432963) is investigating the combination of a modified vaccinia virus
Ankara vaccine that expresses p53 with pembrolizumab, an anti-PD1 inhibitor in
treatment-refractory patients.

Obstacles with Oncolytic Virotherapy

While the rationale of oncolytic virotherapy (OV) as a therapeutic modality for
pancreatic cancer is intriguing and represents a novel approach in the treatment of
this disease, OV remains experimental and is still in its infancy stage. A better
understanding of the regulation of the antitumor immune response is needed to
allow for the development of rational treatment strategies in order to improve on its
efficacy.

A significant immunologic barrier in the treatment of pancreatic cancer is the
tolerance toward cancer-specific antigens. Most tumor-associated antigens are
self-antigens and, thus, weakly immunogenic. Additionally, the pancreatic tumor
microenvironment suppresses the activity of tumor-infiltrating lymphocytes that
contributes to blunting an antitumor immunogenic response [35]. In order to
obtain an effective antitumor response, a lessening in an immunologic tolerance
while increasing tumor-specific antigen load is needed. This can potentially be
achieved by increasing the tumor-specific antigen load through effective
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oncolysis. In addition to antigen exposure, an alteration or disruption of the
immunosuppressive environment is needed. Pancreatic cancer is mostly consid-
ered to be an immunosuppressive cancer, where pancreatic cancer cells produce
inflammatory cytokines that mediate an immunosuppressive environment (fo be
discussed in detail in the immunotherapy chapter). Immunotherapeutic
approaches—notably agents that target negative immunologic regulatory mole-
cules on activated T cells (e.g., anti-CTLA4, anti-PD1, or anti-PDL-1)—have
shown promise as a therapeutic agent in various solid tumor malignancies [36,
37]. The combination of an oncolytic virus with these agents can potentially
enhance and produce a synergistic antitumor immune response. Specifically,
increased exposure of tumor-specific antigens from oncolysis with checkpoint
inhibition can potentiate an immunogenic response [38].

Another limitation that hinders the systemic delivery of oncolytic viruses is the
mode of delivery of treatment. While intravenous administration is an efficient and
practical methodology, especially in the case for difficult to reach tumor locations,
hepatic and splenic sequestration and pre-existing serum antiviral antibodies may
result in insufficient viral particle delivery. Studies evaluating techniques to improve
OV efficacy include the chemical modification of the viral coat proteins to evade
antibody recognition and the utilization of mesenchymal stem cell carriers to
increase target virotherapy delivery.

Physical barriers, notably the tumor vasculature and its microenvironment, serve
as obstacles in effective virotherapy in treating pancreatic cancer. The large size of
virus particles limits efficient extravasation from blood vessels, resulting in an inad-
equate delivery to tumor cells. Biologic therapies (interleukin-2, vascular endothe-
lial growth factor (VEGF)) can modulate vascular permeability while depleting
immunosuppressive regulatory T cells which can increase sufficient delivery to
tumor cells and potentiate the efficacy of OV [39, 40]. In addition to the vasculature,
the stroma creates a complex microenvironment that not only serves as a physical
barrier to prevent effective penetration of oncolytic viruses but also provides an
immunosuppressive environment that blunts any innate antitumor immune response
[41-48].

Vector-Mediated Virotherapy

In addition to serving as an oncolytic agent, viruses have utilized as vectors to trans-
port therapeutic agents into patients to target tumor cells, contributing toward inhib-
iting tumor growth and promoting tumor lysis [49]. Viruses are an effective method
for transferring genes to specific targeted areas and are extensively used in oncol-
ogy. In addition to serving as an efficient mode of transportation, viruses have the
ability to bypass potential systemic toxicities related to the transported gene
(Table 17.2).
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Table 17.2 Summary of completed phase I/II clinical trials with viral vector therapy in pancreatic
cancer

Study Treatment | Phase | Results Comments | Ref

Gordon et al. | Rexin-G 1 PFS up to 9 months; OS > Gordon et al. [50]
5.5 months

Galanis et al. | Rexin-G /1 TTP 32 days; OS 3.5 Galanis et al. [51]
months

Chawla et al. | Rexin-G /11 SD- 5 pts.; PR-1 pt.; Chawla et al. [52]
PFS > 7.6 month; OS 9.2
months

Senzer et al. | TNFerade |1 PR in 2 pts With RT Senzer et al. [53]

Hechtetal. | TNFerade |I/II Clinical response in 4 pts.; | With CRT | Hecht et al. [54]
OS 332 days

Herman et al. | TNFerade | III No significant benefit With CRT | Herman et al. [55]

PFS progression-free survival, OS overall survival, SD stable disease, PR partial response, CRT
chemoradiation, RT radiotherapy

Rexin-G

Rexin-G is a tumor-targeted retroviral vector that is derived from the Moloney
murine leukemia virus family [56]. Its modified von Willebrand factor-derived
matrix-binding site allows Rexin-G to identify and target abnormal collagen-
exposed areas in the tumor stroma. Additionally, Rexin-G bears a cytocidal cyclin
G1 construct that inhibits tumor cell proliferation and induces apoptosis by inhibit-
ing cyclin G1, a key regulator of cell cycle functioning. In preclinical studies, intra-
portal administration of Rexin-G inhibited pancreatic cancer cell growth and
regression of liver metastases [57]. These findings translated in early clinical studies
where pancreatic cancer patients experienced tumor growth inhibition with durable
results [58]. In a phase I study with Rexin-G, five of six patients with treatment
refractory pancreatic cancer experienced partial responses with a median overall
survival of 6 months [50]. In subsequent phase I/II study, patients with gemcitabine-
refractory pancreatic cancer received higher doses of Rexin-G (2 x 10! CFU 3x
weekly for 4 weeks). At the higher dose, one patient experienced a partial response,
while five patients had stable disease. Patients experienced a median progression-
free survival greater than 7.6 months and a median overall survival of 9.2 months
[52]. Based on these findings, Rexin-G has obtained orphan drug status in the United
States, and further work is ongoing to validate its efficacy in pancreatic cancer.

TNFerade

Tumor necrosis factor alpha, TNF-a, is an inflammatory cytokine that has well-
documented antitumor properties. It alters tumor vasculature permeability in addi-
tion to have direct cytotoxic effects on tumor cells [59, 60]. While TNF-a has been
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recognized as a potential therapeutic agent, its associated systemic toxicities have
been a major limiting factor to its development and application in treatment of solid
tumor malignancies. Through gene modification, minimization of its side effect
profile while maintaining its antitumor properties has rekindled the interest of
TNF-a as a treatment in many diseases, including pancreatic cancer. TNFerade is a
genetically modified second-generation replication-deficient adenovirus vector that
contains the gene for TNF-a. Through the injection of TNFerade, the gene that
encodes for TNF-a is transmitted to the cells in the tumor microenvironment. This
allows for TNF-a to be secreted locally and provide its antitumor effects while
minimizing systemic toxicities [61]. To optimize the local antitumor effects of TNF-
a, the radiation-inducible EGR-1 has been incorporated into TNFerade. This altera-
tion promotes gene expression and activation of TNF-« in addition to potentiating
the known effect between TNF-« and radiotherapy [62, 63].

Preclinical studies have shown adenovectors that carry TNF-a to be safe while
demonstrating local antitumor effects [64, 65]. This included a phase I study where
two of four patients with pancreatic cancer experienced a partial response after
receiving TNFerade concomitantly with radiation therapy [53]. A subsequent dose
escalation phase I/II trial was conducted where 50 patients with local, unresectable
pancreatic cancer were injected with TNFerade and received concomitant chemora-
diation therapy (CRT) with 5-fluorouracil (5-FU). Four patients experienced a clini-
cal response including 1 complete response, while 12 patients had stable disease.
The median overall survival was 297 days, but in patients who received the maxi-
mum tolerated dose, the median overall survival was 332 days. Of note, seven
patients were able to achieve a response to undergo surgical resection [54]. Based
on these promising results, Herman et al. conducted a large, multicenter randomized
phase III trial in patients with locally advanced pancreatic cancer [55]. Three hun-
dred four patients were randomized in a 2:1 fashion to receive TNFerade with
5-FU-based CRT followed by gemcitabine (with or without erlotinib). No differ-
ences across all patient outcomes (overall survival, progression-free survival, or
time to progression) were seen between the two treatment arms [55]. Thus, the
promising findings seen from early phase studies did not translate to a significant
clinical benefit in a larger patient population. While there appears to be no role for
TNFerade for all patients with localized pancreatic cancer, further investigation,
including identification of a subgroup of patients likely to benefit from localized
therapy, may warrant further studies in the role of TNFerade and other viral vector-
mediated therapies in pancreatic cancer.

Conclusion and Future Directions

Despite advances in cancer care and research, pancreatic cancer remains very chal-
lenging, with standard treatment regimens providing modest gains at a significant
cost. Novel therapeutic approaches, including viral therapy, are needed to improved
outcomes in this dismal disease. An increased understanding has provided a strong
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rationale that has spurred further investigation in both early- and later-phase studies.
While the results so far have been disappointing, in order to benefit our patients and
their well-being, it is important to continue to aim for significant improvements
rather than incremental gains for a disease with such poor outcomes.
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3DCRT  Three-dimensional conformal radiation therapy
4D-DWI  Four-dimensional diffusion-weighted MRI

BED Biological equivalent dose

BRPC Borderline resectable pancreatic cancer
DS Double scattering

EBRT External beam radiation therapy

GI Gastrointestinal

GTV Gross tumor volume

HIGRT  Hypofractionated image-guided radiation therapy
IMRT Intensity-modulated radiation therapy
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IOERT Intraoperative electron beam radiation therapy

IPMN Intraductal papillary mucinous neoplasm
IRE Irreversible electroporation

LAPC Locally advanced pancreatic cancer
LET Linear energy transfer

MRI Magnetic resonance imaging

OARs Organs at risk

oS Overall survival

PBS Pencil beam scanning

PET Positron emission tomography

QOL Quality of life

RECIST Response Evaluation Criteria in Solid Tumors
RFA Radiofrequency ablation

SBRT Stereotactic body radiation therapy

Introduction

Shorter courses, otherwise known as hypofractionated courses (>2.2 Gy per frac-
tion, typically in 1-15 fractions), of radiation therapy have been proposed with the
goal of decreasing time away from systemic therapy and potentially decreasing time
to surgical resection. These regimens are thought to increase the biological equiva-
lent dose (BED) that is delivered to the tumor, which should, in theory, improve
tumor control and response. This is important because the pancreatic tumor is rarely
surgically resectable at presentation due to either local invasion of adjacent vessels
or evidence of metastatic disease at presentation.

Highly conformal radiation therapy is achieved by using multiple beams of pho-
ton radiation that can converge on the tumor. Each beam is modulated with multi-
leaf collimators in order to specifically treat the pancreatic tumor with a high dose
of radiation while avoiding adjacent normal tissues including the stomach and small
bowel. This approach is termed intensity-modulated radiation therapy (IMRT).
When IMRT is delivered in 1-5 treatments and small beam apertures are utilized,
this is considered stereotactic body radiation therapy (SBRT). Since the pancreas
can move with respiration, SBRT often requires motion management techniques
including gating and/or breath hold techniques. SBRT has been shown to improve
tumor-related pain without a decrease in quality of life (QOL) [1, 2]. Therefore,
SBRT can be more easily integrated with systemic and targeted therapies than tra-
ditional chemoradiation. Since hypofractionated IMRT can be delivered in only 15
fractions, it can be given concurrently with chemotherapy, including multi-agent
regimens. Heavy ion radiation includes proton and carbon radiotherapy. Both of
these forms of radiation can deliver high doses of radiation at the target with very little
to no scatter radiation to adjacent normal structures. While promising, incorporating
proton and carbon radiation therapy for pancreatic cancer has several challenges
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before being considered a standard of care option. In this chapter, we will outline
these novel radiation technologies, review the clinical outcomes, and discuss ways
to improve patient selection for these radiation modalities moving forward.

Stereotactic Body Radiation Therapy

SBRT (>5 Gy per fraction for 1-5 fractions) is increasingly recognized as an impor-
tant local treatment modality in pancreatic cancer, both in the neoadjuvant setting
for resectable and borderline resectable disease (BRPC) and in the definitive setting
for locally advanced disease (LAPC). The role of conventional chemoradiation
(1.8-2.2 Gy per fraction for 25-28 fractions) is controversial in the neoadjuvant
setting. However, in patients with resectable, borderline resectable, and select
patients with locally advanced disease who receive neoadjuvant chemotherapy and
SBRT/IMRT may have similar or even improved rates of pathologic complete
response, node-negative and margin-negative resections, and overall survival when
compared to conventional chemoradiation [3-9]. Although the role of chemoradio-
therapy is not fully established, chemotherapy alone does improve overall survival
in these patients, whether given in the metastatic, neoadjuvant, or adjuvant setting
[10, 11], and interest has therefore developed with SBRT.

Fractionation and Timing

Shorter courses of radiation therapy have been proposed with hopes to decrease
time away from systemic therapy and time to surgical resection. Patients with pan-
creatic cancer who underwent shorter treatment course were found to have signifi-
cantly better QOL outcomes compared to those who had longer radiation therapy
courses [12]. A significant amount of literature has looked into toxicity associated
with different number of fractions (i.e., 3-5) of SBRT and has shown that SBRT is
well tolerated in terms of short- and long-term toxicity (Table 18.1).

By using SBRT, we have the ability to deliver higher doses of radiation therapy
to the pancreas while limiting dose to surrounding normal tissue. Initially, the
Stanford group investigated a single fraction of 25 Gy regimen for patients with
LAPC. They found excellent local control rates but high rates (~20%) of late grade
2-4 gastrointestinal (GI) toxicities [13, 14]. Schellenberg et al. reported on 16
LAPC patients who also received a single fraction of 25 Gy along with concurrent
gemcitabine and showed 100% local control at 1 year and a lower rate of acute GI
toxicity compared to previous reports [15]. A follow-up study reported an excellent
rate of local control at 1 year (94%) and low late grade > 3 toxicity rates (5%) [16].
Mahadevan et al. evaluated 36 LAPC patients receiving 8—12 Gy in 3 fractions fol-
lowed by gemcitabine chemotherapy [17]. The 1-year local control rate was 78%,
and the median OS was 14.3 months with similar low rates of toxicities. Only 33%
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of patients experienced any grade 1-2 toxicities, and as low as 8% of patients expe-
rienced any grade 3 toxicity.

A phase II multi-institutional trial further investigated SBRT in the neoadjuvant
setting for LAPC patients, utilizing a 6.6 Gy x 5 fractionation regimen with gold
fiducial marker placement, image guidance, and respiratory gating. In this study, the
median OS was 13.9 months with 11% of patients experiencing grade 2 or higher
acute and late toxicities. Overall, the regimen was well tolerated with minimal high-
grade toxicities (Table 18.1) [1]. Interestingly, patients who had positron emission
tomography (PET) avid tumors at baseline in this study were found to have signifi-
cantly worse survival after controlling for known risk factors in a multivariate
model. Moningi et al. retrospectively evaluated 74 LAPC or BRPC patients at Johns
Hopkins Hospital who received SBRT to 25-33 Gy in 5 fractions following gem-
citabine or FOLFIRINOX chemotherapy [5]. They found that these patients had a
median OS of 18.4 months with 20% of patients undergoing successful surgical
resection following neoadjuvant SBRT with an 84% margin-negative (R0O) resection
rate. Colleagues at Stanford University investigated single (25 Gy x 1) vs. 5
(6.6 Gy x 5)-fraction SBRT [18] and demonstrated that 5-fraction SBRT resulted in
significantly less GI toxicity (25% vs. 9%, p = 0.005) with no difference in rates of
local progression or survival. Furthermore, grade > 2 toxicity was an independent
predictor for worse overall survival, therefore suggesting the superiority of 5-frac-
tion over single-fraction SBRT.

As seen in Table 18.1, there is limited literature evaluating the role of neoadju-
vant SBRT in BRPC. Moffitt Cancer Center recently investigated 30 BRPC patients
who received neoadjuvant SBRT with concurrent gemcitabine, docetaxel, and
capecitabine [19]. The investigators found that 70% of their cohort underwent surgi-
cal resection following neoadjuvant therapy, with a 95% margin-negative (R0) and
a 76% node-negative (NO) resection rate. One of the 30 patients had a complete
response, and 2 patients had a partial response on surgical pathology. Chuong et al.
retrospectively analyzed LAPC in addition to BRPC patients who received neoad-
juvant chemotherapy along with SBRT [20]. The majority (78%) of their cohort had
BRPC; 44% of the cohort underwent surgical resection following neoadjuvant ther-
apy with a 97% margin-negative and 66% node-negative resection rate. Moffitt
Cancer Center recently published a report on perioperative morbidity and mortality
in patients who underwent up-front resection (n = 241) vs. patients with BRPC or
LAPC who underwent neoadjuvant therapy (n = 61) [21]. Patients who received
neoadjuvant therapy had similar or improved perioperative and long-term survival
outcomes in comparison with patients who underwent up-front resection.

Currently, the optimal dose and fractionation of stereotactic body radiation ther-
apy have not been established. Brunner et al. reviewed the existing literature on
SBRT and found no clear benefit above a biological equivalent dose of 100 Gy [22].
It suggested that SBRT above 100 Gy likely resulted in toxicity that led to decreased
survival. However, it is important to note that several of the studies included in the
review were outdated and did not include image-guided radiation therapy or fiducial
markers. In addition, most of the studies did not specifically designate dose con-
straints for normal tissues or rules for dose heterogeneity (dose range delivered to
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the tumor). A phase I dose escalation study for BRPC determined that a dose of
36 Gy with a 9 Gy simultaneous infield boost to the positive posterior resection
margin (total of 45 Gy) delivered over 3 fractions was achievable while meeting
normal tissue constraints [23]. While encouraging, longer follow-up for potential
late bowel- or stomach-related toxicity of this regimen is needed.

It is unclear what number of SBRT fractions is optimal (1, 3, or 5 fraction) or
whether it is the dose per fraction that ultimately determines tumor control or toxic-
ity. Alternatively, the total BED may be what determines tumor control, and, there-
fore, dose and dose per fraction are irrelevant. Table 18.2 includes the BED for
various dose and fractionation regimens for chemoradiation, SBRT, and hypofrac-
tionation regimens.

In some cases, it may be difficult to safely deliver full-dose radiation therapy
with a 5-fraction SBRT regimen. Therefore, rather than focus on one fractionation
approach, it is ideal to determine the treatment approach based on the spatial rela-
tionship of the tumor with the bowel and stomach. For example, if the tumor is
located away (at least 1 cm) from dose-limiting structures (e.g., small bowel), deliv-
ering a single large fraction(s) of radiation may be effective and safe assuming the
patient’s radiation delivery is consistent and reliable (small setup error). However,
when the tumor is located in close proximity to dose-limiting structures—which is

Table 18.2 Proposed dose constraints for dose escalation with IMRT, SBRT, and HIGRT

Standard dose constraints Dose constraints for | Dose constraints for
Structure for 15-fraction IMRT [24] 5-fraction SBRT* 5-fraction HIGRT*
Spinal cord DMax <30 Gy V20 < 1cm? V20 <1 cm?
Liver 700 cc <24 Gy, mean dose | V12 <50% Mean < 15Gy
<24 Gy
Kidneys V12 < 25% (combined) V12 <25% 70% <15Gy for each
(combined) kidney
Stomach V20 <20cc
V35<1ce V20 <20 cm? V275<1cm?
V35<1lcm? V20 < 30 cm?
Duodenum V20 <20cc
V35<1ce V20 <20 cm? V275 <1 cm?
V35<1lcm? V20 < 30 cm?
Small bowel V20 <20cc
V35<1lce V20 <20 cm? V275 <1cm?
V35<1lcm? V20 <30 cm?
Colon DMax <50 Gy - -
Heart V40 < 10% - -
Bile duct DMax <70 Gy - -
(common)

Per the Alliance A021501 protocol for borderline resectable pancreatic cancer. Stereotactic body
radiation therapy (SBRT) and hypofractionated image-guided radiation therapy (HIGRT) deliver
RT over 5 days to a total dose of 40 Gy and 25 Gy, respectively
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Table 18.3 Estimated biological equivalent dose (BED) of fractionation schedules

Dose No. Dose per Concurrent BED
(Gy) fractions | fraction Technique | chemotherapy early BED late
a/fp=10 |a/f=-3
36.0 18 2.0 IMRT Yes 432 60.0
50.4 28 1.8 IMRT Yes 59.5 80.6
67.5 15 4.5 IMRT Yes 97.9 168.8
25.0 5 5.0 SBRT No 37.5 66.7
33.0 5 6.6 SBRT No 54.8 105.6
40.0 5 8.0 SBRT No 72 146.7

often the case—increasing the number of fractions will likely decrease the risk of
late toxicity but may not be ablative. It is also unknown whether it is necessary to
deliver 100% of the prescribed dose to the tumor or if the tumor can be sterilized
with a heterogeneous dose of radiation. In the neoadjuvant setting, it may be reason-
able to deliver a very high dose to the tumor that abuts or invades the adjacent artery
or vein while giving a slightly lower dose to the rest of the tumor with the anticipation
of resection. Yang et al. has been able to demonstrate that doses in excess of 60 Gy
can be delivered to the tumor-vessel interface while still limiting the dose to organs
atrisk [25]. This approach is also being evaluated in the upcoming Alliance A021501
trial that randomizes BRPC patients to either modified FOLFIRINOX chemother-
apy alone or FOLFIRINOX followed by SBRT prior to surgical resection. If the full
dose of SBRT cannot be delivered because of anatomy or challenges with image
guidance, the protocol allows hypofractionated image-guided radiation therapy
(HIGRT), in which patients will receive 5 Gy x 5 to the tumor plus a 3 mm margin.
The dose constraints used for each approach and for a 15-fraction regimen are high-
lighted in Table 18.3.

Sequencing of SBRT with Chemotherapy and Surgery

There have been no formal studies evaluating how SBRT should be sequenced with
other therapies. Given the high risk of systemic progression and improved efficacy
of multi-agent chemotherapy, most centers deliver at least 2—6 months of chemo-
therapy prior to considering SBRT. If the patient is a surgical candidate, then surgi-
cal exploration is typically recommended 4—8 weeks after SBRT. While surgery can
be performed greater than 12 weeks after SBRT, there may be extensive treatment-
related fibrosis that may make surgical resection difficult. Although there are lim-
ited data for using SBRT in the adjuvant setting, it may be reasonable to deliver
SBRT after surgery and prior to systemic therapy if the patient was found to have
positive margins (R1 or R2 resection) as SBRT should not induce toxicity that
would preclude subsequent treatment [26].
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Dose-Escalated Hypofractionation

As an alternative to SBRT, hypofractionated IMRT may allow for a slower and safer
technique to reach the higher BED that is needed to provide ablative doses to pancreatic
tumors. Although the only definitive treatment for LAPC was resection previously, it is
possible that long-term local control may be achieved with radiation or chemoradiation
with ablative doses as shown in this treatment plan (Fig. 18.1). Willet et al. demonstrated
long-term survival (>5 years) for 8 patients in a series of 150 patients with small, unre-
sectable tumors treated with external beam radiation therapy (EBRT) and intraoperative
electron beam radiation therapy (IOERT) boost [27]. This cohort also demonstrated a
3-year survival of nearly 20%. The limitation to this treatment regimen is the dose toler-
ance of surrounding organs at risk (OARs), including the stomach, duodenum, and other
small bowel. The BED of 70-100 Gy required to ablate the majority of the pancreatic
tumor can cause severe and potentially fatal toxicity to these structures, including bleed-
ing, stricture, fistula, and perforation. As radiation delivery techniques including improved
respiratory motion control and image guidance advance, the ability to deliver ablative
doses in a more conformal fashion may allow for delivery of dose-escalated radiation.
This technique also allows for a shorter treatment course than a standard dose 28-fraction
course, improving patient convenience while also improving patient outcomes.

A dosimetric study from MD Anderson Cancer Center of dose-escalated hypofrac-
tionation treatment courses compared three-dimensional conformal radiation therapy
(3DCRT), IMRT, and proton radiation techniques using tumor GTV (gross tumor vol-
ume) with a 3 mm margin radially and a 7 mm margin superiorly-inferiorly, expanded
into an ITV (internal target volume) based on respiratory motion and a 5 mm PTV
(planning target volume) [28]. This volume was then translated to 11 potential tumor
positions from the pancreatic head to pancreatic tail, and the dose volume histograms
for surrounding OARs were produced. In this study, 3DCRT could not produce dose-
escalated plans which met OAR constraints in any position; however, in patients with
a distance between duodenum and GTV of between 13 and 22 mm, depending on
tumor location, dose-escalated radiation to 72 Gy could safely be delivered with
IMRT. The distance required between duodenum and tumor was approximately
17-26 mm for a passive scattered proton plan. Overall, the tumor dose coverage was
better with IMRT plans than passive scattered proton plans in most tumor locations

Fig. 18.1 Coronal view of a
hypofractionated intensity-
modulated radiation (IMRT)
plan of a patient with

LAPC. This plan delivers a
total dose of 60 Gy (arrow)
delivered over 15 fractions.
The plan delivers a simulated
integrative boost to the tumor
(higher dose gradient) while
giving a lower dose to the
tumor bowel interface
(inferior to the tumor)
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due to more conformality in higher doses circumferentially. The one dosimetric
advantage noted for proton therapy was the low dose to bowel, with a lower V15 Gy
to GI structures than even standard dose 3DCRT plans (Table 18.3). This study has not
been repeated using scanning beam proton planning, which may offer more similar
conformality to IMRT or volumetric modulated arc therapy (VMAT) planning, which
may also be superior due to better radial conformality.

Based on these results, MD Anderson Cancer Center also reported the largest
series of patients treated using dose-escalated hypofractionated regimens in which
doses in the range of 60-75 Gy were delivered over 15-25 fractions, and volumes
treated to this dose were adjusted for proximity to OARs including the duodenum,
stomach, liver, and small bowel [24]. Volumes with less than 1 cm distance to OARs
were treated to conventional dose/fractionation of 50.4 Gy in 28 fractions, while
GTVs with a 3-5 mm margin with a larger distance from tumor to OARs were esca-
lated using a simultaneous integrated boost technique where possible.

In this retrospective series of 200 patients with LAPC, 24% were eligible for
dose-escalated radiation therapy due to tumor location and clinical characteristics,
and these patients demonstrated improved overall survival (17.8 months vs.
15 months) when they received a BED >70 Gy. No prospective analysis of dose-
escalated radiation has been performed due to limitations in patient eligibility,
among other limitations. A comparison of toxicity in these patients demonstrated
decreased grade > 3 toxicity in this cohort of patients over those treated with stan-
dard dose 4-field RT, indicating no excess toxicity in carefully selected patients
(paper under review). This study also demonstrated the importance of respiratory
management and tumor motion evaluation when treating with dose-escalated radia-
tion, including simulation with deep inspiration, breath hold, and/or 4D-CT tech-
nique. Simulation with pancreatic protocol contrast administration and with
additional imaging including magnetic resonance imaging (MRI) simulation can
also improve visualization. Future directions include exploration of scanning beam
proton therapy over passive scatter proton therapy.

Heavy Particle Therapy

Heavy particle therapy is the use of charged or inert large particles that are acceler-
ated to the speed of light to deposit energy within tissue. In this chapter, we will
focus on only proton and carbon therapy. Both have multiple theoretical advantages,
some of which have been realized clinically. While photon irradiation with IMRT
focuses the radiation dose to the tumor, there is scatter dose as the photon beam
enters and exits tissue. Heavy particle therapy delivers lower entrance doses, higher
depth doses, and very little exit dose. This is known as the Bragg peak. Consequently,
it presents a theoretical advantage in delivering radiation to the target and minimal
damage to surrounding tissues (Fig. 18.2). Given the proximity of small bowel to
the pancreas, less scatter dose could be beneficial. The most common type of heavy
particle therapy used in pancreatic cancer is proton therapy, which theoretically has
a slightly higher radiobiological effect on the tumor than photon radiation therapy.
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The largest barriers to the universal implementation of heavy particle therapy
include the size of the machine, cost, and challenges with insurance reimbursement
[29]. Another major challenge with heavy ion therapy includes the inability to uti-
lize daily image guidance in the same manner as IMRT and SBRT [30].

Proton Therapy in Resectable Pancreatic Cancer

Massachusetts General Hospital (MGH) reported results of a phase I/II trial of
neoadjuvant proton therapy to 25 Gy in five fractions with concurrent capecitabine
followed by surgical resection (1-6 weeks after RT) and adjuvant gemcitabine
chemotherapy [31]. Of the 35 patients, only 4% were observed to have grade > 3
GI toxicity. Interestingly, 22% of patients did not undergo surgery due to the
change in diagnosis (2%), metastatic progression (4%), or unresectable disease
at the time of exploration (16%). The node-negative resection rate was reported
to be very low at 19%, whereas 84% had a margin-negative resection. Median
OS was 17.3 months, with 42% of patients surviving 2 years, and median pro-
gression-free survival was 10.4 months. Of the 37 resected patients, median OS
and PFS were 27.0 months and 14.5 months, respectively. At median follow-up
of 38 months, 16% of the resected patients had recurred locoregionally. The
approach used in this study is in contrast to SBRT where concurrent chemo-
therapy is typically not included and nodal basins are not treated (tumor plus
1-5 mm only).

The University of Pennsylvania conducted studies comparing dosimetric data
between proton and photon therapy treatment plans in patients with pancreatic cancer.
The study compared 3DCRT with IMRT and different approaches with proton therapy
in patients receiving adjuvant radiation therapy to 50.4 Gy [32]. The study reported
that all proton plans had significantly lower doses to the left kidney, stomach, and
spinal cord (maximum dose) compared with all the photon plans, except in the case of
3-field 3DCRT with lower spinal cord maximum dose. The dosimetric advantage of
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proton therapy may allow for more tolerable dose-escalated RT to the tumor bed or be
used in cases where there is recurrence after standard adjuvant chemoradiation.

Proton Therapy in Locally Advanced Pancreatic Cancer

In unresectable, LAPC tumors, proton therapy may be able to deliver higher doses
that may, in theory, sterilize tumors. However, given the proximity of the duode-
num, small shifts during therapy may deliver even higher doses to the duodenum
than with photon therapy and place the patient at risk of duodenal toxicity. One
study evaluated 55 Gy delivered to patients with LAPC via double scattering (DS)
and pencil beam scanning (PBS) proton therapy vs. IMRT [33]. DS and PBS proton
therapy were shown to decrease stomach, duodenum, and small bowel dose in low-
dose regions compared to IMRT (p < 0.01). However, protons yielded increased
doses in the mid- to high-dose regions and increased generalized equivalent uniform
dose to the duodenum and stomach although these differences were minimal (<5%
and 10%, respectively, p < 0.01). This study suggests that proton therapy results in
decreased low-to-intermediate dose to the treatment volume although high dose of
radiation to OARs was not significantly reduced. One Japanese study reported on
the use of proton radiation in patients with LAPC and found it to be extremely toler-
able (0-10% grade > 3 toxicity) [34, 35]. Interestingly, however, a follow-up report
of this study reported that 49% of patients had radiation-induced gastric and duode-
nal ulcers (grade 1) found on endoscopy though the rate of grade > 3 toxicity was
only 3% [36]. In Fig. 18.3, we have provided an example patient who was planned

Fig. 18.3 Proton (left) and photon (right) stereotactic body radiation therapy plan performed on
the same patient with locally advanced pancreatic cancer (LAPC). Notice that the proton plan uses
only three fields, while the photon field requires eight fields. The proton plan contributes signifi-
cantly less radiation dose (color wash) to adjacent normal structures than the photon plan including
the liver, bowel, kidneys, and spinal cord
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for both photon and proton SBRT. Note the lower scatter dose in the proton plan.
Both plans were able to achieve the dose objectives for tumor coverage and sparing
of organs at risk. One challenge with proton SBRT is controlling/monitoring tumor
motion due to breathing.

Carbon Ion Therapy

Some experts argue that the biological impact of protons mirrors that of photon
therapy, and, therefore, attention has turned to heavier ions due to a higher biologi-
cal impact owing to higher linear energy transfer (LET) [37]. Progress has been
limited as there are currently only eight carbon facilities worldwide and none in the
United States. Shinoto et al. set out to determine the maximum tolerated dose of
carbon ion radiation therapy and gemcitabine delivered concurrently [38].
Gemcitabine was administered on days 1, 8, and 15, and the dose levels were esca-
lated from 400 to 1000 mg/m? with the starting carbon ion radiation therapy dose at
43.2 GyE. The dose levels of RT were escalated from 43.2 to 55.2 GyE at 12 frac-
tions under the fixed recommended gemcitabine dose determined. Among the 72
patients treated, dose-limiting toxicity was observed in 3 (4%) patients: grade 3
infection in 1 patient and grade 4 neutropenia in 2 patients. Only one patient expe-
rienced a late grade 3 gastric ulcer and bleeding 10 months after radiation therapy.
The recommended dose of gemcitabine with carbon ion RT was found to be
1000 mg/m?. The dose of carbon ion radiation therapy with the full dose of gem-
citabine (1000 mg/m?) was safely increased to 55.2 GyE. The freedom from local
progression rate was 83% at 2 years using the Response Evaluation Criteria in Solid
Tumors (RECIST) criteria. The 2-year OS rates in all patients and in the high-dose
group (>45.6 GyE) were 35% and 48%, respectively. Longer-term follow-up is
needed to determine the true efficacy of this approach, but the results are
encouraging.

At this time, it is unclear what radiation approach is ideal in terms of obtain-
ing long-term control with limited toxicity. Ultimately, an adaptive approach
that takes into account each individual patient’s anatomy (location of tumor and
proximity of the duodenum, small bowel, and/or stomach) will be the most effi-
cacious. For example, if there is a large tumor in the head of the pancreas, adja-
cent to the duodenum, a hypofractionated approach (10-15 fractions) can still
achieve a BED with limited toxicity. In contrast, a body tumor that is at least
I cm away from any dose-limiting structures could be treated with 3- or 5-frac-
tion SBRT. Taking this same approach with protons and carbon ion therapy
(assuming motion management is optimized) will likely result in even better
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tumor control rates based on some modeling reported by a comprehensive
review by Durante et al. [39]. Future studies will likely evaluate the interplay of
dose, fractionation, and targeted/immunotherapy to optimize multimodality
therapy for this disease.

Image-Guided Therapy and Motion Management
in Pancreatic Cancer

With IMRT and SBRT, the smaller field sizes can be potentially undertreat
tumor if respiratory tumor motion is not accounted for. Pancreatic tumors can
have respiratory motion at times greater than 2 cm craniocaudally [40]. If
patients have >3 mm breathing motion on fluoroscopy or 4D-CT scan, tumor
immobilization techniques should be utilized [41]. Two approaches to motion
management are commonly employed: immobilization of the target (abdominal
compression or breath hold techniques) or physiologically monitoring of tumor
motion (tracking or gating) [42]. Generally, if breathing motion is <3 mm,
patients can be treated free breathing with an internal target volume (ITV)
based on extreme phases (superior and inferior) of the breathing cycle or using
gating. In these patients, a PET or MRI simulation may improve the ability to
delineate the tumor and adjacent structures as well as provide a baseline to
determine treatment response.

For SBRT, specifically, gold fiducials are placed by endoscopy in or near the
tumor under ultrasound guidance and are used to assist in targeting the tumor during
radiation delivery. Respiratory gating is used to track the tumor during respiration
and/or during breath hold. Both of these methods decrease the margin needed to
cover the tumor, decrease dose to the bowel and stomach, and result in less acute
and chronic toxicity. These approaches are also essential in order to achieve radia-
tion dose levels that may be potentially ablative.

Locally Ablative Techniques

Other locally ablative techniques, such as radiofrequency ablation (RFA), irrevers-
ible electroporation (IRE), and intraluminal brachytherapy, have also been explored
with little success. RFA generates high temperatures within tumor by the use of
needle electrodes, while IRE involves high-voltage electric fields that produce cell
death. Thus, both require direct contact with tumor through open, laparoscopic, or



338 L.M. Rosati et al.

percutaneous approaches, all of which increase the risk of complications and mor-
bidity. RFA can also produce very high temperatures and tissue necrosis, particu-
larly in the vasculature, under endoscopic ultrasound (EUS) guidance. IRE has been
evaluated as a method to accentuate positive margins in BRPC or LAPC patients
who undergo surgical resection after neoadjuvant therapy as well as an exclusive
treatment modality in unresectable tumors. Both RFA and IRE appear to be safe and
feasible in patients with localized disease, and survival outcomes are promising
[43—47]. Although IRE may have more value in areas close to vital blood vessels,
further exploration of endoscopic and laparoscopic techniques continues.

Exploration into endoscopic or interstitial brachytherapy for pancreatic cancer
continues, both in the early-stage setting and in the setting of obstruction causing
jaundice. The Ohio State University designed a 3D high-resolution optical coher-
ence tomography (OCT) imaging technique to detect early-stage pancreatic tumors
and deliver treatment through the pancreatic duct using an HDR source [48]. This
technique has not yet been tested in humans. A recent study in China used intersti-
tial brachytherapy with iodine-125 stranded seeds to treat patients with local tumor
causing obstructive jaundice and reported successful bile drainage in all patients
with low rates of stent dysfunction or morbidity [49]. Small retrospective studies
have shown the EUS-guided interstitial brachytherapy improved pain in patients
with advanced pancreatic cancer; however, the impact on clinical outcomes such as
survival and tumor response remains unclear [50-53].

Planning and Quality Assurance

Radiation therapy quality assurance is essential to ensure pancreatic cancer patients
receive safe and efficacious local therapy, especially when utilizing high doses of
radiation such as IMRT and SBRT. An analysis on the locally advanced SCALOP
trial elucidates the importance of quality assurance and central review of imaging
and treatment plans prior to and during the delivery of RT in pancreatic cancer [54].
After retrospective central review of radiation treatment plans, it was made clear
that a tumor was completely missed in one patient, and >50% of a tumor was missed
in three patients. Moreover, major deviations in planning were observed in 5% of
cases, and a Jaccard conformity index (JCI) value for GTV >0.7 had a 7.12 (95%
CIs: 1.83-27.67, p = 0.005) higher odds of progressing within 9 months on multi-
variate analysis.
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In order to improve the accuracy and standardization of pancreatic tumor
delineation for radiation therapy treatment planning, collaborators at multiple
institutions recently published guidelines for MRI-based contouring [55].
Specific recommendations with respect to contouring the GTV, OARs, and
blood vessels using MRI are outlined. Four-dimensional diffusion-weighted
MRI (4D-DWI) in particular and respiratory-gated PET (4D-PET) may also be
helpful in delineating respiratory motion during treatment planning and deliv-
ery [56, 57].

Immunotherapy, Vaccines, and Targeted Therapy

Radiotherapy coupled with immunotherapy has become more popular over the
past decade with the hypothesis that a synergy between radiotherapy and
immune response exists. With hypofractionated radiotherapy, specifically, it is
believed that antitumor abscopal effects may occur with high-dose radiation
[58]. Although the current data are limited, investigators at Johns Hopkins
reported that 12 Gy x 1 SBRT primes an endogenous antigen-specific immune
response in breast cancer and melanoma [59]. The immune-stimulating effects
were amplified when the SBRT was combined with anti-PD-1 or regulatory
T-cell depletion therapy. Similar results were also reported by investigators at
the University of Pennsylvania after analyzing the outcomes of 20 Gy x 1
SBRT combined with checkpoint inhibitors in melanoma, breast cancer, and
pancreatic cancer in mice [60].

To our knowledge, the first study to evaluate immunotherapy and SBRT in the
adjuvant setting of pancreatic cancer explored the feasibility and efficacy of
GM-CSF-secreting allogeneic pancreatic cancer (GVAX) vaccine combined with
low-dose cyclophosphamide integrated with 5-fraction SBRT and FOLFIRINOX
(NCTO01595321). Although the final results of the study have not yet been pub-
lished, the preliminary data demonstrated limited toxicity [26]. A current study
open at Johns Hopkins (NCT02648282) is evaluating the role of the GVAX vaccine
combined with PD-1 blockade antibody and SBRT in patients with LAPC. Future
clinical trials are necessary to prospectively evaluate the role of high-dose radio-
therapy with immunotherapy. There are several studies combining SBRT with vari-
ous targeted therapies including SBRT and nelfinavir. A list of current SBRT studies
can be found in Table 18.4.
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Imaging as a Prognostic Factor

Although major strides have been made in the management of pancreatic cancer in
the past few decades, there is a large need for prediction of outcomes and response
to therapies. A large contributing factor to early detection and evaluation of prog-
nostic factors relies on imaging studies. Investigators at MD Anderson Cancer
Center have studied imaging biomarkers in pancreatic cancer. Evaluating mass
transport properties of tumors measured on CT scans may provide insight into pat-
terns of disease progression and/or response to therapies [61, 62]. Another report
investigated the malignant potential of intraductal papillary mucinous neoplasms
(IPMNs) [63]. Using distinct imaging features as a prognostic factor, oncologists
can determine optimal management for patients with IPMNs (i.e., seek a more
aggressive therapy regimen such as resection for high-grade IPMNs that are likely
to progress to pancreatic ductal adenocarcinoma).

Furthermore, PET avidity has been shown to be a prognostic factor in patients
who received SBRT [1, 64]. The prognostic signature developed by colleagues at
Stanford University may be utilized to predict overall survival and guide treatment
recommendations for select patients. As science and technologies advance, we
move toward personalized medicine, and larger prospective trials are needed to
deliver state-of-the-art care specific to each patient.
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Chapter 19
The Role for Palliative Surgical Interventions
in Pancreatic Cancer

Alexandra G. Lopez-Aguiar and Shishir K. Maithel

The Challenge of Treating Locally Advanced and Metastatic
Pancreatic Cancer

Despite increasing research and constant innovations in medical treatment, pancre-
atic cancer continues to be a devastating and lethal disease worldwide. It is one of
the most aggressive malignancies, such that 50% present with metastatic disease
and 35% with locally advanced disease [1]. As the fourth leading cause of cancer
death in Western societies, it has an abysmal 5-year survival rate of approximately
5% [2] and an overall median survival of 4.4 months [1]. Its poor prognosis is often
attributed to the fact that the symptoms of pancreatic cancer are usually late and
non-specific, thus leading to delays in early diagnosis [1]. Likewise, while multiple
risk factors have been identified—for example, older age, African American race,
female gender, and smoking—there is no specific high-risk group to directly target
for screening protocols.

Operative resection remains the primary treatment modality and the only cura-
tive option for pancreatic cancer, but only 10-20% of patients initially present with
localized, nonmetastatic disease that is amenable for complete surgical extirpation.
[2]. Even with curative resection, however, there is only a modest increase in long-
term survival to a median of 20 months, with a 5-year survival increase to 15-26%
overall [1]. Even if adjuvant chemotherapy is added, the median survival after com-
plete resection still only ranges between 14 and 24 months [3]. In the face of such a
poor prognosis, and with the knowledge that the vast majority of patients present
with unresectable disease due to metastasis or local advancement, the role for surgi-
cal intervention in the palliative setting becomes controversial and debatable. Other
less invasive options that are available for patients with biliary obstruction, gastric
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outlet obstruction, or malignant bowel obstruction must be considered. The feasibil-
ity and efficacy of systemic therapy in the context of the patient’s performance sta-
tus, which is often poor, must weigh heavily into the clinical decision-making.
Although surgery continues to be a valid option to address many of these concerns,
current evidence suggests that the least invasive intervention is often associated with
the best outcomes, specifically in terms of quality of life.

Management of Biliary Obstruction

Biliary obstruction—often caused by either tumor invasion within the biliary tree
or extrinsic mass effect—is a frequent symptom noted upon initial presentation of
patients with unresectable pancreatic cancer. In fact, as many as 70% of patients
have some degree of biliary obstruction at the time of their diagnosis [4]. Malignant
bile duct obstruction has been associated with worse patient outcomes, as it may
lead to cholangitis, delay in disease treatment, decreased quality of life, and
increased mortality [4]. Jaundice in itself can impair cellular immunity and thus
allow tumor growth and metastatic progression if left untreated [5]. By preventing
the usual flow of bile through the enteric tract, the absorption of lipid-soluble vita-
mins such as vitamin K is compromised and may even lead to increased bleeding
due to a resulting coagulopathy [5]. More concerning still is the possibility of
bacterial and endotoxin translocation through intestinal mucosa causing a systemic
inflammatory response or sepsis that is sometimes seen in jaundiced patients [5].
From a palliation perspective, relieving a biliary obstruction can significantly
improve patient comfort by eliminating pruritus, and the resulting normalized bili-
rubin level also can prevent toxicity that could otherwise be caused by some che-
motherapy regimens [4]. It is therefore imperative that, in most cases, an
intervention be performed for patients who present with biliary obstruction to
relieve their jaundice.

While there are many options for the timely treatment of biliary obstruction,
studies to date support endoscopic biliary stenting as the standard of care for biliary
decompression [4]. Endoscopic stent placement into the common bile duct is a rea-
sonably well-tolerated procedure and is technically successful in over 90% of cases
[5]. For patients with borderline resectable disease that may eventually come to
surgical resection, biliary decompression via stenting can quickly decrease bilirubin
levels and thus decrease chemotoxicity from a cholestatic liver during the use of
gemcitabine- or 5-FU-based chemotherapy regimens for neoadjuvant treatment [4].
Self-expanding metal stents (SEMS) have been found to be the most effective stents
in these cases, as they are more likely to remain patent until surgery and are associ-
ated with fewer complications as compared with plastic stents [4]. There are two
types of widely used SEMS: uncovered SEMS (USEMS) and covered SEMS
(CSEMS), each with their advantages and limitations. On the one hand, USEMS
use a mesh design that favors easy incorporation into the biliary duct wall, but they
also are more susceptible to tissue ingrowth that may lead to increased incidence of
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occlusion [4]. Furthermore, should the patient come to resection, these stents can be
difficult to remove during surgery. CSEMS, on the other hand, are designed specifi-
cally to prevent tissue ingrowth and thus increase duration of patency, but because
of this they are known to have higher rates of migration [4]. The rate of stent-
induced cholecystitis is reportedly higher with CSEMS compared to USEMS due to
cystic duct occlusion; however, this is a rarely encountered clinical problem.

Stenting also plays a major role in the palliative setting. The purpose of stenting
in inoperable patients is similar to that of those with borderline resectable disease:
largely to relieve jaundice and pruritus, to normalize bilirubin levels to allow for
administration of chemotherapy, and to improve the patient’s quality of life. While
it is generally agreed that SEMS have better outcomes and long-term patency, in
situations where the patient’s life expectancy is only a few weeks to months, plastic
stents may sometimes be preferred. SEMS cost 15—-40 times more than plastic stents
and are only cost effective when the patient lives longer than 4 months after inser-
tion [4]. Unfortunately, for patients with liver or distant metastases, median survival
in pancreatic cancer can be as low as 2.7 months [6]. It is in these cases that plastic
stents prove most useful, as they can provide inexpensive yet quick relief that usu-
ally lasts about 3 months [5]. Double-layer stents (DLSs) are also an option getting
growing attention within the medical community. These economical stents are
designed with a stiff outer layer to allow cannulation, along with a smooth inner
layer that is less likely to occlude [4]. In this way, patients with inoperable disease
may receive the intervention necessary to ensure the most comfort for the longest
time possible. Figure 19.1 demonstrates a suggested algorithm for treatment of bili-
ary obstruction based on disease stage.
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Fig. 19.1 Algorithm for treatment of biliary obstruction. SEMS, self-expanding metallic stent
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Although stenting is the least invasive and preferred treatment for biliary obstruc-
tion, patients who are not candidates for or have previously failed ERCP still have
options for non-operative biliary decompression. Percutaneous transhepatic biliary
drainage (PTBD) has been used particularly for this population of individuals. In most
cases, internal bile drainage is reestablished via an internal-external biliary drain that
is passed through the site of malignant obstruction into the duodenum [4]. Once
enterohepatic circulation is restored, the drain is often internalized to facilitate man-
agement and decrease likelihood of infection [4]. If the biliary drain is unable to suc-
cessfully traverse the site of obstruction during the procedure, exclusively external
drainage remains an option for decompression [4]. PTBD is associated with more
complications than endoscopically placed stents; however, as they can more frequently
predispose to cholangitis, bacteremia, and hemobilia after puncture of the liver [4].
They also have a proclivity for leakage, dislodgement, and recurrent obstruction [4].

Surgical biliary bypass in the form of hepaticojejunostomy may also be used to
relieve biliary obstruction in patients with unresectable pancreatic cancer [7]. In
fact, a meta-analysis by Glazer et al. showed that surgically treated patients are
significantly less likely to have recurrent biliary obstruction (3.1 vs. 28.7%) com-
pared to endoscopic stenting [8]. Unsurprisingly, studies have also shown that surgi-
cal bypass is associated with a higher rate of complications and longer hospital stays
(21.8 days on average), as it is the most invasive treatment for biliary decompres-
sion [4, 9]. While it may provide more permanent resolution, most would argue that
the recovery time and complication rate can drastically decrease the quality of the
little remaining time patients with such a poor prognostic disease may have.
Moreover, surgical biliary bypass also delays the initiation of potentially life-
extending palliative chemotherapy, as the patient’s recovery time from surgery is
significantly prolonged compared to the endoscopic or percutaneous approach [9].
It is thus recommended that, if possible, endoscopic stenting be the chosen path of
intervention for biliary decompression in the palliative setting. If that is not possi-
ble, a percutaneous approach should be utilized. Surgical biliary bypass should be
reserved for select cases and only after a thorough discussion with the patient and
family regarding goals of care and realistic expectations of recovery.

Gastric Outlet Obstruction and Possible Interventions

Biliary obstruction is not the only challenging symptom from which patients with
pancreatic cancer may suffer. Gastric outlet obstruction may affect 15-20% of
patients in the course of their disease [10], and those who suffer with it have their
clinical conditions deteriorate rapidly due to vomiting, dehydration, and malnutri-
tion [11]. The resultant weakness both hastens their decline and causes extreme
discomfort for the patient who is no longer able to eat. Usually, patients who present
with this symptom have disease that has progressed to unresectability, with a median
survival of 3—6 months [10]. Therefore, intervention is primarily aimed toward pal-
liation to resume oral intake, along with quality-of-life improvement.
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Much like biliary obstruction, there are both an endoscopic route for intervention
and a more invasive surgical option. Endoscopic placement of a SEMS in the duo-
denum is increasingly being used to treat patients with gastric outlet obstruction
[11]. Endoscopic stenting has been shown to relieve symptoms faster than surgery,
has shorter hospital stays, and improves pain scores sooner after intervention [11].
Of note, stent placement is also significantly less expensive than surgical interven-
tion—a benefit for patients and their families who already may suffer under the
burden of high healthcare costs [11]. This technique does have its limitations though,
with increased recurrence of obstructive symptoms, often which require re-
intervention and repeat stent placement [11]. While both uncovered and covered
stents are used, covered stents are usually the stent of choice due to longer patency
[11]. Consideration for biliary decompression must be done prior to placing a duo-
denal stent, as endoscopic access to the ampulla, particularly in the setting of cov-
ered stents, is severely compromised once the duodenal stent is in place. If the goals
of care are only to provide optimal comfort as the patient transitions to hospice care,
a simple percutaneous endoscopic gastrostomy (PEG) tube can be placed to relieve
the obstruction and prevent vomiting. This also facilitates oral liquid intake that can
be vented out the tube, which can greatly improve the patient’s quality of life.

Gastrojejunostomy is the surgical intervention of choice to treat gastric outlet
obstruction. The procedure may be done laparoscopically or with an open tech-
nique, and it is used to bypass the area of obstruction at the duodenum by anasto-
mosing the distal stomach directly to the jejunum. Doing so allows the patient to
continue to eat with the aim of preventing dehydration and malnutrition. Bile from
the biliary tree still joins enteric content downstream at the jejunum and thus is able
to also preserve hepato-enteric circulation. Given the invasive nature of this proce-
dure, it is associated with longer hospital stays, as it often takes patients more time
than stents to have return of bowel function [11]. Furthermore, the recovery from a
surgical procedure is longer compared to an endoscopic intervention. There is evi-
dence, however, to suggest better outcomes in patients undergoing a laparoscopic
approach instead of an open gastric bypass—with shorter hospital stays, lower mor-
bidity and mortality, and decreased hospital costs [12]—which may increase the
appeal of intervening surgically. Nonetheless, the time to functional recovery of
bowel motility to enable proper oral nutrition intake, regardless of the approach, can
be substantially delayed and frustratingly long. Another option for palliation to
relieve vomiting and promote enteric nutrition is to combine an endoscopic and
surgical approach with placement of a PEG tube and a surgically placed jejunos-
tomy feeding tube. The feeding tube can be placed utilizing a laparoscopic or open
approach as well. This treatment strategy has the advantage of allowing the patient
to drink liquids for comfort that can be vented through the PEG tube while initiating
enteric feeds via the jejunostomy tube almost immediately.

Although gastrojejunostomy initially has slower relief of symptoms, studies
have shown that, over time, patients experience fewer episodes of recurrent obstruc-
tion and thus require fewer re-interventions [11]. Quality of life is reportedly similar
for both gastrojejunostomy and stenting, and there is no survival advantage for
either procedure [11]. Thus, due to the initially slower resolution of symptoms and
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longer hospital stays, many physicians agree that gastrojejunostomy should be
reserved only for patients with a survival expectancy of greater than 2 months. It is
this population alone that would benefit from the lower rates of re-intervention seen
with surgical intervention [11]. Otherwise, the endoscopic approach is usually more
in line with the minimally invasive goals of palliation that prioritize comfort, fewer
hospital days, and less physiologic stress to the patient [10].

The Late-Stage Presentation of Malignant Bowel Obstruction

Another possible presentation of patients with advanced pancreatic cancer is malig-
nant bowel obstruction, either partial or complete. In the setting of high tumor bur-
den with metastatic peritoneal disease, the bowels may become functionally
affected, or they may suffer from mechanical blockage due to tumor invasion or
mass effect. Such a presentation is almost invariably associated with poor survival
[13]. The resulting dilemma is the desire to relieve the symptoms—bilious emesis,
nausea, poor oral tolerance, pain, and distention that could ultimately culminate
with bowel perforation—without causing further morbidity from operating on an
already significantly deconditioned patient [13]. Studies have shown that operative
intervention by either bowel resection with anastomosis, bypass, or creation of a
stoma is often associated with high morbidity and mortality, with limited success in
symptom relief [13]. In fact, operating on malnourished patients can have a death
rate of over 70%, and the presence of shock, ascites, or abdominal masses serves as
particular predictors of poor outcome [13]. Likewise, postoperative complica-
tions—which range from pneumonia to renal failure to wound infections—occur in
over 60% [13]. Thus, operative intervention is only recommended in a very select
group of patients that is usually not inclusive of those suffering from advanced pan-
creatic cancer.

The alternative to operative intervention is primarily gastric decompression,
which is often ineffective or only temporarily successful. Nasogastric (NG) tube
decompression has a re-obstruction rate that is 15% higher than with operative
intervention, but an initial trial with it is still recommended [13]. Long-term NG
tube decompression in poor surgical candidates is not recommended though, as it is
associated with psychological distress, as well as complications including wing
necrosis, otitis media, and aspiration pneumonia [14]. PEG tube placement is a
well-tolerated alternative to long-term NG tube for symptom improvement [14].
The success rate of PEG tube placement is between 86 and 100%, and adequate
control of symptoms occurs in 84—-100% of patients [14]. PEG tubes are not recom-
mended for patients with life expectancies shorter than 30 days, but they can pro-
vide successful palliation by relieving intractable vomiting via gastric venting and
by providing an avenue for enteral nutrition in patients with at least partially func-
tioning gastrointestinal tracts [13]. For those unable to tolerate PEG tube feeds,
parenteral supplementation has been shown to have some beneficial effects by
maintaining nutritional status [14], and, finally, the simultaneous use of antiemetics
and analgesics can also be used to maintain maximal comfort, both in- and outside
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the hospital [13]. In most cases of malignant bowel obstruction from metastatic
pancreatic cancer, the most palliative and humane course of action is decompressive
PEG tube placement and transition to hospice care.

Irreversible Electroporation: A Promising New Frontier
for Locally Advanced Disease

After reviewing the palliative options for the most frequent symptoms in patients
with locally advanced or widely metastatic pancreatic cancer, it is important to
address the potentially therapeutic surgical options for such patients as well.
Although these patients may not be candidates for curative resection, there remain
surgical procedures including irreversible electroporation, liver resection in the set-
ting of liver metastases, and cytoreduction with hyperthermic intraperitoneal che-
motherapy (HIPEC) as possible interventions. While some of these alternatives may
be promising, data to date favor less invasive procedures and palliation for such a
poor prognostic disease.

Irreversible electroporation (IRE) is a nonthermal ablation technology in which
short, high-voltage pulses are applied to tissues to increase the permeability of cell
membranes and thus cause cells to undergo cell death [26]. This modality can be
used to treat locally advanced disease while safely navigating around vital vascular
and ductal structures, as it uses a nonthermal-based method of action and has mini-
mal effect on blood vessel scaffolding [26]. Furthermore, some early studies have
suggested that it may, in fact, improve both local (14 vs. 6 months) and distant (15
vs. 9 months) progression-free survival in locally advanced pancreatic cancer com-
pared with chemoradiation [15]. Even overall survival has been shown to be
increased about 6 months compared with chemoradiation in some series [15].

IRE is not without its morbidities, as patients who undergo IRE can suffer bile
leaks, ileus, DVTs, and wound infections [26]. Patients also spend a median of
9 days in the hospital, and the expense of the IRE device is around $2000 per probe
[26]. Another limiting factor for this intervention is the requirement for the physi-
cian to have significant experience with thermal ablation such as radiofrequency,
microwave, and cryoablation, as well as a thorough understanding of the mecha-
nism of action for IRE to ensure its appropriate and safe use [26]. Thus, although
promising, IRE remains in the early stages of evaluation of its use and efficacy.

Surgical Options for Widely Metastatic Pancreatic Cancer

Liver metastases are a common presentation of patients with pancreatic cancer. Yet
due to the diffuse nature of their disease and extremely poor prognosis, these
patients are usually not candidates for surgical resection or even for IRE. Metastases
to the liver are usually a dismal prognostic indicator, with such patients living an
average of only 3—6 months [16]. Of late, select cases of oligometastatic disease in
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the setting of otherwise resectable pancreatic cancer have been considered as a pop-
ulation that may benefit from aggressive operative intervention [16]. In these cases,
patients may successfully undergo simultaneous resection of their primary cancer,
as well as the liver metastases [16]. This approach is not universally recommended
at this point, but some early studies have suggested a positive impact on overall
survival for those patients who undertake this treatment compared with traditional
palliative chemotherapy [16]. Indeed, a study by Bahra et al. showed an increase in
median overall survival to 10.4 months after cytoreductive pancreatic surgery and
consecutive gemcitabine-based chemotherapy versus the 7.2 months of overall sur-
vival for patients treated only with chemotherapy [17]. Unfortunately, studies have
yet to explore the effect on quality of life, and the numbers of patients examined
have been relatively low for reliable conclusions to be made [16]. Some evidence
also supports that the extended resection approach may increase length of ICU or
hospital stay, and it may increase surgical morbidity [18]. As it stands, it appears
that liver resection is only an option for patients with resectable pancreatic disease
and only on a very individualized, case-by-case basis. This approach is not recom-
mended as a standard of care.

There is a group of patients who may present with metachronous liver metastases
years after initial curative resection of an early pancreatic cancer, but due to the
aggressiveness and poor 5-year overall survival of <15% for resectable disease, this
group is fairly small [19]. Although treatment with chemotherapy is the standard of
care in such cases, there have been some instances where hepatic arterial infusion
chemotherapy, as well as additional treatment using radiofrequency ablation, has
been used with complete remission [20]. There have also been select cases where
hepatectomy has been performed for patients in good overall condition with liver
metastases years after successful pancreaticoduodenectomy for pancreatic cancer
[21, 22]. Unfortunately, data remains sparse and limited to case reports, thus making
it difficult to broadly apply the findings of such studies. Appropriate patient selec-
tion is paramount when choosing a liver-directed approach, particularly resection,
for patients with metastatic disease. A long disease-free interval after primary resec-
tion and a small number of tumors, ideally solitary, are necessary features of select-
ing patients for this aggressive therapy.

There are some studies that take a more preemptive approach to liver metastases
by using prophylactic hepatic irradiation (PHI) following curative resection for pan-
creatic cancer to decrease the incidence of future liver metastases. With PHI, the
whole liver is irradiated 5 days per week starting 2—4 weeks after surgery [23].
Compared to patients treated with chemoradiation, those treated with PHI both had
less incidence of future liver metastases and higher 5-year overall survival [23]. Of
course, studies have been limited by small numbers, a lack of randomized control
trials, and a minimal assessment of quality of life for patients undergoing such an
aggressive postoperative treatment regimen.

The final aggressive surgical approach that has been entertained as a possible
treatment modality for pancreatic cancer is cytoreduction combined with HIPEC.
Much like the evidence for liver resection in pancreatic cancer, the data for cytore-
duction/HIPEC is sparse, as it has mostly been studied in the setting of appendiceal
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and colorectal cancer. Nonetheless, a number of studies have implied a potential
survival benefit for patients with resectable pancreatic cancer, as there may be a
resulting decrease in locoregional recurrence for these patients [24]. The potential
advantage only applies to those who undergo an RO resection and HIPEC simulta-
neously, thus limiting its applicability, since patients who present with metastases or
locally advanced disease that precludes resection would not be candidates for this
treatment modality. Ultimately, while HIPEC has proven its efficacy in managing
peritoneal metastases in appendiceal and colorectal cancer [25], further studies
evaluating its role in pancreatic cancer are required before it should be considered
for disease management.

Conclusions

Pancreatic cancer remains a fatal disease that frequently presents in late stages with
a poor overall survival. Although surgical resection serves as the only treatment
modality with a chance for cure, the commonly unresectable presentation of this
disease limits the management options available. Nonetheless, there do remain
some instances where surgical intervention may play a palliative role, particularly
when patients present with symptoms including biliary obstruction, gastric outlet
obstruction, and malignant bowel obstruction. Of course, when balancing the mor-
bidity of surgery and the effect on quality of life it may have, it may behoove patients
with such an aggressive disease to undergo less invasive treatment options. Indeed,
this is the precise population that may benefit most from endoscopic stenting, per-
cutaneous procedures, and palliative PEG tubes. While some evidence supports the
use of newer techniques such as IRE, data is still scant to support more aggressive
approaches like liver resection or HIPEC. Until further studies suggest otherwise,
the emphasis and goals of care for most patients should focus on optimizing comfort
and quality of life for patients who suffer from advanced and metastatic pancreatic
cancer.
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Chapter 20
Current and Emerging Therapies
in Pancreatic Cancer: Do They Provide Value?

Astrid Belalcazar and Olatunji B. Alese

Introduction

The economic burden of cancer treatment is substantial. In 2010 alone, cancer cost
in the USA was estimated at $124 billion. Breast cancer treatment accounted for
most expenditure ($16.10 billion), followed by colorectal, lymphoma, lung, and
prostate cancers, each with costs above $11 billion [1]. The cost is estimated to
reach $173 billion by 2020, a 40% increase over a decade [1]. Pancreatic cancer was
close to the bottom of the list in cancer costs ($2.27 billion), exceeding only stom-
ach, cervix, and esophageal cancers. However, costs associated with treatment of
metastatic pancreatic cancer are relatively high due to the remarkably short survival
of these patients. Information regarding cost-effectiveness of pancreatic cancer
treatment derives from a limited number of studies. Their results are variable and
reflect the impact of factors such as willingness-to-pay (WTP) threshold used in
various analyses, price changes across health systems and over timelines, and the
methods used for calculation. This chapter looks at the value of various diagnostic
and treatment modalities employed in the care of pancreatic cancer patients.

Resectable Pancreatic Cancer

Surgery remains the mainstay of treatment for pancreatic cancer and offers the only
chance for cure [2]. Up-front surgical resection is advocated for early stages of the
disease, when the tumor is localized within the pancreas, without vascular or
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neighboring tissue involvement. Although the morbidity and mortality is signifi-
cant, the progressive decline in direct surgical costs for pancreatic cancer patients,
despite rising overall healthcare costs, is encouraging [3]. In keeping with the trend
in better outcomes in high-performing centers, length of hospital stay, postoperative
complications, and substantial cost-effective utilization of surgery are associated
with volume of resections per center [4, 5]. What is yet to be fully clarified is the
cost utilization of minimally invasive surgical treatment of pancreatic cancer.
Numerous studies evaluating open versus laparoscopic pancreatectomy give con-
flicting evidence regarding the cost-effectiveness of laparoscopic surgery. While
patients’ preference of minimally invasive techniques complements the shorter
duration of hospital stay, lower operative morbidity, and better cosmetics, data sup-
porting lower complications and reduced overall costs is more controversial. The
postoperative enzyme supplementation, frequent use of proton pump inhibitors for
reflux symptoms, and inadequate insulin function with glucose intolerance are sig-
nificant although these are mainly indirect surgical costs. Emergency room visits
and hospitalizations for other side effects such as dumping syndrome, late-onset
vitamin, and elemental insufficiencies in cancer survivors are other contributing
cost factors that should be taken into account. Nevertheless, the cost implications of
potential for cure through resection of early-stage pancreatic cancer are favorable
compared to the high recurrence and metastatic disease rate in these patients.

Imaging plays a crucial role in patient selection for surgical resection [6].
Although there is limited data regarding comparative effectiveness, currently avail-
able imaging tests that are used to assess resectability of pancreatic cancer appear to
be equivalent in effectiveness. A study evaluating a strategy of computed tomogra-
phy (CT), diagnostic laparoscopy, and laparoscopic ultrasonography (US) showed
significantly lower costs than other imaging modalities, with an incremental cost-
effectiveness ratio (ICER) of $87,502 per life-year gained [6]. The modeling
employed showed that the strategy was more cost-effective than CT followed by
magnetic resonance (MR) imaging, while retaining the difference in life-year gains.
Arguably, proceeding with up-front surgery without comprehensive imaging would
be cheaper but less effective than all imaging strategies.

Preoperative or neoadjuvant chemoradiation allows for the identification of pancre-
atic cancer patients who are not likely to benefit from definitive surgical resection, due
to early metastases or poor performance status. A retrospective analysis using a deci-
sion analytic model evaluated 164 patients who completed preoperative therapy, com-
pared to patients who underwent up-front surgical resection [7]. Costs associated with
the surgery-first approach were about $46,830, with a survival of 8.7 quality-adjusted
life-months (QALMs). The second group had significantly less costs ($36,583) and
improved survival of 18.8 QALM:s. Significant morbidity and mortality associated
with surgical treatment of pancreatic cancer are thus avoided, and this approach
improves survival at considerably lower cost than a surgery-first approach. It is a strat-
egy with undeniably more cost-effectiveness in this selected group of patients.

A novel attempt at decreasing post-op complications such as leakage rates after
Whipple procedure is prophylactic pasireotide. The somatostatin analog has been
shown in a prospective randomized study to significantly decrease complications such
as pancreatic fistula, postoperative leak, and infections [8]. A cost-effectiveness analysis
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to determine the cost-effective analysis of prophylactic pasireotide however showed a
paltry net savings of $390 or 1% of total costs per patient [9]. Despite the 56% reduc-
tion in postoperative complications, the intervention strategy was not more cost-effec-
tive compared to usual care, due to the current pricing regimen for pasireotide.

Even in the absence of nodal disease, the role of adjuvant therapy is widely
accepted in pancreatic cancer unlike most other solid tumors. Since the survival
advantage of gemcitabine was established by CONKO-001 trial [10], it has widely
replaced the more cost-effective infusional 5-fluorouracil as demonstrated in
ESPAC-1 trial [11] due to more complex administration of the latter over several
days. For high-risk patients who go on to receive chemoradiation, the added expense
of oral capecitabine over the older intravenous 5-FU in combination with external
beam radiation is significant. Notwithstanding, statistical models evaluating differ-
ent treatment strategies showed that surgery with adjuvant chemotherapy is the most
cost-effective, biologically plausible treatment option [12]. Combined with high-
volume treatment settings, the indices of cost-effectiveness analyses were even
more striking [13, 14]. The cost-effectiveness analysis of the recently adopted new
adjuvant therapy utilizing gemcitabine and capecitabine [15] would help clarify its
impact on health expenditure in pancreatic cancer.

Advanced Unresectable Pancreatic Cancer

To improve patient selection and survival outcomes, nonmetastatic pancreatic tumors
that have extended beyond the pancreas have been classified as borderline resectable
(BRPC) and locally advanced pancreatic cancer (LAPC). They account for about
30% of all pancreatic cancer presentations [16]. Although the classification method-
ology often differs considerably between various professional societies and treatment
groups, the role of preoperative systemic therapy in these two categories is becoming
more clarified and acceptable [17, 18]. Vascular involvement as described in preced-
ing chapters is more commonly treated with chemotherapy in attempts at downstag-
ing, or as definitive therapy. Chemotherapy regimens which were previously
developed for metastatic disease have become frontline therapy for unresectable non-
metastatic pancreatic cancer [19, 20]. Although it is likely that the use of preoperative
therapy would be more significant in terms of cost-effectiveness, there is paucity of
data regarding their use in advanced unresectable pancreatic cancer.

Metastatic Pancreatic Cancer

Cytotoxic Chemotherapy

Chemotherapy regimens consisting of oxaliplatin, irinotecan, fluorouracil, and leu-
covorin (FOLFIRINOX) [21] or gemcitabine and nab-paclitaxel [22] are most fre-
quently used in the frontline treatment of patients with metastatic pancreatic cancer
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Table 20.1 Monthly costs of chemotherapy regimens used in pancreatic cancer treatment

Medication | Administration Toxicity Total cost per
Chemotherapy agents cost costs cost month
Gemcitabine $188 $143 $1032 $1363
Gemcitabine/nab-paclitaxel $9088 $522 $2692 $12,221
FOLFIRINOX $763 $531 $5940 $7234
Gemcitabine/erlotinib $6831 $143 $1032 $8007

Adapted with permission from 2015 ASCO educational book. Costs include the use of growth
factors

[23]. Table 20.1 shows the monthly cost in 2013 US dollars of these two regimens
compared to single-agent gemcitabine, in addition to the costs of more rarely used
gemcitabine and erlotinib combination. The cost-effectiveness of using
FOLFIRINOX instead of gemcitabine as first-line treatment for metastatic pancre-
atic cancer was reported in a 2014 Canadian study. Using the overall (OS) and
progression-free survival (PFS) data from the landmark multicenter, randomized,
phase III ACCORD trial [21], the Markov model for projection showed that
FOLFIRINOX chemotherapy derives more life-years and quality-adjusted life-
years (QALYs) than gemcitabine. FOLFIRINOX was associated with QALYs of
$57,858 compared to single-agent gemcitabine [24].

A study using data from various phase III trials and information from Canada’s
health system for cost projections reported incremental cost-effectiveness ratio
(ICER) of gemcitabine/nab-paclitaxel at 199,011/QALY and FOLFIRINOX at
115,123/QALY [25]. In the US health system, two studies have reported gem-
citabine/nab-paclitaxel as a more cost-effective option than FOLFIRINOX. The first
reported the cost per course of therapy for gemcitabine/nab-paclitaxel to be
$29,361 in 2013 US dollars, FOLFIRINOX had a cost of $39,704, and gemcitabine
was associated with $2566 [26]. This study included costs of administration, growth
factor use, and adverse events. A more recent study reinforced this observation,
reporting treatment costs of $252,474 for FOLFIRINOX and $136, 202 for gem-
citabine/nab-paclitaxel [27].

Because no prospective trial to date has compared FOLFIRINOX to gemcitabine/
nab-paclitaxel, some studies have used an indirect comparison to evaluate head-to-
head cost-effectiveness. A Canadian analysis of FOLFIRINOX compared to gem-
citabine/nab-paclitaxel in metastatic pancreatic cancer reported an ICER of $7380/
QALY for FOLFIRINOX. This indirect comparison study used data from the
ACCORD and MPACT trials. Another analysis using case data from the ACCORD
and MPACT trials was calculated at a university hospital in China. They reported
costs associated with gemcitabine/nab-paclitaxel at US$32,080.59, compared to
US$37,203.75 for FOLFIRINOX. Survival benefits reported as quality-adjusted
life-years (QALYs) showed 0.67 QALY for FOLFIRINOX but a superior 0.51
QALY for gemcitabine/nab-paclitaxel [28]. In a US study, comparison of
FOLFIRINOX versus gemcitabine/nab-paclitaxel cost-effectiveness showed that at
3 years gemcitabine/nab-paclitaxel was cheaper at $684 per patient. In addition,
FOLFIRINOX showed an incremental cost of $16,012 per additional life-year [29].
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A network meta-analysis evaluating the cost-effectiveness across several existent
regimens for pancreatic cancer reported that FOLFIRINOX would cost more than
$182,723 per QALY, while gemcitabine/5-FU would cost between $15,259 and
$182,723, making the latter a more cost-effective option. The authors noted that the
cost of FOLFIRINOX was higher due to a lack of generic oxaliplatin [30]. There is
even less data about the cost-effectiveness of less frequently used combination che-
motherapies like gemcitabine/capecitabine and gemcitabine/erlotinib. In 2013, the
ICER for gemcitabine/capecitabine was reported as 84,299/QALY when compared
to gemcitabine single agent [31]. Erlotinib combination therapy is discussed below
under targeted therapies.

Targeted Therapy

The lack of effective targeted therapies for treatment of metastatic pancreatic cancer
is probably contributory to the relative low overall treatment costs compared to
other solid tumors such as lung cancer. To date, the only targeted agent approved for
use in pancreatic cancer has been erlotinib. In Canada, the calculated ICER for
gemcitabine/erlotinib was reported to be $153,631/QALY compared to gemcitabine
alone [31]. This regimen is not frequently used as survival benefits at lower costs
have been demonstrated with other cytotoxic chemotherapy. Nevertheless, in an era
where personalized cancer treatment is developing at a fast pace, the role of targeted
agents in pancreatic cancer continues to evolve. Agents such as checkpoint inhibi-
tors, vaccines, RAS, and JAK/STAT pathway inhibitors are being explored for effi-
cacy. Considering that new treatment agents in the USA are priced at an average
monthly cost of $5000 [32], it is reasonable to assume that costs of pancreatic can-
cer care may eventually rise when these agents are introduced.

Supportive Care

Hospice care for pancreatic cancer was estimated at $4500 per patient in 2009 US
dollars, corresponding to 7% of the total cost per patient from diagnosis to death
or end of follow-up [33]. A study of Medicare patients with pancreatic cancer
showed that those with metastatic disease were more likely to use hospice care
than those initially treated with curative intent [34]. This is significant since many
studies have shown that initiation of palliative or hospice care early in the course
of a disease increases overall survival in other malignancies [35]. In pancreatic
cancer, more patients receive chemotherapy during the last month of their lives, a
practice that reflects frequent misconceptions, inadequate hospice/palliative care,
and unrealistic expectations [36]. There is an urgent need to expand the role of
palliative care as part of the multidisciplinary approach for the care of patients
with pancreatic cancer.
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