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ABBREVIATIONS

BR: Borderline resectable

CA: Caliac artery

CAPS: International Cancer of the Pancreas
Consortium

CEA: Carcinoembryonic antigen

CHA: Common hepatic artery

ClI: Confidence interval

CRISPR: Clustered Regularly Interspaced Short
Palindromic Repeats

CT: Computed tomography

ctDNA: circulating tumor DNA

DFS: Disease free survival
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ED: Endoscopic drainage

EUS: Endoscopic ultrasound
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GEMM: Genetically engineered mouse models

HDR: Homology-directed repair

HPDE: Human pancreatic duct epithelial cell

line

HRI: High-risk individuals

IPMN: Intraductal papillary mucinous neoplas

ITPN: Intraductal tubulo-papillary neoplasm

LA: Locally advanced

LCM: Laser capture microdissection

MCN: Mucinous cyst neoplasm

mFOLFIRINOX: modified-bolus fluorouracil,
irinotecan, leucovorin, oxaliplatin

MRI: Magnet resonance imaging

NGS: Next Generation Sequencing

OS: Overall survival

PanIN: Pancreatic intraepithelial neoplasia

PARP: Poly-ADP ribose polymerase

PD: Percutanous drainage

PDAC: Pancreatic ductal adenocarcinoma

POPF: Postoperative pancreatic fistula

PPPD: Pylorus preserving
pancreatoduodenectomy

PV: Portal vein

R: Resectable

RNAseq: Next Generation RNA Sequencing

SMA: Superior mesenteric artery

SMV: Superior mesenteric vein

SNV: Single nucleotide variant

TIME: Tumor immune microenvironment



1 INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most aggressive solid
human cancers, while modest improvements in the outcome of patients in last decades
must be acknowledged. With increasing incidence worldwide it is projected to become
the second-leading cause of cancer-related death.’? Across all stages, the median
survival is a mere 12-14 months while in developed countries only around 10% of
cases show 5-year survival.® This tumor type accounts for the majority (>95%) of
malignant transformation occurring in the pancreas and current data locate its origin in
the exocrine compartment. It derives from the epithelial-like ductal- or acinar cells
forming the glandular structures.*® Known risk factors for this carcinoma type are age,
diabetes, smoking, alcohol, inflammation and family history.”viewed in 7 A majority of
these tumors develop in the head of the gland, possibly due to its dense ductal network
and the sheer size of this region.? Early symptoms may include gastrointestinal
discomfort, new-onset diabetes, weight loss and jaundice. However, because of its
hidden location in the retroperitoneum as a metabolism-regulating gland, it remains
often disconnected from the individuals' sensorium, resulting in late-stage diagnosis.
Surgical treatment, including complete removal of the tumor burden, remains critical
for enabling chances of cure. We generally assume that these tumors grow fast and
disseminate early. However, limited data is available on the lag phase, before non-
invasive pre-neoplastic lesions give rise to invasive carcinoma. Over the last two
decades, the genomic, transcriptomic as well as proteomic landscape of PDACs has
been deciphered. It characterizes distinctive subtypes and the overall complex
molecular trajectory during pancreatic carcinogenesis.®'® Two important conceptual,
promising research goals currently inspire clinical scientists to improve the outcomes
of this devastating disease: Earlier detection and/or molecular driven, individualized

therapies.
2.1. Multimodal treatment concepts for pancreatic duct adenocarcinoma (PDAC)

2.1.1 Surgical treatment of PDAC and worrisome precursor lesions

There is international consensus about the feasibility of surgical treatment as defined
by multi-dimensional criteria, which take the anatomical-, biological- and conditional
situation into account (ABC criteria)."* Using multidetector CT-scans, the local



extension of the tumor is assessed in relation to the central arterial/venous vessel
structures (SMA, CA, CHA, SMV, PV)."41% The main technical objective is complete
removal also achieving negative resection margins (R0). All tumors confined to the
pancreatic organ without affecting the central venous/arterial structures are considered
primary resectable (R). Borderline resectable (BR) tumors that abut (<180°) the central
venous/arterial vessel structures may be removed as well, using specific technical
maneuvers (e.g. vessel reconstructions'®, vessel dissection'”), but only if they do not
exceed the inferior border of the duodenum. When central venous/arterial vessel
structures are encased (>180°), the PDAC is considered locally advanced (LA), and
therefore can no longer be safely removed. The same applies to patients at
disseminated stages, who are generally allocated to palliative treatments. However
neoadjuvant treatment concepts have become more popular and in selected cases
with favorable tumor biology, LA- and BR tumors can be successfully transformed to
resectable situations (see below).'8:1®

According to interdisciplinary consensus for resectable disease, patients will get
surgery. The technique applied depends on the location and extent of the tumor and
commonly includes partial pancreatoduodenectomy (Whipple procedure/PPPD),
central pancreatectomy (Appleby procedure), and distal or total pancreatectomy. The
technical innovations of minimally invasive surgery have preempted the safe exertion
of laparoscopic and robotic surgery.22" While head resections remain the domain for
open and robotic procedures, left-sided pancreatectomies are also tenable for
laparoscopic surgery.??-24

The role of pancreatic surgery is not only defined by radiographic indicators for
malignant carcinoma. Patients with cystic precursor lesions (IPMN, MCN) that harbor
low but defined risks for malignant transformation are screened at regular intervals for
worrisome features or high-risk stigmata. These radiographic features are most
accurately defined according to the revised Fukuoka Criteria and include cyst size,
duct dilation, presence of mural nodules and irregularly shaped walls.?%26 When these
criteria are met, further diagnostic exploration or immediate pancreatic surgery is
warranted in which case the aforementioned standard surgical procedures are applied.
Similar to RO resections in PDAC, resection margins need to be devoid of high-grade
and invasive lesions to achieve recurrence-free survival.?’-28

Surgical treatment for (pre-)malignant pancreatic disease is the prerequisite for
curative concepts and its feasibility requires interdisciplinary consensus.



2.1.2 Systemic treatment of PDAC

For a long time, PDAC was considered untreatable with no perceivable positive effects
testing various chemo reagents. Only in 2006, results from the CONKO-001 clinical
trial informed about the clinical effects of Gemcitabine compared to untreated
patients.?® Since then, adjuvant therapies are considered a standard element in
multimodal curative treatment concepts offered to PDAC individuals. Still, follow-up
studies were only able to discriminate modest effects with this treatment and indicated
average survival increments of around 2.8 months.3° Novel agents and combinations
have since been tested which ultimately initiated more successful clinical trials using
paradigm-shifting multiagent cytotoxic regimens. Such treatments were initially
investigated in metastasized patients in order to find more effective first-line
alternatives in the palliative setting. Foremost the MPACT (8.5m vs 6.7m) and the
PRODIGE (6.4m vs 3.3m) trials reported significant survival benefits when compared
to single-agent treatment.3'32 These landmark studies paved the way for subsequent
adjuvant clinical trials. In the ESPAC-4 study, Gemcitabine plus Capecitabine showed
moderate survival benefits over Gemcitabine alone (28m vs 25.5m). The study group
around Conroy T et al. (PRODIGE-24 trial) demonstrated significantly improved OS
(54.4m vs 35m) for adjuvant combination therapy mFOLFIRINOX (modified-bolus
fluorouracil, irinotecan, leucovorin, oxaliplatin) compared to the single-agent
gemcitabine in a highly selected cohort.33 These excellent results have established the
basis for current international recommendations with multi-agent adjuvant treatment in
patients with good conditional status (ECOG 0-1).34 Other, unsuitable patients for this
treatment (ECOG 22) receive less toxic combinations with Gemcitabine and albumin-
bound(nab-) Paclitaxel/Capecitabine or Gemcitabine/5-FU alone.

As has been established for other gastrointestinal carcinoma entities (esophageal-,
gastric-, rectal cancer), pre-operative rounds of systemic therapy have also been
incrementally tested among PDAC patients where up-front surgery appeared not to be
the best choice. A multitude of observational data indicates efficient downstaging and
improved margin-negative resection rates.3%% Recently, the ALLIANCE trial confirmed
these observations, reporting 57% RO resections when patients where pre-treated with
8 cycles of mFOLFIRINOX, thus identifying it as the most suitable pre-treatment
modality at this point.'® Other prospective trials (PREOPANC, Southwest Oncology
Group) could produce similar effects meaning that neoadjuvant treatments might
become the main recommendation for patients with BR- and LA- situations.':37:38



Randomized data on neoadjuvant treatment versus up-front surgery in the resectable
situation is currently not available but is underway (NCT04927780; NCT04340141) and
will soon inform which, or if all, PDAC patients might potentially benefit from pre-
treatment modalities.

Meanwhile, more profound insights into molecular alterations in PDAC have yielded
many promising but few clinically effective targeted therapies useful for systemic
treatment. Patients with gene alterations involved in the homologous recombination
repair (BRCA1/BRCAZ2) have become typical candidates for maintenance treatment
with Olaparib (PARP inhibitor) following first-line therapy.®® Likewise, remarkable
success has been achieved for patients with mismatch repair deficiencies
(microsatellite instability), where PD-1 blockade showed objective responses in most
cases (62%).4° However, only a small selection of patients (<1%) are available for such
a targeted approach. Other clinical trials (COMBAT, CITN11-01) focused on
combination therapies with immunomodulatory agents and demonstrated clinical
effects. 4142 The most recently introduced molecular-guided therapy on the KRAS®12¢
mutant (Sotorasib, Adagrasib) will likely guide novel protocols for affected individuals
in the near future.*3

In line with adjuvant and neoadjuvant settings, multiagent cytotoxic regimens have
greatly improved the outcomes of patients with advanced carcinoma. Based on the
previously mentioned MPACT and PRODIGE trials, current first-line therapies include
either gemcitabine and nab-paclitaxel or mFOLFIRINOX.'S In addition, the NAPOLI-1
trial provided information about patients who have progressed under gemcitabine. It
demonstrated improved survival rate under subsequent 5-FU/Irinotecan
combination.** Ultimately, encouraging improvements in the palliative care (nutrition,
pain management, management of thromboses, psychosocial needs) of PDAC
patients have produced remarkable advances on overall survival and maintains a

fundamental pillar in multimodal therapy.4®

2.2. Clinical chances and hurdles for curative treatment of PDAC

Because most patients encountered and diagnosed in the clinics have locally
advanced or disseminated pancreatic carcinoma, they are not amenable to surgery.
For this reason, two-thirds of patients are directly allocated to palliative protocols which
are responsible for the overall poor survival rates of PDAC cases. Recent

developments using neoadjuvant treatments can induce pre-operative downstaging of



BR or LA tumors and have improved local control for a subset of eligible patients.
Surgical treatment generally require radical measures as a prerequisite for removing
all carcinoma cells. The technique applied depends on the location of the tumor and
requires careful assessment of the anatomic situation and neighboring central vessels.
These exacting abdominal operations are exceptionally demanding. Technical
refinements over past decades have been able to significantly reduce morbidity and
mortality after surgery.*647 Still, such abdominal surgeries should be performed in
experienced and well-equipped high-volume pancreatic centers with adequate and
interdisciplinary complication management.*®4° Once the tumor is removed, adjuvant
treatments are paramount to reduce risk of recurrence. Despite the more effective
systemic treatment protocols of recent years, most patients eventually relapse with
then limited treatment options and poor prognosis.®® Studies on long-term survivors
have identified perioperative and few molecular factors that could impact the chances
of cure including small tumor sizes, negative nodal status, negative resection margin
and presence of specific neoantigens.5'-5 At this point, such cases unfortunately
remain anecdotal and a better understanding of the early carcinogenesis process and
its molecular characteristics is key to discovering novel targets for earlier detection.

2.2.1. Precursor lesions giving rise to invasive carcinoma

From various histopathological and molecular association studies, we understand that
pancreatic cancer must arise from noninvasive, precancerous lesions.?* These lesions
are mainly present in two distinct forms: microscopic pancreatic intraepithelial
neoplasia (PanIN) and cystic precursors (IPMN, MCN). Classically, with increasing
grades (low-grade; high-grade) of cytological and architectural atypia in the pancreatic
ducts, invasive PanINs give rise to the majority of PDACs (>90%).>°> However,
malignant transformation is not obligate and we know from autopsy studies of elder
individuals or pancreatitis samples that PanINs regularly occur in the non-diseased
pancreas.®®” The overall risk of malignant transformation from high-grade PanINs is
not clearly defined. A much smaller proportion of PDACs derives from intraductal
papillary mucinous neoplasia (IPMN, <10%). With increasing grades of dysplasia,
IPMNs produce an abundance of mucus responsible for its macroscopic appearance
(>0.5cm), a distinctive feature from PanINs. The risk of malignant transformation for
incidental IPMNs is overall low (1.4-6.9% per year), but significantly increases once
the main duct is involved (40-60% per year).?5%-60 Nonetheless, due to their



macroscopic appearance and the overall low risk of malignant transformation, cysts
are normally surveilled until worrisome features or high-risk stigmata in radiographic
imaging are present. The least common precursors are mucinous cyst neoplasms
(MCN, <2%), that are commonly found in the pancreatic body/tail of middle-aged
females.5* In contrast to IPMNs, the mucin-producing MCNs show an ovarian-type
alignment of cells that do not communicate with the ductal system.5* They harbor
higher risks of malignant transformation and typically require immediate removal to
prevent cancer.?® The progression from non-invasive precursors to invasive carcinoma

may be fast but they generate a conceptual opportunity for early detection.

2.2.2. Clinical follow-up of cystic precursor lesions

Late diagnosis of PDAC is a critical factor that imposes an overall poor prognosis for
patients with this disease. Greater awareness of pre-cancerous lesions and a wider
availability of sensitive diagnostic modalities (CT/MRI) has led to an enormous
increase of incidental findings with macroscopic cystic lesions in the pancreas.! As
previously mentioned, patients with identified uni-/multilocular cystic lesions without
worrisome or high-risk stigmata are recommended to undergo annual surveillance with
the use of appropriate imaging modalities.?> Normally, around 1.4-6.9% per year will
need surgery as a result of the follow-up.?® After partial resection of their pancreas,
patients need an intensified post-operative work-up as there is a low but maintained
risk (4-10% per year) for development of lesions elsewhere in the gland.?®52 More
strikingly, many of those can transform into invasive lesions, so called concomitant
carcinoma.®®*64 This is likely due to a molecular “field defect’” and genomic
heterogeneity of precursor lesions, which renders the entire gland at risk for developing
carcinoma.®%-6” Some research suggests that surveillance can stop after five years of
annual follow-up, due to the indolent growth of many of such lesions but this has ignited
an intense debate across the community.5%686° At any rate, we endorse close
surveillance for patients with incidental finding of pancreatic cysts or post-surgery in
cases of IPMNs long-term. The guidelines support the clinicians recommending

adequate follow-up of affected individuals.



2.3 The cancer genome during pancreatic tumorigenesis
2.3.1. The molecular signatures of PDAC

Extensive genome sequencing studies demonstrated that PDACs accumulate around
60-200 somatic mutations (Single Nucleotide Variant) and other structural aberrations
(copy number alterations, complex re-arrangements) in oncogenes and tumor
suppressor genes.>’%72 The maijority of these mutations occur in the driver genes
KRAS (90-95%), CDKN2A (60-70%), TP53 (50-80%), and SMAD4 (40-60%), but are
commonly associated with a wider range of low-abundance gene modifications, that
target around 12 core signaling pathways.”".”3 While there appears to be homogeneity
along the drivers, extensive heterogeneity in passenger gene alterations occur, which
generally posits a challenge for finding actionable targets that can address a larger
cohort of PDAC patients.”*’® Cooperative research efforts has attempted to
functionally and clinically categorize PDAC patient samples using molecular
expression signatures (RNAseq). Two distinct transcriptional programs were identified,
characterizing the basal (squamous) or classical subtypes with differential outcomes.””
Meanwhile, other sub-classifications have been established, while their exact clinical
relevance still needs to be determined.'"'271 In summary, the genomic underpinnings
of the disease have been characterized in-depth. At the same time downstream
molecular and cellular implications remain an underexplored field that needs to be

better exploited for direct clinical applications.

2.3.2. Genomic alterations in pancreatic precursor lesions

Few studies have investigated the genomic characteristics of precancerous lesions.
From histopathological association analyses of human tissue samples we characterize
the increasing grades of dysplasia along changes in several driver genes.”®8 These
initial findings defined the pancreatic progression model in which KRAS is considered
an initiating event while alterations in the tumor suppressors (CDKN2A, TP53, SMADA4)
occur with sequential order from low- to high-grade or invasive lesions (Figure 1).8
More recent NGS studies have confirmed these observations, while identifying some
important distinctions between PanINs and cystic precursors (IPMNs).828 The latter
are driven to a lesser extent by KRAS alterations but more frequently contain GNAS
and RN43 mutations. In recent years, this strict molecular trajectory has been
challenged by more complex signatures like that of “catastrophic shattering”
(chromothripsis) which could release a definitive mechanism by which tumor
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suppressor inactivation occurs simultaneously.®¢ At any rate, there is a remarkable
clonal heterogeneity in precancerous lesions with convergent evolution which appears
to be present only at the later stages of the carcinogenic process.%”87:88 Along the line,
precursor lesions regularly occur as multifocal with distinct and/or parallel molecular
characteristics. However, at this point, it is still impossible to predict the genomic

composition ultimately responsible for downstream invasion.64-6¢
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Figure 1. The accumulation of genomic alterations leads to dysplasia and ultimately to invasive PDAC. Two
molecular pathways with specific driver gene alterations have been characterized, both driving pancreatic
carcinogenesis. Figure extracted from own manuscript Felsenstein M et al. 8°

2.4. Experimental modeling for understanding of early pancreatic carcinogenesis

The molecular understanding of pancreatic carcinogenesis from human tissue samples
has culminated in intense experimental investigation using animal- and in vitro culture
models. Sophisticated, genetically engineered mouse models (GEMMs) generated de-
novo pancreatic neoplasia (PanIN) with subsequent development of full-blown
carcinoma and metastases, quite accurately aligned with the human disease
condition.®® The two essential mutated elements KRAS and TP53 (KC; KPC mice)
appear to drive the process of murine PDAC development, while other common drivers
(CDKN2A, SMAD4, BRCA2, PTEN) modify specific biological and histological tumor

characteristics.®'-%° Their implementation provides further evidence for the pancreatic
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cancer progression model and allows for continuous and standardized experimental
investigation precipitating accelerated carcinoma development. GEMMs were
therefore used in the pre-clinical settings for drug testing, sometimes with predictive
but often less indicative results.®®-%8 A rather disappointing example resulted in
differential responses of the Hedgehog-signaling inhibitor (IP1-926) exhibiting poor or
even harmful responses in human patients.%%:19°

Compared to animal models, in vitro two-dimensional- (cell lines) and three-
dimensional (organoid culture, spheroids) carcinoma models can be better
standardized, are less expensive and time-consuming and enable the development of
high throughput experiments on multi-omics and drug screening.''-19% The various
steps of pancreatic carcinogenesis have been similarly explored and resulted in an in-
depth understanding of the required molecular signatures for tumorigenic
transformation.’41%  Recently, established transgenic models using the
CRISPR/Cas9 technology, convincingly demonstrated in vitro carcinogenesis of three-
dimensional culture systems.'®” The models successfully recapitulated the progression
from (near-) normal pancreas cells to more invasive phenotypes by enriching cells with
genetic perturbations dependent on environmental niche factors. Still, the two- and
three-dimensional tissue culture represents an artificial ex vivo system and does not
sufficiently take the patients’ tumor micro-environment (stroma, immune cells) into
account. Consequently, next-generation ex vivo models such as patient derived tissue
slices or decellularized matrices are increasingly explored, in order to better
recapitulate the human disease ex vivo.108109

Despite recent valuable insights into the molecular mechanisms of pancreatic
tumorigenesis, the derivation of effective treatment modalities from such studies
remains disappointingly limited. A better understanding of the early phase of pancreatic
carcinogenesis using genetically defined precursor cell models as well as next-
generation in vitro cell cultures should significantly enhance the theoretical yield and
adding translational knowledge to better address these endeavors.

2.5. Translational and clinical developments for early detection of PDAC

Based on mathematical models of genomic studies, the window of diagnostic
opportunity for diagnosis of PDAC is estimated to be much longer than posited at this
point.”48” Therefore, some research efforts focus on earlier detection. Despite
remarkable progress in the sensitivity of diagnostic tools and molecular understanding
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of the disease process, the population-wide screening of asymptomatic individuals is
currently not justified.'"? It is widely acknowledged that we need to identify individuals
with overall increased lifetime risk calculation, in order to establish cost-effective early
detection while improving outcomes for the population overall."" Longitudinal studies
conducted by the multidisciplinary International Cancer of the Pancreas Consortium
(CAPS) identifes high-risk individuals (HRI) based on genomic alterations in
“susceptibility” genes as well as documented disease in first and second degree blood
relatives.''? The observation of accumulated carcinoma development in blood relatives
of affected individuals has led to the assumption that more than 10% of PDACs may
underlie an inherited trajectory with deleterious mutations in susceptibility genes; many
have possibly still not been identified at this point.''®1" Indeed, individuals that fulfilled
the HRI criteria (germline mutation carriers in susceptibility gene and/or affected
first/second degree relative) and who received annual diagnostic work-up (CT/MRI,
EUS) developed neoplastic progression at a rate of 2.8% during a median follow-up of
34 months, while 83% fulfilled criteria for surgical treatment (worrisome and/or high-
risk stigmata) and were technically resectable.''® Unfortunately, despite intensified
screening, 17% of affected patients developed advanced carcinoma highlighting the
diagnostic limitations of a disease with a particularly short diagnostic lead-time and
aggressive nature.

Other exciting fields under ongoing investigation include molecular analyses of liquid
biopsies from pancreatic juice/cyst fluid as well as plasma. The molecular (CEA,
Amylase) and cytopathologic testing of larger or medium-sized pancreatic cysts via
EUS-guided FNA is routinely indicated for further dignity assessment. More recently,
sensitive high-throughput sequencing analyses allow for the detection of high-grade
neoplasia via driver gene alterations (TP53, SMAD4)."'¢'18 This could prove
interesting, not only in the presence of larger neoplastic cysts but also via collection of
pancreatic juice after stimulation with secretin.''®129 Further technical advances for
improving the diagnostic sensitivity will most certainly yield powerful tools for early
detection. The availability and ease of molecular testing in blood plasma offer an
attractive vehicle for early detection and screening. Unfortunately current diagnostic
sensitivities of NGS-based detections of mutated circulating tumor DNA (ctDNA) can
only be warranted at disseminated stages which poses a problem for early
discovery.'?".122 Technical optimization of clinical samples has allowed the detection of
mutated DNA in the plasma patients with localized disease in 43% of the cases and
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predicted recurrence around 6.5 months earlier than radiographic imaging.'?® Further
advances in the detection of degradation-protected exosomal DNA may allow for more
in-depth molecular information of ctDNA and so produce more accurate risk
stratification.'?*125 Clearly, ctDNA enables efficient monitoring of disease recurrence
and progression of patients undergoing (neo-)adjuvant treatment and has already been

clinically employed in some institutions.126-128

2.6. Research aims

The core aim of my research plan was to address and provide novel insights on cancer
genomics of PDACs and its precursors as well as exploring ways for improved and
modern academic surgical treatment concepts. Working in an experimental laboratory
with excellent expertise on the molecular and the histopathological trajectory of
pancreatic carcinogenesis, | was seeking for genomic familiarities on pancreatic
carcinoma precursor with its neighboring invasive lesions. Subsequently, | aimed at
understanding and characterizing earlier stages of non-invasive precursors in order to
better define the evolutionary consequences of specific driver gene alterations.
Altogether, the data collected was paramount to providing additional evidence on the
sequential concept of cancer invasion from cystic precursors, that could significantly
aid in finding tools and biomarkers for earlier detection. Apart from analyses of clinical
tissue samples, | also sought to investigate on in vitro models for further testing the
molecular concept of disease progression. Starting my clinical training as an academic
surgeon, great focus subsequently lied also on investigating modern concepts and
tools to employ innovative robotic devices for complex pancreatic surgery. Another
imminent field for patient survival after pancreatic surgery, remains adequate and
optimized complication management. We sought to establish and characterize a novel
interdisciplinary concept, for improving on clinical management of patients with
pancreatic fistula. In the studies presented, | highlight the acquisition of in-depth
experience on basic-, translational and clinical research that has provided a
multidimensional research perspective on pancreatic diseases, which | deem essential
for a sophisticated understanding of the underlying disease trajectory. Altogether, this
has positioned my personal academic ambitions for advancing on improved molecular
understanding of pancreatic carcinogenesis and uncovering novel paths for earlier

detection.
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2 PRESENTATION OF OWN WORK
3.1. IPMNs with co-occurring invasive cancers: neighbours but not always relatives

In the initial phase on my path towards clinician scientist on topics of pancreatic
carcinoma development, we have explored the molecular trajectories of cystic
precursor lesions. We were able to provide crucial evidence, that the co-occurrence of
these pre-malignant lesions with PDAC, not always infer their origin, which only has

been suspected for some time:

»,Objective: Intraductal papillary mucinous neoplasms (IPMNs) are precursor lesions
that can give rise to invasive pancreatic carcinoma. Although approximately 8% of
patients with resected pancreatic ductal adenocarcinoma have a co-occurring IPMN,
the precise genetic relationship between these two lesions has not been systematically
investigated.

Design: We analysed all available patients with co-occurring IPMN and invasive
intrapancreatic carcinoma over a 10-year period at a single institution. For each patient,
we separately isolated DNA from the carcinoma, adjacent IPMN and distant IPMN and
performed targeted next generation sequencing of a panel of pancreatic cancer driver
genes. We then used the identified mutations to infer the relatedness of the IPMN and
co-occurring invasive carcinoma in each patient.

Results: We analysed co-occurring IPMN and invasive carcinoma from 61 patients with
IPMN/ductal adenocarcinoma as well as 13 patients with IPMN/colloid carcinoma and
7 patients with IPMN/carcinoma of the ampullary region. Of the patients with co-
occurring IPMN and ductal adenocarcinoma, 51% were likely related. Surprisingly,
18% of co-occurring IPMN and ductal adenocarcinomas were likely independent,
suggesting that the carcinoma arose from an independent precursor. By contrast, all
colloid carcinomas were likely related to their associated IPMNs. In addition, these
analyses showed striking genetic heterogeneity in IPMNs, even with respect to well-
characterised driver genes.

Conclusion: This study demonstrates a higher prevalence of likely independent co-
occurring IPMN and ductal adenocarcinoma than previously appreciated. These
findings have important implications for molecular risk stratification of patients with
IPMN.*
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3.2. Multiregion whole-exome sequencing of intraductal papillary mucinous neoplasms
reveals frequent somatic KLF4 mutations predominantly in low-grade regions

Subsequent efforts focused on in-depth und multi-regional characterization of cystic
precursor lesions showing different histologic grades of dysplasia. We were able to
identify a novel, unprecedented genomic marker that may play an important role for
the early evolutionary process of disease progression:

»,Objective: Intraductal papillary mucinous neoplasms (IPMNs) are non-invasive
precursor lesions that can progress to invasive pancreatic cancer and are classified as
low-grade or high-grade based on the morphology of the neoplastic epithelium. We
aimed to compare genetic alterations in low-grade and high-grade regions of the same
IPMN in order to identify molecular alterations underlying neoplastic progression.
Design: We performed multiregion whole exome sequencing on tissue samples from
17 IPMNSs with both low-grade and high-grade dysplasia (76 IPMN regions, including
49 from low-grade dysplasia and 27 from high-grade dysplasia). We reconstructed the
phylogeny for each case, and we assessed mutations in a novel driver gene in an
independent cohort of 63 IPMN cyst fluid samples.

Results: Our multiregion whole exome sequencing identified KLF4, a previously
unreported genetic driver of IPMN tumorigenesis, with hotspot mutations in one of two
codons identified in >50% of the analyzed IPMNs. Mutations in KLF4 were significantly
more prevalent in low-grade regions in our sequenced cases. Phylogenetic analyses
of whole exome sequencing data demonstrated diverse patterns of IPMN initiation and
progression. Hotspot mutations in KLF4 were also identified in an independent cohort
of IPMN cyst fluid samples, again with a significantly higher prevalence in low-grade
IPMNs .

Conclusion: Hotspot mutations in KLF4 occur at high prevalence in IPMNs. Unique
among pancreatic driver genes, KLF4 mutations are enriched in low-grade IPMNs.
These data highlight distinct molecular features of low-grade and high-grade dysplasia
and suggest diverse pathways to high-grade dysplasia via the IPMN pathway.“
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Abstract

Objective: Intraductal papillary mucinous neoplasms (IPMNs) are non-invasive precursor lesions
that can progress to invasive pancreatic cancer and are classified as low-grade or high-grade based
on the morphology of the neoplastic epithelium. We aimed to compare genetic alterations in low-
grade and high-grade regions of the same IPMN in order to identify molecular alterations
underlying neoplastic progression.

Design: We performed multi-region whole exome sequencing on tissue samples from 17 IPMNs
with both low-grade and high-grade dysplasia (76 IPMN regions, including 49 from low-grade
dysplasia and 27 from high-grade dysplasia). We reconstructed the phylogeny for each case, and
we assessed mutations in a novel driver gene in an independent cohort of 63 IPMN cyst fluid
samples.

Results: Our multi-region whole exome sequencing identified KLF4, a previously unreported
genetic driver of IPMN tumorigenesis, with hotspot mutations in one of two codons identified in
>50% of the analyzed IPMNSs. Mutations in KLF4 were significantly more prevalent in low-grade
regions in our sequenced cases. Phylogenetic analyses of whole exome sequencing data
demonstrated diverse patterns of IPMN initiation and progression. Hotspot mutations in KLF4
were also identified in an independent cohort of IPMN cyst fluid samples, again with a
significantly higher prevalence in low-grade IPMNs.

Conclusion: Hotspot mutations in KLF4 occur at high prevalence in IPMNs. Unique among
pancreatic driver genes, KLF4 mutations are enriched in low-grade IPMNs. These data highlight
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distinct molecular features of low-grade and high-grade dysplasia and suggest diverse pathways to
high-grade dysplasia via the IPMN pathway.

Keywords

intraductal papillary mucinous neoplasm; pancreatic precursor lesion; whole exome sequencing;
KLF4; phylogenetic analysis; cyst fluid; somatic mutation

INTRODUCTION

Intraductal papillary mucinous neoplasms (IPMNSs) are non-invasive cyst-forming pancreatic
neoplasms that can progress to aggressive invasive pancreatic ductal adenocarcinoma
(PDAC). IPMN:s are classified based on the morphological dysplasia of their neoplastic
epithelium — low-grade IPMNs have minimal atypia and low risk of malignant
transformation, while high-grade IPMNs have severe atypia and are at higher risk for
progression to invasive cancer.l IPMNs are frequently diagnosed incidentally on abdominal
imaging, providing an important opportunity to prevent pancreatic cancer.23 Guidelines for
surveillance or surgical intervention in IPMN patients must balance the opportunity for
cancer prevention with the morbidity and even mortality associated with overtreatment of
low-risk lesions.#=8 Current decision making relies largely on clinical and radiological
features, but these approaches are not adequately sensitive nor are they specific for high-risk
IPMNs.56 Thus, there is a critical need to better understand the molecular alterations that
drive the progression of low-risk IPMNs to those at high-risk for progression to invasive
carcinoma, as these represent potential biomarkers for cysts requiring clinical intervention.

In contrast to the trove of genomic data describing invasive pancreatic cancers, the genomes
of relatively few IPMNs have been analyzed. Previous comprehensive sequencing of small
cohorts of IPMNs mostly focused on advanced lesions and revealed characteristic driver
genes,’~9 while targeted analyses in larger, more diverse cohorts have confirmed the
prevalence of specific driver gene mutations that correlate with grade of dysplasia or
histological subtype.1? These initial studies relied on analysis of a single region from each
IPMN, followed by comparison of clinical, pathological, and molecular characteristics
across different patients. More recently, multi-region targeted next generation sequencing of
IPMNs has revealed a surprising degree of intratumoral genetic heterogeneity, even with
respect to well-characterized driver gene mutations in IPMNs, highlighting previously
unappreciated genetic complexity in precancerous pancreatic lesions.11-13 However,
comprehensive multi-region sequencing has not yet been performed on IPMNSs. Such
analyses can define the genomic alterations associated with progression in individual
lesions, uncover new driver genes, and define unique evolutionary patterns in precancerous
lesions.

In this study, we report multi-region whole exome sequencing of distinct low-grade and
high-grade regions of 17 human IPMNs without associated invasive carcinoma. The
resulting data define evolutionary trajectories in IPMN progression and highlight genetic
heterogeneity throughout these lesions. In addition, we identify a novel driver of early IPMN
tumorigenesis with a unique evolutionary pattern and validate patterns of mutations in an
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independent cohort of IPMN cyst fluid samples. Taken together, our results provide several
key insights not possible through analysis of advanced cancers, highlighting the importance
of direct analysis of precancerous lesions.

METHODS

Clinical Data

Electronic medical records were reviewed to document clinical information such as age, sex,
family history, clinical presentation, imaging diagnosis, and outcome. These clinical data are
summarized in online supplementary table 1.

Case selection and specimen acquisition

We retrospectively reviewed surgical pancreatectomy specimens from patients diagnosed
with IPMN without associated invasive carcinoma between 2007 and 2016. Diagnostic
hematoxylin-and-eosin stained slides were reviewed by pancreatic pathologists (WH, LDW)
to identify IPMNs with distinct components of both low-grade and high-grade dysplasia and
to select 1-3 blocks per case with regions of both grades of dysplasia. Because of recent
previous reports of polyclonal origin in IPMNs,12 we carefully selected IPMN cases in
which morphological features suggested that the high-grade component arose in association
with the co-existing low-grade component. We set the following histologic criteria for the
case selection: IPMN with adequate quantities of both low-grade and high-grade
components for genomic analysis in which (1) a high-grade component was in direct contact
with a low-grade component, OR (2) if the low-grade component was close to but not
directly attached to the high-grade component (in most instances growing in a different
cystic space), then both components were located within the same formalin-fixed paraffin-
embedded (FFPE) block. Of 118 resected specimens of high-grade IPMN retrieved from the
database, we found 24 high-grade IPMN cases that met the aforementioned criteria, and
morphologically distinct regions of each grade were identified in 32 blocks from these cases
and selected for subsequent laser capture microdissection. The histological subtype of each
sequenced region was determined by consensus of four pathologists (KF, EDT, RHH, and
LDW).

Laser capture microdissection

Twenty to thirty 10um serial tissue sections from selected FFPE tissue blocks were cut onto
membrane slides (Carl Zeiss MembranSlide 1.0 PEN; Carl Zeiss, Oberkochen, Germany).
Deparaffinization and staining were performed as previously described. Two to six
morphologically distinct regions were microdissected from each case using laser capture
microdissection (LMD7000, Leica, Wetzlar, Germany), resulting in DNA samples of
adequate quantity and quality for whole exome sequencing from 76 IPMN regions from 17
cases, as well as a matched normal sample from each case. We did not obtain adequate DNA
from the other 7 microdissected cases, which were excluded from further analyses.

Whole exome sequencing and data analysis
Genomic DNA libraries were prepared from the 93 FFPE DNA samples (76 IPMN samples,
17 normal samples) following Illumina’s (Illumina, San Diego, CA) suggested protocol.
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Human exome capture was performed following a protocol from Agilent SureSelect Human
All Exon 50Mb Kit 5.0 (Agilent, Santa Clara, CA). The captured libraries were sequenced
with XTEN sequencer (lllumina) with 150bp paired-end reads. Nonsynonymous mutations
were called using a well-validated pipeline based on Mutect.15 Details of the pipeline are
presented in the online supplementary methods.

Phylogenetic analysis

To extract per-site features (mismatch frequency, insertion frequency, and deletion
frequency), BAM alignment files were converted to tab delimited format using jvarkit
(https://github.com/lindenb/jvarkit). We inferred phylogenies with Treeomics v1.7.12 based
on all mutations that passed the filtering described above. Each phylogeny is rooted at the
subject’s normal sample and the leaves represent the distinct regions of the IPMN.
Treeomics uses a Bayesian inference model to account for error-prone sequencing and
varying neoplastic cell content to infer globally optimal trees using Mixed Integer Linear
programming.18 Gene names along lineages indicate an acquired non-synonymous mutation
in the corresponding gene — genes are listed twice in the same phylogeny only if multiple
distinct somatic mutations in that gene were identified. We display mutations in previously
identified PDAC driver genes (significantly mutated genes in TCGA and ICGC PDAC
studies),1718 as well as mutations in genes that were mutated in at least three separate
IPMNs and had a nonsynonymous mutation frequency >0.5 mutations per kb gene size in
our cohort.

Analysis of IPMN cyst fluid

Pancreatic cyst fluid was collected from resected specimens in the surgical pathology
laboratory (n=55) or at the time of endoscopic ultrasound (n=8). Genomic DNA was purified
from pancreatic cyst fluid as described previously.1® The hotspot loci in the KLF4 gene were
analyzed in IPMN cyst fluid using the Safe Sequencing System (Safe-SeqS),2% which has
been described in detail previously.2122 Details are provided in the online supplementary
methods.

RESULTS

Overall approach

In order to dissect the molecular events in low-grade and high-grade components of
precancerous pancreatic lesions, we performed multi-region whole exome sequencing of 17
IPMNs containing regions of both low-grade and high-grade dysplasia (online
supplementary table 2). We analyzed a total of 76 IPMN exomes, including 49 from low-
grade regions and 27 from high-grade regions — the number of exomes analyzed per IPMN
ranged from 2 to 6 (online supplementary table 2). In the majority of IPMNs in our cohort
(14/17), the low-grade regions showed gastric differentiation, while the high-grade regions
in the same IPMN were pancreatobiliary (online supplementary table 2). In addition, our
cohort contained two mixed gastric-intestinal type IPMNs, as well as one that showed
gastric differentiation in all regions analyzed (online supplementary table 2). In each case,
matched normal samples were also analyzed by whole exome sequencing to exclude
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germline variants and to identify somatic mutations. The average distinct coverage for our
IPMN whole exome sequencing was 170x (range 38x—367x) (online supplementary table 3).

From the multi-region whole exome sequencing data, we identified a total of 3,090
nonsynonymous somatic mutations, with a mean of 41 nonsynonymous somatic mutations
per analyzed IPMN region, corresponding to a mutation burden of 1.11 nonsynonymous
mutations per megabase (Mb) (online supplementary table 4, online supplementary figure
1). Surprisingly, the mean number of somatic mutations did not differ between low-grade
and high-grade regions — we identified a mean of 41 nonsynonymous somatic mutations
(range 20-103) in low-grade regions compared to a mean of 41 (range 22—76) in high-grade
regions (p=0.55, two-tailed Mann-Whitney U test) (figure 1A). These correspond to a
mutation burden of 1.10 nonsynonymous mutations per Mb in low-grade regions and 1.12
non-synonymous mutations per Mb in high-grade regions. A mean of 10 nonsynonymous
somatic mutations were shared among all samples analyzed from a given IPMN, while a
mean of 26 were unique/private to low-grade regions and a mean of 24 were unique/private
to high-grade regions. We then compared the neoplastic cell fraction (NCF) of mutations in
low-grade and high-grade regions (figure 1B). There was no significant difference between
low-grade and high-grade regions in the NCF of mutations shared in all samples of a given
IPMN (p=0.51, two-tailed Mann-Whitney U test). In contrast, we identified a significant
difference between low-grade and high-grade regions in the NCF of unshared mutations,
with mutations in low-grade regions having a significantly lower NCF than those in high-
grade regions (p<0.0001, two-tailed Mann-Whitney U test). Regions of high-grade dysplasia
had a larger proportion of unshared mutations with a NCF approaching 1, suggestive of
clonal mutations shared in all analyzed cells (figure 1B). Still, mutation signatures were
similar among all samples analyzed, with an enrichment for C-to-T transitions (figure 1C).

Copy number analyses utilizing the whole exome sequencing data revealed scattered
alterations without striking differences between low-grade and high-grade components in
most IPMNs (online supplementary figure 2, online supplementary table 5). However, a
minor subset of cases showed increased copy number alterations in high-grade regions (for
example, 1P2, IP9, 1P29), suggesting accumulation of copy number alterations during
neoplastic progression in some IPMNSs (online supplementary figure 2).

Driver genes of IPMN tumorigenesis

Through multi-region whole exome sequencing, we confirmed the high prevalence of
mutations in some previously identified pancreatic driver genes in IPMN cases, including
GNAS (15/17 cases; 88%), KRAS (14/17 cases; 82%), RNF43 (10/17 cases; 59%), and
CDKNZA (5/17 cases; 29%) (figure 2A, online supplementary figure 3). Intriguingly, 7P53
mutations were uncommon in our cohort (2/17 cases; 12%), and we identified no mutations
in SMAD4 or TGFBRZ2. We also identified hotspot mutations in CTNNBI (3/17 cases; 18%)
and inactivating mutations in APC (3/17 cases; 18%), demonstrating WNT signaling
alterations in a subset of IPMNs as has been previously reported.19 In addition,
nonsynonymous mutations in KBMI10were identified in 24% (4/17) of IPMNSs in our study
— mutations in this gene have been previously reported in both IPMNs and PDACs.1323
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In addition to confirming the prevalence of mutations in previously characterized driver
genes, our study also identified novel drivers of pancreatic tumorigenesis these IPMNSs. The
most striking of these new drivers was KLF4, which encodes a member of the Kruppel
family of transcription factors. We identified somatic mutations in one of two hotspot codons
(amino acids K409 and S411) of KLF4in 53% (9/17) of IPMNs in our study (figure 2A-
2B). Both hotspots are located in the highly conserved C2H2 zinc finger domains in KLF4
(figure 3A-3B). A total four different amino acid substitutions (K409Q, K409E, S411Y and
S411F) were detected in these two hotspots, and two IPMNs in our cohort had two different
KLF4 mutations (K409E and S411F in IP5; K409Q and S411Y in IP7) (2/17 cases; 12%).
We analyzed the four different KLF4 hotspot mutations using Cancer-specific High-
throughput Annotation of Somatic Mutations plus (CHASMplus).24 All four different KLF4
hotspot mutations had high CHASMplus PDAC scores (K409Q, p=0.042; K409E, p=0.041;
S411Y, p=0.038; S411F, p=0.038), suggesting that these mutations are likely to be drivers of
IPMN tumorigenesis. None of these amino acid substitutions were detected in the Genome
Aggregation Database (gnomAD) of germline alterations (>250,000 alleles). Only KLF4
K409Q has been previously reported in meningiomas and in three cases in previous IPMN
analyses, but our study represents the first report of four different KLF4 hotspot mutations at
this high prevalence in epithelial neoplasms.8132526

In addition to these frequent mutations in KLF4, we report nonsynonymous mutations in
FBXW?7and HUWEI, each in 18% (3/17) of the IPMNs studied — these genes encode the
components of an E3 ubiquitin ligase and are previously characterized tumor suppressor
gene in other tumor types (figure 2A-2B, online supplementary figure 3).2728 We also report
mutations in SETBPI in 24% (4/17) of IPMNSs; mutations in this gene have been reported in
several other tumor types but have not been previously highlighted in pancreatic neoplasms.
2930 Other genes with prevalent somatic mutations in our cohort include MUCI16 (6/17
cases; 35%), 77N (5/17 cases; 29%), and NBPF1 (5/17 cases; 29%). However, the large size
of MUCI16and TTNsuggest that many (if not all) of these mutations may be passengers.

The comprehensive genomic analysis of multiple regions per IPMN, including regions of
both low-grade and high-grade dysplasia, provides a unique opportunity to assess the timing
of mutations in specific driver genes. In IPMNs with KRAS mutations, at least one mutation
in this gene was shared in both low-grade and high-grade components (figure 2A-2B).
Similarly, mutations in GNAS were almost always shared between low-grade and high-grade
components. Most other mutated genes had a mixture of mutational patterns, including
mutations limited to both low-grade and high-grade components. Of note, 7P53 mutations
were consistently limited to high-grade components, as were mutations in the adherens
junction protein AJAPI (figure 2A-2B).

Mutations in KLF4 had a strikingly different pattern, with mutations frequently limited to
the low-grade component of the IPMNs — KL F4 hotspot mutations were limited to the low-
grade component in 6 of 9 mutant cases and were shared between the low-grade and high-
grade components of 3 of 9 (example in figure 4). In our cohort, the prevalence of KLF4
mutations in low-grade and high-grade components was significantly different (figure 2B;
40% vs. 15%, p=0.049, two-tailed Mann-Whitney U test). There were no KLF4 mutations
that were limited to the high-grade components. When the previous three-tiered histologic
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grading system for IPMN was applied, with low-grade IPMN divided into “low-grade” and
“intermediate-grade” dysplasia, the prevalence of KLF4 mutations was highest in “low-
grade ”(50%) compared to “intermediate-grade” (39%) or “high-grade” (15%; p=0.023,
two-tailed Mann-Whitney U test vs. “low-grade”) (figure 3C). In addition, the prevalence of
hotspot KLF4 mutations in The Cancer Genome Atlas (TCGA) analysis of invasive PDAC
(0.5%, 1/184 cases) was much lower than the prevalence in our cohort of precancerous
lesions.1’

Our multi-region sequencing data also allows examination of genetic heterogeneity in
IPMNSs, confirming previous observations about precancerous pancreatic neoplasia.12 In
IP24, two of the analyzed regions shared no somatic mutations with the other regions,
suggesting that the analyzed tissue block contained multiple independent precancerous
neoplasms. In this IPMN, the independent neoplasms demonstrably involved the same ductal
space (figure 5). These observations provide further support for the hypothesis that at least a
subset of IPMNs have polyclonal origin and are comprised of multiple independently arising
clones that share no somatic mutations.12 We also identified a distinct pattern of mutation in
both RNF43and KLF4in which multiple mutations in the same driver gene were present in
different regions of the same IPMN, suggesting convergent evolution with respect to
mutations in some driver genes (figure 4). This pattern has been previously reported in
RNF43but not KLF4, highlighting unique selective pressures on mutations in these two key
driver genes.1231

Evolutionary Analyses of Non-invasive IPMNs

In order to analyze the evolutionary relationships of IPMN samples in more detail, we
reconstructed lesional phylogenies using Treeomics, a computational approach specifically
designed for noisy next generation sequencing data from tumor samples.16 Treeomics
calculates the probability that a mutation is present or absent in a particular sample based on
the number of mutant and reference reads, with hyperparameters for the probability
calculation depending on the estimated sample purity as well as other variables. Mutations
are placed on the root of the tree by Treeomics only if that mutation was present with a high
probability in all samples. Multiple important insights were evident from this analysis. First,
our evolutionary analysis highlighted that in multiple samples (e.g. IP7, IP8, IP31), high-
grade dysplasia arose without unique mutations in pancreatic driver genes, while in others
(e.g. IP2, IP9) high-grade-specific mutations in driver genes such as 7P53 were identified
(online supplementary figure 4). Second, in some samples with multiple distinct high-grade
regions (e.g. IP7, IP20), we demonstrate that such regions are more closely related to low-
grade regions than to each other, suggesting that the transition to high-grade dysplasia can
occur multiple times in the same IPMN (figure 6, online supplementary figure 4). However,
this pattern is not universal, as in other IPMNs (e.g. IP2) the high-grade components have a
recent common ancestor (online supplementary figure 4). Our Treeomics analysis also
confirmed independent genetic origin of different regions of 1P24 and highlighted the
parallel evolution of multiple distinct RVF43 mutations in discrete subclones in 1P20 (figure
6, online supplementary figure 4).
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We also assessed quantitative features of the Treeomics phylogenies in detail. We observed
varying lengths of the “trunk” of the phylogenetic tree, ranging from 0 mutations shared in
all samples to 27 (online supplementary figure 4). The mean was ~12 truncal mutations, but
there was a broad range - seven IPMNs had <10 truncal mutation while two IPMNs had >20.
This highlights distinct evolutionary features in different IPMNSs, underscoring that the
selective forces governing neoplastic evolution may be variable between patients. Next, we
compared the genetic relatedness of low-grade and high-grade regions using “genetic
distance”, defined as the total number of non-shared somatic mutations between two
samples.32 High-grade/high-grade sample comparisons had a lower mean genetic distance
(36.1), when compared to low-grade/high-grade sample comparisons (44.2) and low-grade/
low-grade sample comparisons (45.2). However, these results did not reach statistical
significance (p=0.21 for LG/LG vs HG/HG, p=0.26 for LG/HG vs HG/HG, two-tailed
Mann-Whitney U test).

Detection of KLF4 mutations in IPMN cyst fluid

In order to determine the prevalence of KLF4 mutations in an independent cohort, we
employed next generation sequencing analysis of human IPMN cyst fluid samples using the
Safe Sequencing System (Safe-SeqS), a method designed to reduce sequencing errors and
detect low-frequency mutations.2° Clinical and pathological features of the analyzed cyst
fluid samples are presented in the online supplementary table 6. Our Safe-SegS assay was
designed to assess the previously identified hotspots in KLF4at codons 409 and 411. The
cyst fluid samples were from 63 IPMNs, including 26 low-grade and 37 high-grade IPMNSs,
with all diagnoses confirmed on pathological review of resected specimens. In this cohort of
63 cyst fluid samples, we identified KLF~4 mutations in 19 samples (30%), including 11
samples with 1 KLF4 mutation, 7 samples with two distinct KLF4 mutations, and 1 sample
with three distinct KLF4 mutations (table 1). The prevalence of multiple KLF4 mutations in
our cyst fluid samples (8 of 63, 13%) is similar to that identified in whole exome sequencing
(2 of 17, 12%). Hotspot mutations in KLF4 were identified in 12 of 26 (46%) low-grade
IPMN cyst fluid samples, compared to 7 of 37 (19%) high-grade IPMN cyst fluid samples
using Safe-SeqS (p=0.027, two-tailed Fisher’s exact test). These results confirm the high
prevalence of KLF4 mutations in IPMNSs as well as the enrichment of these in low-grade
lesions. In addition, we identified significantly different KLF4 mutation prevalence based on
histological subtype, with mutations in 10 of 22 (45%) gastric-type IPMNs but only 3 of 22
(14%) intestinal-type IPMNSs (p=0.045, two-tailed Fisher’s exact test) (online supplementary
table 7). The detectability of KLF4 mutations in cyst fluid samples highlights their potential
utility in preoperative risk stratification of IPMNS.

DISCUSSION

Using multi-region whole exome sequencing of IPMNs with both low-grade and high-grade
components, we identified prevalent mutations in a previously unappreciated driver of
pancreatic neoplasia: KLF4. Prevalent mutations at an oncogenic hotspot in KLF4 have been
previously reported in meningiomas and have been implicated as a universal genetic feature
of the secretory subtype of meningioma.252% In the pancreas, loss of heterozygosity at the
KLF4locus has been reported in PDAC, but frequent somatic mutations in this gene have
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not been previously reported.33 Somatic mutations at hotspot positions in KLF4 have been
reported in three cases in previous whole exome sequencing studies of IPMNSs, but
mutations at the prevalence in our study (with somatic mutations in >50% of analyzed
IPMNs) have not been previously reported.813 This is likely due to the enrichment of KLF4
mutations in regions of low-grade dysplasia, as previous comprehensive sequencing studies
of IPMNSs have focused on high-grade IPMNs or those with associated invasive carcinomas.
We identified a total of 19 IPMNs previously analyzed by whole exome sequencing in the
literature, the vast majority from high-grade IPMNs.8911-13 k7 F4 mutations were identified
in three samples from two different studies, indicating a prevalence of 16% which is similar
to the prevalence in high-grade IPMNSs in our study. However, because KLF4 mutations
occurred in one or two samples in previous studies, they could not be separated from the
much larger number of passenger mutations in these studies.

Several studies have assessed the expression levels of KLF4 in normal and neoplastic
pancreas.33-35 In the normal pancreas, KLF4 was found to be localized to the nuclei of
pancreatic ductal epithelial cells.33 Intriguingly, loss of KLF4 expression has been reported
in a sizable proportion (>85%) of PDACs,33 whereas increased expression was observed in
human and mouse acinar-to-ductal metaplasia (ADM) and pancreatic intraepithelial
neoplasia (PanIN) lesions.34 We are aware of only one study to date describing KLF4
expression in IPMN.3° This study demonstrated that KLF4 expression is restricted to a small
proportion of highly mucinous cells in both human and mouse IPMN specimens, potentially
representing regions of low-grade dysplasia.3> Expanded analysis of KLF4 expression in
larger IPMN cohorts and correlation with KLF4 mutation status are warranted to clarify the
relationship between KLF4 mutation, expression, and role in tumorigenesis.

KLF4, also known as gut-enriched KLF (GKLF), is an important member of Kruppel-like
transcription factor family with multiple putative functions.3® K4 was initially identified
as a key regulator of cell fate decisions, such as cell proliferation, differentiation, and
apoptosis. The identification of KLF4as one of the four “Yamanaka factors” that can
reprogram differentiated somatic cells into pluripotent stem cells (OC73/4, SOX2, KLF4,
and MYQC), as well as its essential role in the maintenance of genome stability, further
substantiate its role in cell fate determination.3” K7 F4has been reported to have tumor
suppressive functions in several tumor types, and both experimental and clinical evidence
has shown that the loss of KLF4 protein expression can cause altered cell proliferation,
differentiation, and precancerous changes in adult digestive organs.38 These processes are
mediated by multiple oncogenic pathways, including Wnt/p-catenin, TGF-p1, and
p21WAF1/Cipl sjgnaling.36 Recent studies have also indicated that KL F4 is a negative
regulator of epithelial-to-mesenchymal transition (EMT), revealing several critical genes as a
direct transcriptional targets of KLF4, including CDHI1, CDHZ, VIM, CTNNB1, VEGF, and
MAPK838

In the pancreas, the functional role of KL F4 varies at different points in tumorigenesis, with
multiple studies suggesting pro-tumorigenic function in pancreatic tumor initiation and
tumor-suppressive function in advanced PDAC.34 Studies of KLF4 in genetically engineered
mouse models of pancreatic cancer have demonstrated overexpression of this gene in early
pancreatic neoplasia, while experimental overexpression in pancreatic cancer cell lines led to
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cell cycle arrest and growth inhibition.353¢ These genetically engineered mouse models
suggested that dysregulation of the KLF4 signaling pathway promotes PDAC progression
and metastasis, but paradoxically, KLF4 ablation attenuates the formation of ADM and
PanIN after pancreatic injury in the setting of mutant KRAS. Together with our data
showing enrichment of KLF4 mutations in low-grade regions, this raises the intriguing
hypothesis that KLF4 mutations are selected early in pancreatic tumorigenesis but are then
selected against as lesions progress. Still, although the prevalence and pattern of KLF4
mutations in our study provide strong evidence that KLF4is an oncogene in neoplastic
pancreatic cysts, our sequencing data cannot provide mechanistic insights into the selective
pressures in IPMNs. As such, we cannot further evaluate the hypothesis of temporal changes
in selective forces with the current data. The functional impacts of hotspot KL F4 mutations
in pancreatic tumorigenesis remain to be determined and represent a critical direction of
future investigation, and further experimental data in model systems will be required to
support or refute this hypothesis.

The distinct mutation patterns of driver genes suggest their role in specific stages of
pancreatic tumorigenesis. Mutations in the hotspots of the initiating oncogenes KRAS and
GNAS were most often shared among all samples from a given IPMN, suggesting that these
mutations occur early in tumorigenesis. In contrast to KRASand GNAS, TP53 mutations
were not common, occurring in only 2 IPMNs and consistently limited to high-grade
components. No mutations were identified in our IPMN cohort in SMAD4, despite frequent
mutations in this gene in PDAC and IPMN-associated invasive carcinomas. These findings
are consistent with previous studies suggesting that mutations in these genes occur very late
in pancreatic tumorigenesis, and in particular that SMAD4 mutations are typically limited to
invasive carcinoma, 10143940

As discussed above, in contrast to these later drivers, mutations in KLF4 were uniquely
enriched in regions of low-grade dysplasia, suggesting distinct selective forces on these
mutations. The pattern of KLF4 mutations suggests that, due to the complexities of clonal
evolution, not all driver mutations in early pancreatic tumorigenesis can be detected by
studying advanced cancers, highlighting the importance of direct analysis of precursor
lesions. It is also important to note that many IPMNSs lacked a high-grade specific driver
gene, and copy number alterations were largely shared between matched low-grade and
high-grade components, raising the possibility of a non-genetic driver of progression to
high-grade dysplasia in a subset of cases. Overall, our data suggest that there is not a single
universal genetic pathway to high-grade dysplasia.

In total, 76 multi-region samples from 17 IPMN cases were analyzed by whole-exome
sequencing in our study. In the majority of IPMNs (16/17 cases, 94%), low-grade and high-
grade IPMNs shared common somatic mutations, suggesting evolution from a common
ancestor. These observations raise the fundamental question of whether high-grade IPMN
arises from low-grade IPMN. Because we analyzed a single resected IPMN specimen from
each patient and thus observed each IPMN at a single point in time, we cannot directly
observe this common ancestor of low-grade and high-grade IPMN. However, the molecular
alterations predicted in the common ancestor by Treeomics are most consistent with those
previously reported in low-grade IPMN.10 Thus, our data suggest that the common ancestor
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of the low-grade and high-grade IPMN regions we sequenced was low-grade IPMN,
supporting the idea that high-grade IPMN typically arises from low-grade IPMN.
Intriguingly, in addition to the shared mutations, each region we sequenced also
independently accumulated a set of private mutations, even when the high-grade regions
were in direct contact with low-grade regions within the same pancreatic duct (e.g., IP6,
IP7). These results demonstrate independent evolution of both low-grade and high-grade
regions after divergence from the common ancestor, suggesting that continued selection
shapes the genetic alterations in both IPMN grades. However, the higher proportion of
mutations in high-grade regions with a NCF near 1 suggests a clonal selection event that is
unique to the development of high-grade dysplasia. We also identified one notable exception
(1P24; 1/17 cases, 6%), in which the low-grade and high-grade components shared no
somatic mutations. In this case, low-grade and high-grade regions arose as independent
clones in the same duct.

Pancreatic cysts are frequently identified incidentally on abdominal imaging, creating the
unique clinical problem of surveillance that balances cancer prevention with overtreatment.
41 To date, several different sets of guidelines have been released for the management of
pancreatic cystic neoplasms, including those that can progress to invasive carcinoma, such as
IPMN and MCN.5842 |n these guidelines, clinical decision-making relies largely on
radiographic and clinical features, augmented by biochemical and cytologic analyses of cyst
content. However, currently available diagnostic tools and algorithms are still imperfect.
There is a discrepancy between the pre- and post-operative diagnosis in >30% of the
pancreatic lesions, and 25% of patients who undergo surgery have pancreatic cysts without
malignant potential, highlighting a need for improved approaches to preoperative diagnosis.
43-45 Recent studies have identified a combination of molecular and clinical features that
classified cyst type with >90% sensitivity and >90% specificity.1946 However, separating
low-grade and high-grade precancerous cysts remains a challenging even with these
advanced approaches. The results of our genomic analysis of IPMN progression may
improve this discrimination and thus contribute to multidisciplinary assessment and
management of IPMN.

More specifically, our results provide further insights into the use of molecular alterations in
cyst fluid for IPMN risk stratification. SMAD4 mutations were absent in our cohort of non-
invasive IPMNs, and 7P53 mutations were uncommon and limited to areas of high-grade
dysplasia, suggesting that alterations in these genes are specific markers for IPMNs at high
risk of malignant progression or associated invasive carcinomas.1%47 In contrast, KLF4
mutations were frequently limited to regions of low-grade dysplasia in our IPMNs analyzed
by multi-region sequencing of tissue samples, and mutations in this gene were significantly
more prevalent in cyst fluid samples from low-grade IPMNs. These data suggest that KLF4
mutations may add to the discriminatory power of molecular cyst fluid analysis, though it is
important to note that these mutations were also present in a smaller proportion of high-
grade IPMNs. Thus, KLF4 mutations are not an entirely specific marker of low-grade
dysplasia and will likely need to be interpreted in combination with other clinical and
molecular features to accurately assess the risk of IPMN progression. Furthermore, because
a single IPMN can contain both low-grade and high-grade components, the finding of a
mutation suggestive of low-grade dysplasia does not rule out a higher grade component
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elsewhere in the IPMN. While the difference in prevalence of KLF4 mutations in low-grade
and high-grade IPMNs was statistically significant, these observations suggest significant
challenges to their clinical utility, and thus the clinical impact of our study should be
interpreted with caution. Assessment of KLF4 mutations in larger cohorts will be required to
clarify the value added by these mutations to existing risk stratification approaches. In
addition, assessment of KLF4 mutation prevalence in other pancreatic precancerous lesions
and cyst types will be required to interpret the implications of these mutations in
biospecimens.

Like all cancer genomics studies, our study has limitations. We analyzed a relatively small
number of IPMNSs. Still, this represents the largest cohort to date of IPMNs without
associated cancer analyzed by whole exome sequencing, and we analyzed 76 IPMN exomes
in total, a large increase in sample size from previous studies. Moreover, although we
performed multi-region whole exome sequencing, we analyzed only a small proportion of
the neoplastic epithelium in each case by microdissecting pathologically defined regions
from 1-3 tissue blocks. The design of such multi-region sequencing studies represents a
balance between the comprehensiveness of lesional sampling versus genomic analysis. In
this study, we chose to comprehensively analyze the genome of the analyzed regions but not
sample the whole IPMN. Of note, we employed the opposite balance in a recently published
study in which we analyzed all available tissue from a cohort of IPMNs by targeted next
generation sequencing of a small driver gene panel.12 The latter approach allows
comprehensive assessment of genetic heterogeneity with respect to known drivers but does
not allow identification of new driver genes, which is a key finding in the current study.
Taken together, the two approaches provide complementary insights into pancreatic
tumorigenesis via the IPMN pathway.

It is also important to note that our cohort size did not permit us to perform computational
methods of driver gene assessment such as MutSigCV.#® As such, the importance of
infrequently mutated genes in our study should be interpreted with caution, as the mutation
prevalences have not been corrected for important confounders such as gene size, nucleotide
context, and replication timing. Still, we identify KLF4 mutations at oncogenic hotspots in
>50% of analyzed IPMNs, and these specific mutations are predicted to be drivers based on
CHASMplus analysis. Thus, methods such as MutSigCV are not required to confirm the
driver gene status of KLF4. Another important caveat in our study is that we analyzed
exomes from FFPE tissue, which has been documented to contain more artifacts than
sequencing data from fresh or frozen tissue.#9 Although this is one possible explanation for
the observation that we identified a similar number of mutations in IPMN samples to that
previously identified in PDAC, an alternative explanation is also possible. Because we
performed laser capture microdissection and analyzed multiple small, morphologically
discrete regions of each IPMN, it is also likely that our experimental design allowed a higher
sensitivity for subclonal mutations, particularly compared to bulk sequencing of
paucicellular PDACs. A final caveat is that whole exome sequencing, as employed in our
study, cannot identify all types of genomic alterations. Future studies using whole genome
sequencing will be required to confidently place chromosomal rearrangements,
chromothripsis, and whole genome doubling on the timeline of IPMN tumorigenesis.
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In this study, we report comprehensive multi-region whole exome sequencing of
pathologically well characterized IPMNs with both low-grade and high-grade components.
This approach identified a new genetic driver of IPMN tumorigenesis and highlighted
unique evolutionary processes not previously appreciated in precancerous pancreatic
neoplasia. In addition, our results provide a novel biomarker that may refine risk
stratification of IPMNs using cyst fluid analysis.
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Summary Box

What is already known about this subject?

Intraductal papillary mucinous neoplasms (IPMNSs) are the most common
neoplastic cysts in the pancreas and can progress to invasive pancreatic
adenocarcinoma.

Comprehensive sequencing of small IPMN cohorts has identified driver genes
in advanced lesions, and targeted multi-region sequencing has demonstrated
genetic heterogeneity in IPMNs. However, comprehensive multi-region
genomic analysis of IPMNs is required to elucidate the evolutionary features
of neoplastic progression.

What are the new findings?

Multi-region whole exome sequencing revealed that KLF4 hotspot mutations
(K409 and S411) were identified in >50% of the analyzed IPMNSs, and these
mutations were more frequently detected in regions with low-grade dysplasia
than with high-grade dysplasia.

KLF4 mutations can be identified in IPMN cyst fluid samples using the Safe
Sequencing System (Safe-SeqS), and these mutations are significantly more
prevalent in cyst fluid from IPMNs with low-grade dysplasia.

Phylogenetic analyses demonstrated diverse patterns of tumor initiation and
progression, suggesting that there is not a single universal genetic pathway
into high-grade dysplasia in IPMNSs.

How might it impact on clinical practice in the foreseeable future?

These results underscore the potential of KLF4 hotspot mutations as a novel
biomarker for pancreatic cyst risk stratification, as KLF~4 mutations are
predominantly detected in low-grade IPMNs.

Both inter-patient and inter-region genetic heterogeneity in IPMNs should be
considered during the development of molecular approaches for pancreatic
cyst assessment.
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Figure 1: Whole exome sequencing of multi-region low-grade (LG) and high-grade (HG) IPMN

samples.

(A) Comparison of the tumor mutation burden per megabase (TMB/Mb) between LG (n=49)
and HG (n=27) IPMN regions. The lines and error bars indicate mean + 1 standard
deviation. (B) Violin plots showing the neoplastic cell fraction (NCF) of all mutations
detected in LG (n=49) and HG (n=27) regions. The NCFs were calculated separately for
shared mutations among all regions (left panel) and unshared mutations (right panel). (C)
Proportion of base changes observed in each IPMN sample. Samples are organized by grade
of dysplasia and descending total number of alterations.
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Figure 2: Driver mutations in low-grade (LG) and high-grade (HG) IPMN.

(A) Somatic nonsynonymous mutations in the most frequently mutated genes are

categorized as shared between LG and HG IPMN (gray), limited to LG (blue), or limited to
HG (red). Genes with mutations in >3 IPMNs and >0.5 mutations per kb gene size are
included. (B) Comparison of prevalence nonsynonymous mutations between LG and HG
samples. Genes showing significantly different mutation frequencies between LG and HG
are indicated by asterisks (two-tailed Mann-Whitney U test).
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Figure 3: Characterization of recurrent hotspot mutations in KLF4.
(A) Gene schematic showing mutations identified in KLF4in our IPMN cohort (n=17 cases,

76 regions) and TCGA PDAC cohort (n=184 cases). All mutations in our IPMN cohort are
located in two hotspots (K409 and S411) in first C2H2 zinc finger domain. (B) Amino acid
sequences of different species around the hotspot mutations of KLF4. Completely conserved
amino acids across all species are indicated by asterisks. (C) Comparison of KLF4 mutation
prevalence among “low-grade”, “intermediate-grade” and “high-grade” IPMN in our cohort
and TCGA PDAC. The histologic grade in this panel is based on the previous three-tiered
grading system for IPMN. p-values were calculated based on two-tailed Mann-Whitney U
test.
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Figure 4: Distribution of somatic mutations in low-grade (LG) and high-grade (HG) regions of

IP5.

(A) Heatmap depicting the distribution of nonsynonymous somatic mutations among five
different regions of IP5 (three LG and two HG). Black boxes indicate mutations with VAF
>15%, and grey boxes indicate VAF of 5-15%. (B) Representative images of neoplastic
tissue of IP5 stained by hematoxylin and eosin. The colored circles indicate the
microdissected regions for sequencing analysis. (C) Chow—Ruskey plot of shared and unique
somatic mutations among five different regions of IP5.
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Figure 5: Distribution of somatic mutations in low-grade (LG) and high-grade (HG) regions of

1P24.

(A) Heatmap depicting the distribution of nonsynonymous somatic mutations among four
different regions of 1P24 (two LG and two HG). Black boxes indicate mutations with VAF
>15%, and grey boxes indicate VAF of 5-15%. (B) Representative images of neoplastic
tissue of 1P24 stained by hematoxylin and eosin. The colored circles indicate the
microdissected regions for sequencing analysis. The bottom image shows the enlarged view
of the black dotted circle in upper image. (C) Chow—Ruskey plot of shared and unique
somatic mutations among four different regions of 1P24.
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Figure 6: Representative IPMN phylogenies constructed using Treeomics.
Treeomics generated phylogenetic trees from all nonsynonymous mutations identified in

each IPMN region (A, IP6; B, IP20). Potential driver gene mutations (including those
identified in previous pancreatic cancer genomics studies, as well as those mutated in >3
IPMNSs and >0.5 mutations per kb gene size in the current study) are indicated by their gene
name on the lineage in which they occur. Numbers indicate the number of nonsynonymous
somatic mutations occurring in each trunk or branch. Representative images of neoplastic
tissue stained by hematoxylin and eosin are presented for both cases, with colored circles
indicating the microdissected regions for sequencing analysis.
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3.3. Generation and characterization of a cell line from an intraductal tubulopapillary
neoplasm of the pancreas

Besides the investigation of clinical samples, significant effort focused also on the
understanding and modelling of the carcinogenic process in vitro. | have successfully
established a relevant cell culture model for a rare cystic precursor Ision with
subsequent molecular characterization. Such models will aid in the investigation of the

biological and clinical consequences of specific molecular signatures:

sIntraductal tubulopapillary neoplasm (ITPN) is a distinct precancerous lesion in the
pancreas with unique clinical and molecular features. Although in vitro studies in two-
dimensional culture have led to numerous important insights in pancreatic cancer, such
models are currently lacking for precancerous lesions. In this study, we report the
generation and characterization of a cell line from a human pancreatic ITPN.
Neoplastic cells were initially cultured in a three-dimensional organoid system, followed
by transfer to two-dimensional culture. RNA sequencing revealed a gene expression
profile consistent with pancreatic ductal origin, and whole genome sequencing
identified many somatic mutations (including in genes involved in DNA repair and Wnt
signaling) and structural rearrangements. In vitro characterization of the tumorigenic
potential demonstrated a phenotype between that of normal pancreatic ductal cells and
cancer cell lines. This cell line represents a valuable resource for interrogation of

unique ITPN biology, as well as precancerous pancreatic lesions more generally.”

The abstract has been extracted from PMID: 32005909:

Generation and characterization of a cell line from an intraductal tubulopapillary neoplasm of
the pancreas. Matthaus Felsenstein, Maria A Trujillo, Bo Huang, Neha Nanda, Zhengdong
Jiang, Yea Ji Jeong, Michael Pfliger, Michael G Goggins, Ralph H Hruban, Elizabeth D
Thompson, Christopher M Heaphy, Nicholas J Roberts, Laura D Wood.

Lab Invest. 2020 Jul;100(7):1003-1013. doi: 10.1038/s41374-020-0372-0.
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Abstract

Intraductal tubulopapillary neoplasm (ITPN) is a distinct precancerous lesion in the pancreas with
unique clinical and molecular features. Although /n vitro studies in two-dimensional culture have
led to numerous important insights in pancreatic cancer, such models are currently lacking for
precancerous lesions. In this study, we report the generation and characterization of a cell line
from a human pancreatic ITPN. Neoplastic cells were initially cultured in a three-dimensional
organoid system, followed by transfer to two-dimensional culture. RNA sequencing revealed a
gene expression profile consistent with pancreatic ductal origin, and whole genome sequencing
identified many somatic mutations (including in genes involved in DNA repair and WNT
signaling) and structural rearrangements. /n7 vitro characterization of the tumorigenic potential
demonstrated a phenotype between that of normal pancreatic ductal cells and cancer cell lines.
This cell line represents a valuable resource for interrogation of unique ITPN biology, as well as
precancerous pancreatic lesions more generally.

INTRODUCTION

Intraductal tubulopapillary neoplasms (ITPNs) are cystic pancreatic intraductal neoplasms
characterized by distinct clinical, morphological, and molecular features (1, 2). This lesion
was first described in 1992 as “tubular adenoma of the main pancreatic duct”, and in 2010
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ITPN was recognized by the World Health Organization as a subtype of premalignant
intraductal neoplasm of the pancreas distinct from the more common intraductal papillary
mucinous neoplasm (IPMN) (3, 4). ITPNs are uncommon lesions, accounting for less than
3% of all intraductal pancreatic neoplasms. They are morphologically and
immunohistochemically distinct from other intraductal neoplasms, with tubulopapillary
growth pattern, high-grade cytologic atypia, scarce mucin production, and frequent necrosis
(1, 3). The neoplastic cells in ITPNs express cytokeratin as well as MUC1 and MUCS6 but
typically lack expression of MUC2 and MUCS5AC, again highlighting their distinct features
compared to IPMNSs. Invasive carcinomas co-occur in approximately 40% of ITPNs, and
thus like IPMNs, ITPNs are regarded as pancreatic cancer precursor lesions (5). Although
examined cohorts are not large, the outcome of carcinoma arising from ITPN seems distinct
from that of PDAC, as ITPN-associated carcinomas infrequently metastasize and often show
favorable outcomes (1, 6). Genomic analyses have revealed a unique pattern of driver genes
in ITPNs, which typically lack somatic alterations in genes commonly associated with ductal
pancreatic tumorigenesis, including KRAS, GNAS, TP53, and SMAD4 (7, 8). Candidate
drivers suggested in ITPNs include CDKNZ2A, genes involved in chromatin remodeling
(MLL, PBRM1, ATRX), and genes of phosphatidylinositol 3-kinase (PI3K) pathway
(PIK3CA, PTEN), among others (7). Recurrent fusions in FGFRZ2 have also been reported in
ITPNSs (7). Taken together, these data highlight that ITPNs represent a distinct premalignant
pancreatic neoplasm with unique clinical and molecular features.

The development of appropriate disease models is essential for investigating pancreatic
tumorigenesis prior to malignant transformation. Unfortunately, there are few cell lines with
which to model pancreatic precursor lesions. Human pancreatic duct epithelial (HPDE) cells
have been reported as a near-normal pancreatic duct epithelial cell line, but immortalization
using HPV EG6/E7 proteins leads to perturbations in pathways associated with high-grade
pancreatic precursor lesions (p53 and RB pathways) (9). Although HPDE represents an
invaluable resource, these alterations call into question how faithfully it can recapitulate
“normal” pancreatic duct biology. Previous propagation of human IPMNs has been achieved
in murine xenografts, with one IPMN subsequently established as a cell line after /n vivo
propagation (10). In addition, multiple groups have reported derivation of cell lines from
invasive carcinomas arising from IPMNs (11, 12). The scarcity of /n vitro models of human
premalignant pancreatic neoplasms highlights several difficulties in the establishment of
such systems. First, pancreatic precursor lesions are often an incidental finding at time of
pancreatic resection for invasive carcinoma and as such are often only identified in
examination of fixed tissue, when harvesting of living cells is no longer possible. Second,
human pancreatic neoplasms, even invasive carcinomas, are challenging to propagate /n
vitro in two-dimensional culture (13). Because of these difficulties with two-dimensional
cell culture approaches, alternative strategies for propagation of pancreatic precursor lesions
(such as murine and chicken egg xenografts as well as three-dimensional culture methods)
are currently being explored (14-16). While such strategies may improve our ability to
propagate human premalignant neoplasms, they lack the ease of culture and molecular
manipulation of two-dimensional cell culture.

In this study, we derived a novel cell line (H58) from a surgically resected, pathologically
confirmed pancreatic ITPN. Neoplastic cells were initially cultured in a three-dimensional
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organoid system and subsequently propagated in two-dimensional culture over the course of
>250 days and >30 passages. We report characterization of the new cell line with respect to
its pancreatic ductal phenotype, /n vitro correlates of malignancy, and molecular signatures.
Our ITPN cell line represents a unique resource with which to interrogate this distinct
premalignant neoplasm, as well as pancreatic cancer precursor lesions more generally.

MATERIALS AND METHODS

Institutional approval and informed consent

This study was reviewed and approved by the Johns Hopkins University Institutional Review
Board. Written informed consent was obtained from the study participant.

Specimen collection and organoid derivation

Neoplastic tissue was collected from a patient with surgically resected ITPN, and organoids
were isolated as previously described (17, 18). Briefly, tissue for culture was minced and
incubated at 37°C for five hours in an Enviro Genie (Scientific Industries, Inc., NY) with 20
rpm rotation and 40 rpm rocking in advanced DMEM/F12 media (Invitrogen, catalog no.
11320033) containing collagenase type 11 5 mg/mL (Life Technology, catalog no.
17101-015), dispase 1.25 mg/mL (Life Technology, catalog no. 17105-041), fetal bovine
serum (FBS) (Gibco, catalog no. 26140079) 2.5%. After incubation, dissociated single cells
were washed, mixed with Matrigel (BD Bioscience, catalog no. 356231), and seeded in
Matrigel domes as described elsewhere (19). Matrigel domes were regularly supplemented
with Human Feeding Media (HFM), which is based on AdvDMEM/F12 (Invitrogen, catalog
no. 12491-015) supplemented with B27 (Invitrogen, catalog no. 17504044), 1.25 mM M-
Acetylcysteine (Sigma, catalog no. A9165), 10 nM gastrin (Sigma, catalog no. G9020) and
the growth factors: 50 ng/mL EGF (Peprotech, catalog no. 315-09), 10% RSPO1-
conditioned media, 10% Noggin-conditioned media, 100 ng/mL FGF10 (Peprotech, catalog
no. 100-26) and 10 mM Nicotinamide (Sigma, catalog no. 1094-61-7) (17, 18). When cell
clusters reached confluence, Matrigel domes were broken down with ice-cold media,
followed by organoid dissociation and transfer to fresh Matrigel. Passaging was performed
in a 1:3-1:6 split ratio approximately once every two weeks.

Two-dimensional cell culture

After seven organoid passages, epithelial cell clusters were dissociated and split into both
uncoated culture dishes and dishes coated with rat tail collagen type 1 (BD Bioscience,
catalog no. 17100017) — both cultures were supplemented with 100% HFM. Over several
passages, cells were gradually weaned from HFM and replaced with Advanced DMEM/F12
up to a ratio of 3:1 (AdvDMEM/F12:HFM). At higher ratios than 3:1, we observed
increased vacuolization, cell death, and prolonged doubling times. H58 cells were
maintained in two-dimensional culture over 30 passages and >250 days while supplementing
AdvDMEM/F12:HFM (3:1) and regularly passaged after application of 0.25% Trypsin/
EDTA at 70-90% confluence.

We kindly received HPDE cell line from the laboratory of Ming-Sound Tsao, MD, FRCPC,
University Health Network, Canada. PANC-1 cells were purchased from ATCC
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(CRL-1469). PANC-1 was cultured according to ATCC recommendations with reference to
the original article (20). HPDE was cultured as previously described (9). All 2D cell lines
were tested before experimental use to confirm identity by short tandem repeat (STR)
analysis (GenePrint 10 System, Promega) and negative mycoplasma status by PCR
(MycoDetect, Greiner Bio-One) by the Johns Hopkins University Genetics Resources Core
Facility.

Mice Xenografts

Five, 6-8 week-old, female nu/nu mice were obtained from Jackson Laboratories (strain no.
002019). 3.5x10° H58 cells suspended in 100 pL of culture media were injected into the
flank of each mouse. Tumor volume and weight for each mouse was determined twice
weekly for 20 weeks.

DNA and RNA extraction

DNA was extracted from H58 cells in 3D culture and fresh-frozen non-tumor tissue
(duodenum) using the PureLink Genomic DNA Mini Extraction Kit (Invitrogen, catalog no.
K182000). RNA was extracted from H58 cells in 3D culture using a PureLink RNA mini
extraction kit (Invitrogen, catalog no. 12183018A). DNA and RNA were quantified using
the Qubit dsDNA HS Assay Kit (Invitrogen, catalog no. Q32851) and Qubit RNA BR Assay
Kit (Invitrogen, catalog no. Q10210) respectively, according to manufacturer’s protocols.

Analysis of KRAS and GNAS hotspots

DNA regions containing KRASexon 2, KRASexon 3, and GNAS exon 8 were amplified
with OneTaq (NEB, catalog no. M0481) according to the manufacturer’s protocol with the
following modifications: 1) for GAMAS exon 2, an annealing temperature of 62 °C and 30
cycles were used, and 2) for KRASexon 2 and KRAS exon 3, an annealing temperature of
64 °C and 40 cycles were. Primers for KRAS exon 2 were: 5’-
CCCTGACATACTCCCAAGGA-3" and 5’-
TGTAAAACGACGGCCAGTGAGGGTGTGCTACAGGGTGT-3’. Primers for KRAS exon
3 were: 5’-TGTAAAACGACGGCCAGTCCTAGGTTTCAATCCCAGCA-3’ and 5°-
CACCAGCAATGCACAAAGAT -3’. Primers for GNAS exon 8 were: 5’-
TGTAAAACGACGGCCAGTCACCCCACGTGTCTTTCTTT-3" and 5’-
AAAGAACCACCGCAATGAAC-3’. PCR products were purified with a Qiagen PCR
Purification Kit (Qiagen, catalog no.) and Sanger sequenced by Genewiz, Inc. (Plainsfield,
NJ).

Whole Genome Sequencing

Whole genome sequencing was performed by the Next Generation Sequencing Core of the
Sidney Kimmel Comprehensive Cancer Center of Johns Hopkins University. Libraries for
whole genome sequencing were prepared from H58 and matched normal DNA using the
TruSeq Nano DNA Kit (Illumina), followed by 2 X 150 bp paired-end sequencing using a
HiSeq2500 instrument (Illumina). Bel2fastg v2.15.0 was used to generate FASTQ files from
BCL files. FASTQ files were aligned to the human genome (G) using bwa v.0.7.7 (mem).
Read groups were added and duplicate reads removed using Picard-tools v.1.119. Base call
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recalibration was completed with GATK v.2.6.0 and BAM alignment files generated.
Germline variants were called with HaplotypeCaller v.3.6.0. Somatic variants were called
with MuTect2 v3.6.0. Structural variants (SVs) were called with lumpy v.0.2.11 and
compared to normal using BEDtools. Germline variants and somatic mutations were
annotated using ANNOVAR (v.2016-02-01) and FunSeq2 (v2.1.6). Somatic mutations in
coding regions and non-coding regions with a FunSeq2 non-coding score > 1.5 were visually
inspected in IGV (v2.4.8). SVs from Lumpy software were filtered to include only: 1) SVs
not mapping to the mitochondrial genome, 2) SVs supported by at least 2 spanning paired-
end reads (PE) and 2 split reads (SR), 3) SVs with an “Evidence Score” 0.0005 or less, and
4) SVs with PE/SR ratio between 1 and 3. Mutation signature and SVs profile were plotted
by signeR (v1.4.0) and circlize (v0.4.6) packages, respectively. Default parameters were
used unless otherwise specified.

Whole Exome Sequencing

RT-gPCR

DNA was extracted from archival formalin-fixed paraffin-embedded (FFPE) tissue samples
from H58 ITPN (tumor) and duodenum (normal) using the Ql1Aamp DNA FFPE Tissue Kit
(Cat No: 56404). Exome capture, library preparation, and sequencing of the paired tumor
and normal samples was conducted by the Next Generation Sequencing Core of the Sidney
Kimmel Comprehensive Cancer Center of Johns Hopkins University. Briefly, exome capture
and library preparation were performed with Agilent SureSelect Target Enrichment V/5-post.
DNA libraries were sequenced on a lllumina NovoSeq instrument to generate 2 X 150 bp
paired-end sequence reads. Sequence reads were aligned to the human genome (hg38) using
bwa mem (v0.7.15) with default parameters. Duplicate reads were removed using Picard
tools (v1.119). GATK (v3.6) was used to call variants and Mutect2 (v3.6.0) was used to call
somatic mutations in tumor compared to normal. Somatic mutations were annotated using
ANNOVAR (v.2016-02-01). In order to make the results of the higher coverage FFPE tissue
WES comparable to the organoid WGS, we set a threshold mutant allele frequency 210% in
H58 FFPE WES, followed by visual inspection of each coding mutation identified in WGS
or WES using IGV in both samples (v2.4.8).

500 ng of RNA from H58 cells in 2D culture was converted to cDNA using the High-
Capacity RNA-to-cDNA Kit (Thermo Fisher, catalog no. 4387406) according to the
manufacturer’s protocol. Real time PCR for was conducted with the TagMan Universal
Master Mix Il with UNG (Thermo Fisher, catalog no. 4440038) and the following gene
specific primers according to the manufacturer’s protocol: KRT19 (Thermo Fisher, catalog
no. 4331182 Hs01051611 gH), SOX9 (Thermo Fisher, catalog no. 4331182
Hs00165814 m1), NEUROGS3 (Thermo Fisher, catalog no 4331182 Hs01875204_s1), VIM
(Thermo Fisher, catalog no. 4331182 Hs05024057_m1).

RNA Sequencing

RNA library preparation and sequencing were conducted by Genewiz, Inc. (Plainsfield, NJ).
RNA libraries were prepared by mRNA enrichment by polyA selection. mRNA was then
fragmented before random priming, cDNA synthesis, A-tailing, adapter ligation, and PCR
amplification. RNA libraries were sequenced to generate a 2x150 bp paired-end reads using
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a HiSeq instrument (Illumina, CA). Adapter sequences were removed from sequence reads
using cutadapt (v.1.17). Reads were then mapped to the human genome (GRCh38) using
HISAT2 (v2.1.0) before being assembled and gene transcripts per kilobase million (TPM)
calculated using StringTie (v1.3.4). Fusion transcripts were detected by STAR-Fusion
(v1.5.0). To reduce false positives, fusion events with fusion fragments per million total
reads < 0.1 were removed (21). Three or more supporting paired-end reads were required for
event detection (22). Default parameters were used unless otherwise specified.

Immunofluorescent staining

5x104 cells of HPDE, PANC-1, and H58 were seeded into chamber slides and cultured for
48 h. Culture media was removed, cells were washed twice with TBST (Tris Buffered Saline
+ 0.5% Tween20) and fixed with 4% PFA/PBS. For optimal penetration, fixed cells were
permeabillized with 0.2% TritonX-100/TBST and subsequently blocked in blocking buffer
(5% dry fat milk/TBST). Primary antibody diluted in blocking buffer (1:200 mouse-anti-
panCK (Abcam, catalog no. ab7753); 1:500 Dylight594 conjugated rabbit-anti-Vim (Abcam,
catalog no. ab154207) was applied and incubated for 2 h. Primary antibody solution was
then removed, and cells were washed twice with TBST. Cells were then incubated with
secondary antibody diluted in blocking buffer (1:500 Alexa fluor conjugated goat-anti-
mouse (Abcam, catalog no. ab150117) for 1 h. Cells were washed with TBST and
attachment wells removed. Stained cells were mounted in DAPI solution (Life technologies,
catalog no. P36931) and each covered with a cover slip. Images were acquired after 24h
incubation in dark at room temperature using a Nikon Eclipse Ti inverted microscope.

Karyotyping
Cytogenetic analysis was performed on cultured cells processed using standard techniques.
Briefly, cells were treated with 0.06 pg/ml colcemid for 4 hours, incubated in hypotonic
solution (0.075M KCI), and fixed in 3:1 methanol:glacial acetic acid. Slides were prepared
and the metaphase chromosomes were treated with trypsin and stained with Leishman for G-
banded karyotyping. Fifteen metaphases were analyzed. Chromosomal abnormalities were
described based on the 2016 ISCN (International System for Human Cytogenomic
Nomenclature).

Soft Agar Assay

2X culture media was prepared for each cell line assayed. PANC-1 received 2X DMEM with
20% FBS and 1% Penicillin/Streptomycin, HPDE received 2X AdvDMEM/F12 with 20%
FBS and 1% Penicillin/Streptomycin, and H58 received 2X AdvDMEM/F12/HFM (2:1)
with 20% FBS and 1% Penicillin/Streptomycin. We adjusted HPDE to grow in DMEM/F12
through gradual media replacement of SFM-Keratinocyte over several passages. Next, we
prepared 0.5% and 1% agar solutions dissolved in cell culture grade water. 0.5% bottom
layer agar was obtained by mixing 2X media with pre-warmed 1% Agar solution 1:1 and
then 1 mL distributed along nine 12-well plates, considering triplicates for each cell line.
0.5% bottom agar layer solidified at room temperature after 30 min incubation. 0.25% top
layer agar was prepared by mixing 2X media with pre-warmed 0.5% Agar solution 1:1. Top
layer agar was kept at 42 °C while preparing cells. Cells were washed with PBS, trypsinized
and re-diluted in media to calculate cell concentrations with automated cell counter.
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Appropriate volumes of cell suspensions were added to each 0.25% top layer agar solution
to obtain 1x104 cells/mL. 1 mL of warm top layer agar cell suspension was distributed along
nine 12-well plates, considering triplicates for each cell line. Top agar layer cell suspension
solidified at room temperature after 30 min incubation. 300 pL of respective 2X media was
plated on top of agar layers and changed periodically. Cell colonies developed after 4 weeks
incubation.

Cell Invasion Assay

Cell conditioned media from respective cell lines were collected and filtered through a
0.45um membrane (Merck Milipore, catalog no. C3240). Conditioned media was
supplemented with 20% FBS to act as a chemoattractant. Culture plates with Matrigel
coated inserts from Cell Invasion Assay kit (Cell Biolabs, catalog no. CBA-110) were
equilibrated at room temperature and inserts rehydrated with minimum essential media
(MEM; Invitrogen, catalog no. 11095080) for 1 h at 37 °C. Cultured cells were washed with
PBS, trypsinized, and washed again with PBS to remove any serum-containing media. Cells
were diluted in serum-free MEM and cell concentrations calculated with automated cell
counter (TC-20, Bio-Rad). 2.5x104 cells for each well were obtained, considering wells in
duplicate for each cell line. MEM used for rehydrations was removed from wells and inserts.
500 uL of conditioned media with 20% FBS added to each well. Serum-free cell suspensions
containing 2.5x104 cells were added to inserts and inserts placed into wells. Culture plates
were incubated in 5% CO, at 37°C for 48h to 96h. Media in both insert and bottom well
were replaced daily to maintain the molecular gradient. After incubation, inserts were
washed with PBS and cells from the interior of the insert removed with a Q-tip. Cells on the
underside of the insert were washed with PBS and fixed in 4% PFA/PBS. Cells were stained
in 0.2% Crystal violet/10%Ethanol/diH20 solution. Insert membranes were removed and
mounted on plus microscopy slides with a cover slip and mounting solution. Membranes
were imaged on an Olympus BX51 microscope and migrated cells in five distinct 10X high
power fields quantified with ImageJ.

Clonogenic assay

MTT assay

Clonogenic assay was conducted as previously described (23). Briefly, cells were washed
with PBS, trypsinized, and re-diluted in culture media. Cell concentrations were determined
with an automated cell counter (TC-20, BioRad). 2000, 1000, 500, 200, 100 and 50 cells of
each cell line were seeded in triplicate into 6-well plates. Cells were incubated for 4 h before
receiving either 0 Gy, 1 Gy, 2 Gy, 4 Gy of X-ray radiation using a CIXD Biological
Irradiator (Xstrahl Life Sciences). Cells were then incubated for 14 days, when colony
formation was visible in all untreated wells. Cells were then washed with PBS and fixed in
4% PFA/PBS. Colonies were stained with 0.5% Crystal violet/10% Ethanol/diH20 solution.
Isolated cell colonies were counted for each well at each seeding concentration.

MTT assays were performed to quantify the viability of the cells following treatment with
G007-LK (MedChemExpress: Cat. No. HY-12438), a tankyrase inhibitor, and Olaparib (LC
Laboratories, Cat. No. 0-9201), a poly(ADP-ribose) polymerase inhibitor. H58 cells were
seeded into 96-well plates at a concentration of 5000 cells per well and left to attach
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overnight at 37°C and 5% CO,. G007-LK was then added to the culture medium to a final
concentration of 0, 0.1, 0.5, 1, 2, 4 umol/L. Olaparib was then added to the culture medium
to a final concentration of 0, 1, 5, 10, 20, 40 umol/L. After 96 hours, MTT (Thermo Fisher
Scientific, Cat. No. M6494) was added to the culture media, and the cells were incubated for
4h at 37 °C. The culture media was then removed and the formazan crystals in the cells were
solubilized using dimethyl sulfoxide (Sigma-Aldrich, Cat. No. 472301), with plate agitation
for 10 min. Absorbance at 490 nm was the measure using a Bio-Rad Xmark Microplate
Spectrophotometry (Bio-Rad, Hercules, California, USA).

RESULTS

Isolation and culture of neoplastic cells from human ITPN

Neoplastic tissue was harvested from a grossly identified cystic lesion in a
pancreatoduodenectomy specimen from a male patient in his 60s. Grossly, the cyst was
located in the pancreatic parenchyma and communicated with the duct system. Microscopic
examination of the lesion revealed an intraductal neoplasm with minimal mucin and
tubulopapillary growth of cuboidal neoplastic cells characteristic of ITPN (Figure 1A).
While the lesion was entirely intraductal on frozen section examination at the time of tissue
harvesting, a microscopic focus of invasive carcinoma was subsequently identified upon
comprehensive review of formalin-fixed paraffin-embedded (FFPE) tissue sections. The
harvested fresh tissue was processed to derive organoids embedded in Matrigel and
supplemented with human feeding media (HFM). Analysis of oncogenic hotspots in
pancreatic driver genes by Sanger sequencing of cultured organoids revealed no mutations in
the oncogenic hotspots exons 2 and 3 of KRAS (codons 12, 13, and 61) and exon 8 of
GNAS (codon 201). Three-dimensional cell clusters were passaged multiple times before
transfer of the neoplastic cells to two-dimensional culture. When primary organoids were
transitioned into a two-dimensional culture system, we were able to wean the cells from the
growth factor enriched HFM. In two-dimensional culture, the ITPN cell line grew in
Advanced DMEM F12/HFM (3:1) with a population doubling time of 36h (Figure 1B,
Supplementary Table 1). This cell line, which we labeled H58, was passaged 30 times
(including 6 passages in 3D culture and 24 passages in 2D culture) while maintaining cells
>250 days in culture. Cells from H58 grow in monolayer without building clusters even at
confluence. We observed anchorage dependent growth, as cells adhered solely in collagen
type 1 coated flasks.

Thus, we report a new cell line derived from a primary pancreatic ITPN. We next sought to
confirm the pancreatic ductal phenotype of H58 and characterize it on the molecular level.

Morphological and molecular characterization of ITPN cell line

Our ITPN cell line exhibited epithelial features both in morphology and protein expression.
As is typical for epithelial cell lines, H58 cells adhered and grew in a cobblestone pattern in
collagen-coated flasks (Figure 1C). H58 cells labeled strongly with antibodies directed
against the epithelial marker cytokeratin (pKRT) by immunofluorescence, and there was no
labeling with the mesenchymal marker vimentin (Vim) (Figure 1C). RT-gPCR confirmed
ductal phenotype of the H58 cell line, with high expression of cytokeratin 19, modest
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expression of Sox9, and no expression of neuroendocrine (Neurogenin 3) or mesenchymal
(vimentin) markers (Figure 1D). In addition, we validated the origin of our cell line by short
tandem repeat (STR) fingerprinting of the H58 cell line and normal tissue from the primary
pancreatic resection specimen (Supplementary Figure 1).

RNA-Seq of RNA from H58 in 3D culture generated a total of 45,953,720 sequence reads,
representing 13.8 Mb. 89.8% of bases had a quality score = 30. 97.8% of sequence reads
mapped to the reference genome (GRCh38), 92.7 % uniquely. Gene counts identified 12,096
expressed genes with tags per million (TPM) = 1 (Supplementary Table 2). Genes associated
with epithelial lineage were highly expressed, for example, KRT8, KRT18, and KRT19
(Supplementary Figure 2). Expression of SOX9 and PDX1 was also detected. Expression of
genes associated with mesenchymal, neuroendocrine, acinar, and immune cell lineages were
not detected or detected low levels (Supplementary Figure 2). Analysis of RNA-Seq data
identified 11 fusion genes (Supplementary Table 3), with ZC3H7A-BCAR4 fusion
supported by the greatest number of spanning and junction reads.

Whole genome sequencing of DNA from H58 in 3D culture and fresh-frozen matched
normal (N58) generated a total of 631,590,513 and 744,400,969 sequence reads with
99.73% and 99.71% mapping to the genome respectively. Across the genome, 13,337
somatic mutations consisting of 11,976 single base substitutions and 1,361 INDELSs < 95
nucleotides in length were identified in H58 (Supplementary Table 4). The mutation
signature was predominantly C>T and similar to previously described signature 1A related
to age (Figure 2) (24). Of these somatic mutations, 129 occurred in coding regions,
including 36 synonymous mutations (27.9%), 83 nonsynonymous mutations (64.3%), 7 stop
gain mutations (5.4%), 1 frame shift deletion (0.8%), 1 frame shift insertion (0.8%), and 1
in-frame deletion (0.8%) (Supplementary Figure 3; Supplementary Table 5). Of note,
somatic mutations were not identified in KRAS, CDKNZA, or SMAD4, confirming the lack
of most typical PDAC drivers this ITPN cell line. Somatic mutations were identified in
known cancer driver genes, including genes involved in DNA damage response (single base
substitutions in BRCAZ, MRE11A, and TP53), as well as WNT pathway signaling
(oncogenic hotspot mutation in CTNNBI, nonsense mutation in APC). To assess the role of
the 13,208 non-coding somatic mutations we annotated mutations with FunSeq2 (25). 76
non-coding somatic mutations had a non-coding score (NCDS) > 1.5 and were predicted to
be deleterious. These 76 non-coding somatic mutations were associated with 107 genes
(Supplementary Table 6). Predicted deleterious noncoding variants were most frequently
found in intronic regions (59.8%), promoter regions (17.8%), and untranslated regions
(2.8%). Otherwise, predicted deleterious noncoding variants were found in regions distal to
genes (<10 kb) (Supplementary Figure 4).

To evaluate whether our H58 culture shared the genetic alterations found in bulk ITPN
tissue, we compared the coding mutations identified in whole genome sequencing of H58 in
culture to whole exome sequencing of H58 from FFPE tissue. Comfortingly, 90 of 129
(69.8%) coding mutations identified in H58 culture by whole genome sequencing were
present in whole exome sequenced FFPE tumor tissue. Conversely, 90 of 115 (78.3%)
coding mutations identified in whole exome sequenced FFPE tumor tissue were present in
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whole genome sequenced H58 culture. Importantly, both samples shared somatic mutations
in TP53, ERBB2, APC, BRCAZ, CTNNBI, MRE11and MUC4.

Cytogenetic analysis revealed an aneuploid karyotype with multiple clonal structural
aberrations (Supplementary Figure 5). Structural variant analysis using whole genome
sequencing data identified 173 structural variants including 30 deletions (17.3%), 73
duplications (42.2%), 32 interchromosomal translocations (18.5%), and 38 inversions
(30.0%) (Figure 2) (Supplementary Table 7). Interestingly, the structural variant analysis
detected a fusion between genes ZC3H7A and BCAR4 that was also detected by RNA-Seq
(Supplementary Figure 6; Supplementary Tables 3 and 7). The ZC3H7A-BCAR4 fusion was
also validated by PCR amplification and Sanger sequencing.

Together, these results indicate that H58 is a cell line with a pancreatic ductal phenotype,
with genomic and transcriptomic alterations characteristic of ITPNs.

Analysis of transformed phenotypes of ITPN cell line

Cancer cell lines frequently exhibit transformed phenotypes with respect to both tumor
formation and invasion. As H58 was uniquely derived from a precancerous lesion, we sought
to comprehensively assess its phenotype with respect to these features of transformation.
H58 cells were implanted bilaterally into flanks of immunodeficient nu/nu mice. No tumors
were identified after 6 months of observation, indicating limited tumorigenic potential in this
assay. In a soft agar assay, no H58 colonies grew after 6 weeks of culture, confirming the
anchorage dependency observed in culture in collagen-coated flasks (Figure 3A). This
phenotype was similar to that observed for HPDE but strikingly different from the pancreatic
cancer cell line PANC-1, which readily formed colonies in the soft agar assay.

The invasive properties of the H58 cell line were assessed by standardized Cell Invasion
Assay 48h and 96h after plating (Figure 3B) (26). Although invasion of the ITPN cell line
was observed after 48h, significantly fewer ITPN cells invaded compared to the pancreatic
cancer cell line PANC-1 (mean 236 vs 469 cells/10 HPF; p=0.0036; student’s t-test). The
difference between the invasive ability of H58 and PANC-1 was even more striking at 96h
(mean 406 vs 1202 cells/10 HPF; p<0.001; student’s t-test). By comparison, the normal duct
cell line (HPDE) invaded minimally in this assay, with significant differences from H58 at
both 48h (236 vs 56 cells/10 HPF; p<0.001; student’s t-test) and 96h (406 vs 58 cells/10
HPF; p<0.001; student’s t-test) (Supplementary Table 8). The results of the Cell Invasion
Assay demonstrate that H58 shows an invasive capability between that HPDE and PANC-1,
consistent with its origin from a high-grade precancerous lesion.

In order to assess colony formation in cell lines and their replicative activity after radiation
we performed a clonogenic assay. We applied either no or low dosages of radiation (1Gy,
2Gy, 4Gy) directly after seeding various cell concentrations (Figure 3C; Supplementary
Table 9). In this assay, the H58 cell line was relatively radioresistant after low-dose
emittance (surviving fraction 2.28 at 1Gy; 3.74 at 2Gy; 0.47 at 4Gy). This represents greater
survival compared to HPDE cells (surviving fraction 0.15 at 1Gy; 0.53 at 2Gy; 0.19 at 4Gy).
In contrast, the pancreatic cancer cell line PANC-1 was unable to form colonies after
radiation treatment, with no surviving cells after any radiation dose.
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The generation of a patient derived cell line with matched genomic data provides a unique
opportunity to test the sensitivity of targeted agents based on the identified somatic
alterations. As we identified a nonsense somatic mutation in APC and a nonsynonymous
somatic mutation in BRCAZin H58, we tested sensitivity of the H58 cell line to a tankyrase
1/2 specific inhibitor (G007-LK) and a PARP1 inhibitor (olaparib) (27-31). The H58 cell
line was not sensitive to tankyrase inhibition, as 1C50 was not reached even with a GO07-LK
concentration of 4 pmol/L (Supplementary Figure 7). This result is in keeping with previous
reports that cancer cell lines with APC mutations outside of the mutation cluster region are
not sensitive to tankyrase inhibition, as this is the case with the APC somatic mutation
identified in H58 (27). Conversely, the H58 cell line was sensitive to PARP1 inhibition as the
IC50 for olaparib was 9.23 umol/L, which is between the IC50 for olaparib in MDA-
MB-436 cells (3 pmol/L) and Capan-1 cells (>10 pmol/L), both of which harbor mutations
in BRCA1 (Supplementary Figure 7) (29).

DISCUSSION

In this study, we report a novel cell line (H58) derived from a human pancreatic ITPN, a
cystic precancerous lesion. Previous reports of derivation of cell lines from precancerous
pancreatic lesions have relied on murine xenografts or other growth promoting systems to
support early passages in culture (10, 11). In this study, we utilized culture in a three-
dimensional organoid system for multiple passages, followed by transfer into a two-
dimensional culture system. While in organoid culture, we utilized the previously reported
growth factor enriched HFM, which contains factors that promote ductal epithelial growth
and stem cell differentiation (EGF, FGF-10, Gastrin I, PGE2), as well as TGFf inhibition
(A83-01, mNoggin), Wnt pathway activation (Wnt3a, R-spondin), and essential vitamin
supplementation (Nicotinamide, B27) (17, 18). We cannot determine whether the three-
dimensional culture, enriched media, or both were the critical factors that supported the
initial propagation of this unique neoplasm. Still, this approach may be useful to establish
additional cell lines of precancerous lesions from the pancreas or other organs.

One important caveat of our study is that, although frozen section at the time of initial tissue
processing revealed only intraductal neoplasia, a focal invasive carcinoma was identified on
comprehensive review of formalin-fixed paraffin-embedded (FFPE) tissue sections. Our
method of tissue harvesting, in which small superficial tissue fragments from the cyst wall
were selected, should minimize the potential for harvesting carcinoma, which invaded into
the underlying stroma. Still, we cannot exclude the possibility that our tissue was harvested
from a region with carcinoma. As discussed below, the phenotype of our cell line in culture
suggests that it represents premalignant rather than malignant cells. Of note, similar caveats
were presented in a previous study of in vitro propagation of IPMNs (10).

Intriguingly, the H58 cell line showed a phenotype intermediate between the pancreatic duct
epithelium cell line HPDE and pancreatic cancer cell line PANC-1. H58 demonstrated
classic features of primary pancreatic duct epithelial cells in culture: cobblestone
appearance, expression of epithelial cytokeratins and other ductal markers, and anchorage
dependence (9). H58 continued to show growth factor dependency in two-dimensional
culture and required supplementation with HFM even after many passages. The cell line did
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not produce tumors in nu/nu mice, as is often found with precursor or normal cells (9, 32).
However, in the invasion assay, the invasive properties of H58 were between those of HPDE
and PANC-1.

In contrast to HPDE, H58 displayed some features typically associated with cancer cell
lines, including increased plating efficiency, reduced population doubling time, unlimited
population doubling, and aneuploidy — some of these features likely facilitated the cells’
transition to two-dimensional culture. The ITPN cell line displayed resistance to low dose
irradiation (1 and 2 Gy) /n vitro, in stark contrast to the pancreatic carcinoma cell line
PANC-1 which displayed radiosensitivity at all dosages. Of note, PANC-1 has a mutation in
TP53, which is known to impact response to radiation, though such response is likely
complex and multifactorial (33). The intact and even enhanced colony formation of the H58
cell line after radiation treatment suggests that it has intact DNA repair mechanisms in
response to ionizing radiation (33, 34). Thus, the somatic mutations in DNA repair genes in
H58, including p.Y88C in TP53, do not affect the cell line’s response to ionizing radiation,
at least at the doses used in this assay.

Genomic characterization of ITPNs has previously demonstrated a paucity of somatic
alterations in commonly mutated pancreatic driver genes (7). Instead, ITPNs harbor a
heterogeneous range of somatic alterations, including mutations in chromatin remodeling
genes and components of the PI3K pathway (7). WGS sequencing of the organoids used to
derive H58 revealed missense mutations in DNA repair genes ( 7P53, BRCAZ, MRE11),
oncogenic hotspot mutation in CTAVNBI, nonsense mutation in APC, and multiple putative
chromosomal rearrangements, including one in ZC3H7A-BCAR4 that was supported by
both WGS and RNA-Seq data. Importantly, we show that the majority of coding somatic
mutations identified in H58 in culture were also present in the primary ITPN tumor tissue,
confirming the shared clonal origin. There are multiple possible explanations for the
discrepant mutations, including genetic heterogeneity in the primary ITPN, differences in
sensitivity due to coverage differences in the whole genome and whole exome sequencing
approaches, and acquisition of mutations during in vitro culture. Mutations in 7P53,
BRCAZ, and CTNNBI have been previously reported in ITPNs (7). Intriguingly, the
ZC3H7A-BCAR4 fusion has been previously reported in cervical cancer, but to our
knowledge this is the first report in pancreatic neoplasia (35).

The somatic mutations in multiple DNA repair genes raise the possibility that our cell line
has a homologous recombination deficiency (HDR) phenotype. Though we identified many
structural rearrangements, the number (173) is less than the reported threshold for an
“unstable” genome (36). Still, the sensitivity of this cell line to the PARP inhibitor olaparib,
which is specifically effective in cells with DNA repair defects, suggests that the
nonsynonymous BRCAZ2 mutation has a functional impact on DNA repair (30, 31). Thus,
this cell line represents a unique model in which to study DNA repair defects in
precancerous lesions.

This is the first report of a cell line derived from a patient with ITPN, an uncommon
pancreatic cancer precursor lesion with distinct molecular features. This cell line is a unique
resource to study the genetics and biology of pancreatic tumorigenesis prior to the

Lab Invest. Author manuscript; available in PMC 2021 January 01.

68



development of invasive carcinoma, offering a disease model for pre-clinical investigation of
ITPNs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Morphological and molecular features of H58 cell line. A. H&E section (20X) of human
pancreatic ITPN from which H58 was derived. The neoplastic cells are organized in closely
packed tubules with minimal intracellular mucin. B. The /n vitro growth rate of H58 is
similar to that of pancreatic ductal cell line HPDE and slower than that of the pancreatic
cancer cell line PANC-1. C. Immunofluorescence analysis for pan-cytokeratin (green) and
vimentin (red) demonstrates an epithelial phenotype of all three analyzed cell lines. D. RT-

PCR analysis confirms the ductal epithelial phenotype of H58, with expression of KRT19
and SOX9.
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Tumorigenic characteristics of H58 cell line. A. Soft agar assay shows minimal colony

formation by H58 cells, in contrast to the pancreatic cancer cell line PANC-1. B. H58 has
invasive capability between that of HPDE and PANC-1 in cell invasion assay. C. Clonogenic
assay demonstrates enhance colony formation after ionizing radiation in the H58 cell line.
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3.4 Robot-assisted pancreatic surgery-optimized operating procedures: set-up, port
placement, surgical steps

As a clinician scientist in the field of modern academic pancreatic surgery, technical
aspects still need to be improved in order to reduce morbidity and mortality in our
patients. We have optimized and established standardized operating procedures for
robotic pancreatectomies. This way we were able to promote a standardized concept
for other academic centers who seek to establish innovative robotic programs for

pancreatic surgery:

,Even in most complex surgical settings, recent advances in minimal-invasive
technologies have made the application of robotic-assisted devices more viable. Due
to ever increasing experience and expertise, many large international centers now offer
robotic-assisted pancreatic surgery as a preferred alternative. In general however,
pancreatic operations are still associated with high morbidity and mortality, while
robotic-assisted techniques still require significant learning curves. As a prospective
post-marketing trial, we have established optimized operating procedures at our clinic.
This manuscript intends to publicize our standardized methodology, including pre-
operative preparation, surgical set-up as well as the surgeons' step-by-step actions
when using pancreatic-assisted robotic surgery. This manuscript is based on our
institutional experience as a high-volume pancreas operating center. We introduce
novel concepts that should standardize, facilitate and economize the surgical steps in
all types of robotic-assisted pancreatic surgery. The "One Fits All" principle enables
single port placement irrespective of the pancreatic procedure, while the "Reversed 6-
to-6 Approach” offers an optimized manual for pancreatic surgeons using the robotic
console. Novel and standardized surgical concepts could guide new centers to
establish a robust, efficient and safe robotic-assisted pancreatic surgery program.*

The abstract has been extracted from PMID: 34476723:

Robot-assisted pancreatic surgery-optimized operating procedures: set-up, port placement,
surgical steps. Matthaus Felsenstein, Karl H Hillebrandt, Lea Timmermann, Mathilde Feist,
Christian Benzing, Moritz Schmelzle, Johann Pratschke, Thomas Malinka.

J Robot Surg. 2022 Aug;16(4):807-814. doi: 10.1007/s11701-021-01297-2.
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Abstract

Even in most complex surgical settings, recent advances in minimal-invasive technologies have made the application of
robotic-assisted devices more viable. Due to ever increasing experience and expertise, many large international centers
now offer robotic-assisted pancreatic surgery as a preferred alternative. In general however, pancreatic operations are still
associated with high morbidity and mortality, while robotic-assisted techniques still require significant learning curves. As a
prospective post-marketing trial, we have established optimized operating procedures at our clinic. This manuscript intends
to publicize our standardized methodology, including pre-operative preparation, surgical set-up as well as the surgeons’ step-
by-step actions when using pancreatic-assisted robotic surgery. This manuscript is based on our institutional experience as
a high-volume pancreas operating center. We introduce novel concepts that should standardize, facilitate and economize the
surgical steps in all types of robotic-assisted pancreatic surgery. The “One Fits All” principle enables single port placement
irrespective of the pancreatic procedure, while the “Reversed 6-to-6 Approach” offers an optimized manual for pancreatic
surgeons using the robotic console. Novel and standardized surgical concepts could guide new centers to establish a robust,
efficient and safe robotic-assisted pancreatic surgery program.

Keywords Robotic-assisted pancreatic surgery - Pancreatic surgery - Standard operating procedures - One fits all - Reversed
6-to-6 approach

Background

Even in most challenging surgical interventions of the retro-
peritoneum, minimally invasive techniques are increasingly
evaluated for their feasibility and efficacy. Indications for
laparoscopic interventions have already demonstrated advan-
tages over open pancreatic surgeries in some instances [1, 2].
Results of robotic-assisted interventions from high-volume
centers suggest even broader application [3-5]. Due to high
costs, the application of these technologies is limited to a few
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large international centers, so that universally applied Stand-
ard Operating Procedures have not yet been established.
Some studies also indicate that significant center-specific
and time-dependent differences prevail, thus any benefits of
robotic-assisted pancreatic surgery may develop only after
extended learning curves [6-9]. However, company market-
ing and the general popularity of such technologies increase
daily. To minimize the rate of any serious complications,
which may occur during the learning curve, standardiza-
tion in experienced centers is extremely important. From
our high-volume center-specific experiences, we present the
following Optimized Operating Procedures, for the setting
of robotic-assisted pancreatic surgery. This protocol should
enable other centers to establish a robust-, time efficient- and
safe robotic-assisted pancreatic surgery program.


http://orcid.org/0000-0003-3146-8717
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Logistics and informed consent

Robot-assisted technology is novel, so that it is necessary
to explain to the patient both the risks and advantages com-
pared to conventional operating methods. We generally
inform patients about current international opinions and
studies to provide individual, evidence-based recommenda-
tions when considering this surgical technology's pros and
cons.

This prospective post-marketing study (CARE study; E/
A4/084/17) was conducted with IRB approval, which was
necessary to collect data of a unique cohort receiving surgi-
cal treatment with the da Vinci Xi (Sunnyvale, USA) Surgi-
cal System (DRKS00017229).

Hospitalization

Initial surgical assessment and indication for surgery is
obtained at our Charité Pancreatic Outpatient Center.
Specialized and experienced pancreatic surgeons inform
and consent selected patients for robotic-assisted surgery.
Anesthesiologists are consulted to thoroughly examine the
patient before scheduling the operation. In the context of a
professionalized ERAS (enhanced recovery after surgery)
program, patients are surveilled before and after surgery by
expertly skilled personnel. Patient admission to the hospi-
tal occurs one day prior to the operation for final clinical
evaluation.

The positioning of the patient

To avoid positioning and collision injuries, patients are
placed on a soft vacuum mattress, and metal protectors are
attached for safety and shield the surgical area. The left arm
is positioned at the patient's side, while the right arm is
stretched out to give anesthesiologists easy access (Fig. 1).
The patient's legs are placed in French Position while their
body remains in 12° reverse Trendelenburg inclination.

The positioning of the ports

Irrespective of the pancreatic procedure, we set out all the
robotic and assistant trocars prior to attachment of the robotic
arms. Our center has established a "One Fits All” principle.
When performing pancreatoduodenectomies (PD), total pan-
createctomies (TP) and Appleby procedures (AP), four robotic
trocars (8 mm) and two assistant trocars (15 mm/5 mm) are
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Fig. 1 The operating room set-up: The set-up of the operating room
is essential for process optimization and facilitated communication
during the robotic-assisted procedure. We were able to limit the num-
ber of team members to adjust to any spatial constraints when work-
ing with robotic devices. This can be easily re-organized to address
center-specific demands

needed. For Distal Pancreatectomies (DP) however, we intro-
duce a single assistant trocar (15 mm). Figure 2 indicates the
exact port placement.

First, we place 8 mm trocar (R3) umbilical. After a pneu-
moperitoneum has been established, a diagnostic laparoscopy
is then performed. If there is a good overview, other robotic
trocars (R1, R2, R4) are placed in an imaginary horizontal
line using standardized distances to avoid robotic arm colli-
sions (see Fig. 2). During this process, any intra-abdominal
adhesions are removed using laparoscopic instruments, before
introducing the remaining assistant trocars (A1, A2).

Alignment of the da Vinci patient cart

The da Vinci Xi (Sunnyvale, USA) Patient Cart is aligned
with the operating table on the left side (Fig. 1). The camera
is now being introduced (R3). After the focal point has been
adjusted intra-abdominally, the robotic system and arms are
set up fully automatic. On demand, the required instruments
are introduced into the patient and connected with the robotic
arms (Fig. 3) (Table 1).
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Fig.2 Port placement: Following the principle “One Fits All”, all tro-
cars are positioned the same way irrespective of the pancreatic proce-
dure. We start with the umbilical R3 position for diagnostic laparos-
copy. We sequentially place trocars R1, R2 and R4 along a horizontal
trajectory. Distances R1-R3 measure 7 cm to one another, while R4

@R+« @R2«—@R3
e Tem Tem

Distal Pancreatectomy

is laid out at the left hemi-abdominal side in double distance (14 cm).
Ultimately, assistant trocars (Al, A2) are positioned 3-5 cm below
the umbilical horizontal line. The set-up for DP only differs in the
lack of a second assistant trocar (A2)

IReversed 6-to-6 Approach |

Fig.3 The “Reversed 6-to-6 Approach”: following the “Reversed
6-to-6 Approach”, we optimized the surgical steps best suited for
robotic-assisted pancreatoduodenectomy. We start dissecting directly
at the pancreas, before releasing the specimen from surrounding
structures in anti-clockwise orientation. This systematic approach

allowed us to economize operating time. Lliver, Dduodenum,
GB gallbladder, CHAcommon hepatic artery, GDA gastroduodenal
artery, Ppancreas; PH pancreatic head, PB pancreatic body, PV portal
vein, CHD common hepatic duct, ACascending colon, SMA superior
mesenteric artery

Table 1 Robotic ports and

instruments: robofic arms are Trocar Port Size (mm) Instrument
connected with specialized Robotic trocar R1 8 Tip-up Fenestrated Grasper
;r;itgfeurr;lents for robotic-assisted Robotic trocar R2 8 Fenestrated Bipolar Forceps
Robotic trocar R3 8 Endoscope
Robotic trocar R4 8 Vessel Sealer Extend, Permanent Cautery Hook
Assistant trocar Al 15 Forceps, Scissor, Covidien EndoGia
Assistant trocar A2 5 Forceps

Most instruments are used in defined port positions but may be adjusted and customized during each phase
of the operation. According to the "One Fits All" principle, we list the distinct trocar/port positions coupled
with common robotic instruments used in that position
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Steps for structured robotic-assisted
pancreatoduodenectomy (PD)

Operating procedures have now been significantly opti-
mized and economized based on our center-specific expe-
rience. During the period of 2017-2021, we were able
to conduct > 125 robotic-assisted pancreatic surgeries
and > 70 PDs. We believe that this process optimization
is particularly important in the robotic setting due to its
limited spatial overview when compared to the open situs
operations. For this reason, our team established a novel
concept, named the “Reversed 6-to-6 Approach”:

A: Resection

A1: Entering the bursa omentalis to expose the pancreatic
organ

When dissecting the greater omentum at the gastrocolic
ligament, which enables the access to the bursa omenta-
lis, the Tip-Up Fenestrated Grasper (R1) is utilized. The
stomach is mobilized using the Fenestrated Bipolar For-
ceps (R2) as well as the Vessel Sealer Extend (R4) for
dissection of the ligament. The stomach is then dissected
directly at the post-pyloric plane using a Covidien (Dublin,
Ireland) EndoGia (A1) with a purple cartridge (60 mm).
The result is that the stomach can be mobilized into the
upper-left quadrant providing an optimal view early on.

A2: Exposing the pancreas at the resection level

The next step includes dissection of the pancreas at the
caudal edge to expose the mesenterico-portal axis. While
retracting the liver using the robotic arm 1, Fenestrated
Bipolar Forceps (R2) and the Vessel Sealer Extend (R4)
instruments are needed for careful dissection. Additional
support is provided using instruments via assistant trocars
(A1, A2). Subsequently, cranial structures are exposed by
conducting complete lymphadenectomy with the dissec-
tion of all-important vessel structures within the hepa-
toduodenal ligament (Common hepatic artery, CHA/
Gastroduodenal artery, GDA/Right gastric artery, RGA).
Identification of the GDA branching-point enables a safe
ligation of the artery via Hem-o-lock clips (A1). The por-
tal vein structure is then fully exposed at the cranial edge.
At this point, the pancreatic body can be mobilized along
the mesenterico-portal axis.
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A3: Cutting the pancreas at the resection level

Following the mobilization from cranial and caudal edges,
the pancreas is then carefully dissected along the mesen-
terico-portal axis using the Permanent Cautery Hook (R4).

A4: Preparation of hilar structures

Along the “Reversed 6-to-6 Approach”, the hilar structures
can subsequently be dissected and visualized. Identifica-
tion of the hepatocholedochus duct enables dissection right
behind the main cystic branch using a scissor (Al). Subse-
quently, we perform anterograde cholecystectomy using the
Permanent Cautery Hook (R4).

A5: Kocher Maneuver

The Kocher Maneuver is realized using the Fenestrated
Bipolar Forceps (R1) and Vessel Sealer Extend (R4) instru-
ment. These are progressed along the duodenum in a cranio-
caudal direction until reaching the ligament of Treitz. The
release of these latter segments allows the flection of the
jejunal loop into the right upper quadrant. The jejunal loop
is subsequently parted using the Covidien (Dublin, Ireland)
EndoGia with purple cartridge (45 mm) (A1) to establish
the alimentary loop.

A6: Completion at the mesenterico-portal axis

Finally, the dissection of the pancreatic head and the unci-
nate process is completed along the portal vein and superior
mesenteric artery (AMS) using the Fenestrated Bipolar For-
ceps (R1) and Vessel Sealer Extend (R4). Small branches are
clipped (A1), and the resection specimen is removed using
a retrieval bag.

B: Reconstruction
B1: Reconstruction of the hepaticojejunostomy

The alimentary loop is commonly opened at counter mes-
enteric position using the Permanent Cautery Hook (R4),
followed by anastomosis of the hepaticojejunostomy in back-
to-front direction using a continuous PDS suture (5-0), real-
ized by Large Needle Driver (R4) und Tip-Up Fenestrated
Grasper (R2). Prior to closure of the hepaticojejunostomy,
a trans-anastomotic stent (2mm X 3cm) is positioned (PDS
5/0) to ensure biliary drainage.

B2: Reconstruction of the pancreato-gastrostomy

A suitable position for anastomosis is marked at the back
wall of the stomach using the Permanent Cautery Hook (R4).
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A Prolene 5/0 suture along the incision line in purse-string
technique is applied using the Large Needle Driver (R4) and
Tip-Up Fenestrated Grasper (R2). The stomach is now incised
using the Permanent Cautery Hook (R4), and when a clear
view of the back wall is achieved, a robotic-adjusted pancreato-
gastrostomy is executed using our recently developed mattress-
seam technique (Vicryl 3/0) [10]. The procedure is conducted
with the Tip-Up Fenestrated Grasper (R2), and Large Needle
Driver (R4) and a trans-anastomotic splint (2mm X 3cm) is
positioned into the pancreatic duct. By pulling the mattress-
seam sutures, the pancreatic tail is directly drawn into the
stomach, fully covered by gastric mucosa. Finally, the outer
pancreatogastrostomy is tightly sealed by purse-string sutures.

B3: Reconstruction of the gastroenteric anastomosis

Antecolic gastroenterostomy finalizes the reconstruction
using continuous V-Loc 4-0 sutures. Again, the surgeon
proceeds in a back-to-front direction using the Tip-Up
Fenestrated Grasper (R2) and Large Needle Driver (R4)
instruments.

B4: Disconnection of da Vinci robotic system

Before finalizing the procedure, the abdominal situs is
inspected for minor bleeding, cauterized and rinsed to
remove any remaining intraabdominal debris (R2). The
instruments are removed under careful observation, and
all robotic arms are disconnected before the entire patient
cart is pulled back from the patients’ site. Subsequently, the
bag containing the resection specimen is removed through
a 5 cm mid-line retrieval incision. We also use this incision
to conduct a haptic re-evaluation of all anastomoses, or, in
rare circumstances, even to perform the reconstruction of the
gastroenteric anastomosis entirely via this incision (hybrid
approach). This allows for more flexibility during the initial
stages of the learning curve.

B6: Drains and closure

As our institutional standard, we place drains through tro-
car incisions, which scan the regions around the pancrea-
togastrostomy and the hepaticojejunostomy (R4 position).
The integral planes of mid-line retrieval incision and trocar
wounds are closed with sutures.

Steps for structured distal pancreatectomies
(DP)

The new standard for non-oncologic distal pancreatecto-
mies is the minimally invasive resection of the pancreatic
tail [11]. With this in view, we sought to establish standard,
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robotic-assisted distal pancreatectomies at our center. With
respect to the individual surgical indication (benign ver-
sus malign), this procedure can be conducted with spleen
preservation (Kimura Maneovre) or via complete oncologic
clear-up [12]. As spleen-preserving procedures are rarely
performed, we describe the individual steps of an oncologic
distal pancreatectomy.

A: Resection

A1: Entering the bursa omentalis to expose the pancreatic
organ

When dissecting the greater omentum at the gastrocolic liga-
ment, which enables good access to the bursa omentalis,
we use the Tip-Up Fenestrated Grasper (R1) instrument to
mobilize the stomach and the Vessel Sealer Extend (R4)
for dissection of the ligament. This is performed progress-
ing from the right-medial peri-gastric plane to the left colic
flexure using the Fenestrated Bipolar Forceps (R2) und Ves-
sel Sealer Extend (R4) instruments, while the short gastric
arteries are regularly dissected. Instruments maneuvering
through assistant trocars (A1, A2) may provide additional
support and a better overview. After full mobilization of the
stomach, we recommend fixing the stomach via a single-
armed suture with a straight needle, which we introduce
sub-xiphoidal. It is then transfixed at the greater curvature
and tied from the outside after the needle is re-released sub-
xiphoidally. This enables an excellent overview of the bursa
omentalis and the entire pancreatic organ.

A2: Exposing the splenic vessels

For malignant indications, an exact localization and plan-
ning of the resection plane is necessary and can be realized
intra-abdominally via an ultrasound device (A2). At the
resection level, the splenic artery is exposed at the cranial
pancreatic edge, using the Fenestrated Bipolar Forceps (R2)
and Vessel Sealer Extend (R4) instruments. Next, Hem-o-
lock clips are introduced for safe ligation of the artery (Al).
The splenic vein is commonly found at the pancreatic body's
caudal edge, which is equally ligated via Hem-o-lock clips
(A1). The pancreas can now be inflected from the Gerota
fascia beneath.

A3: Cutting the pancreas at the resection level

Subsequently, the Covidien (Dublin, Ireland) EndoGia (A1)
with a black cartridge (60 mm), reinforced by Seamguard
Mesh, is introduced and tunneled at the resection site and
dissects the pancreas at the required position.
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A4: Retrieval of the resection specimen

The specimen can be released after thorough preparation of
the pancreatic tail. It includes lymphadenectomy and mobi-
lization of the spleen, using the Fenestrated Bipolar Forceps
(R2) and Vessel Sealer Extend (R4) instruments. The speci-
men is transferred into a retrieval bag and recovered using
an extended incision at position Al.

B6: Drains and closure

As an institutional standard, we place drains through trocar
incisions, which scan the regions around the resection mar-
gin and the Koller's Pouch (R4 position). Integral planes
of retrieval incision and trocar wounds are sutured to close
them.

Outcome parameters using optimized
operating procedures

In the recent series of robotic-assisted pancreatectomies at
our center, we were able to report good outcome parame-
ters, after having implemented novel concepts, such as the
“One Fits All” principle and “Reversed 6-to-6 Approach”
[4]. Of particular relevance in the evaluation of this novel
approach are the parameters, such as mean procedure
time, in-hospital stay, complication rates and oncologic
outcomes (Table 2). Like other large international cent-
ers, we present similar positive outcome parameters, while
offering a standardized approach, feasible for majority of
patients. There is also a measurable reduction in operating

time compared to other centers, likely due to our steep
learning curve (Fig. 4). Altogether, this indicates success-
ful process optimization through standardization.

Robotic pancreaticoduodenectomy (RPD)
600

400

200

Operative time (min)

20 40 60

Case #

Fig.4 Institutional learning curve: regression analysis of operating
time over the course of 54 RPDs as a result of process optimization.
Overall, we were able to halve procedure time over the course of our
first series, reflecting a particularly steep learning curve

Table 2 Clinical outcome parameters: main outcome parameters after robotic pancreaticoduodenectomy from various international centers were

derived from published reports

Charité Univer-
sitdtsmedizin Berlin,

University of Pitts-

burgh Medical Center,

Johns Hopkins Uni-
versity, Van Oosten

Shanghai Jiaotong
University SOM, Shi

University of Hong-
kong, Zhang et al.

Timmermann et al. Zureikat et al. 2020 2019 [7] et al. 2020 [8] et al. 2020 [6]
2021 [10] [9]
Case number 54 500 100 96 200
Procedure time (min) 325 415 358 474 279
In-hospital stay (days) 8 18 8 21.8
15
Morbitdity (%) 63 69 58 62.5 36
POPF (%) 18.6 20.2 24 13.5 74
PPH (%) 20.2 NA 22 6.2 10
30d Mortality (%) 53 1.8 3 2.1 2.5
RO Resection (%) 83.9 85 100 NA 95
Lymph node harvest  16.5 28 7 NA 16.3

Not surprisingly, most experienced centers show improved outcomes likely due to advanced learning curves. However, even within our early
stage of the learning curve, we were able to cut down operating time, after having implemented optimized operating procedures
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Conclusion

The rising popularity in the health care setting as well as
intense marketing of robotic-assisted techniques warrants its
broader application and distribution, particularly expected in
pancreatic surgery. While the implementation of novel tech-
niques is indispensable for innovation in the surgical field, it
sometimes involves unforeseeable risks. Important studies
from centers that have already established large programs for
robotic-assisted pancreatic surgery have indicated that good
performance and major benefits are only achieved after a
long learning curve [6, 7]. At this point, professional training
centers have been implemented to train international sur-
geons in conducting safe robotic-assisted pancreatic proce-
dures [13]. They facilitate the acquisition of proficient skills
at the robotic console, prior to their application on patients.
However, they are not able to provide immediate surgical
guidance on step-by-step operating procedures, necessary to
acquire consistent outcome parameters in complex surgical
settings. In this manuscript, we emphasize and were able to
show that institutional process optimization and standardiza-
tion, may shorten such learning curves. For this reason, we
strongly propose to broadly implement standard operating
procedures, which may facilitate intra- and inter-institutional
process optimization as well as providing guidance for novel
centers to establish a robust, time efficient- and safe robotic-
assisted pancreatic surgical program.

Considering the continuous development of this technol-
ogy, such recommendations need to be regularly discussed
and re-evaluated to establish national and international
consensus.
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3.5 Internal drainage for interdisciplinary management of anastomotic leakage after
pancreaticogastrostomy.

Pancreatic surgery remain one of the most dreaded interventions for visceral surgeons
due to considerably high morbidity and mortality. Pancreatic fistula following
pancreatoduodenectomy regularly results in hazardous complications including
hemorrhages and sepsis. We have employed and optimized an interdisciplinary
algorithm, that allowed us to efficiently address anastomotic leakage and fistula though
an internal drainage, resulting in earlier resolution and discharge of our patients. This
innovative approach will guide less invasive efforts to address complications after
pancreatic surgery.

“Background: Anastomotic leakage and postoperative pancreatic fistula (POPF) may
occur after pancreatic head resection, also in the setting of pancreato-gastric
reconstruction. For adequate complication management, a variety of non-standardized
treatments are available. Still, data on clinical evaluation of endoscopic methods
remain scarce. Based on our interdisciplinary experience on endoscopic treatment of
retro-gastric fluid collections after left-sided pancreatectomies, we developed an
innovative endoscopic concept with internal peri-anastomotic stent placement for
patients with anastomotic leakage and/or peri-anastomotic fluid collection.

Methods: Over the period of 6 years (2015 - 2020) we retrospectively evaluated 531
patients after pancreatic head resections at the Department of Surgery, Charité —
Unversitdtsmedizin  Berlin. Of these, 403 received reconstruction via
pancreatogastrostomy. We identified 110 patients (27.3%) with anastomotic leakage
and/or peri-anastomotic fluid collection and could define four treatment groups which
received either conservative treatment (C), percutaneous drainage (PD), endoscopic
drainage (ED), and/or re-operation (OP). Patients were grouped in a step-up approach
for descriptive analyses and in a stratified, decision-based algorithm for comparative
analyses. The study’s primary endpoints were hospitalization (length of hospital stay)
and clinical success (treatment success rate, primary/secondary resolution).

Results: We characterized an institutional, post-operative cohort with heterogenous
complication management following pancreato-gastric reconstruction. The majority of
patients needed interventional treatments (n=92, 83.6%). Of these, close to one-third
(n=32, 29.1%) were treated with endoscopy-quided, peri-anastomotic pigtail stents for
internal drainage as either primary, secondary and/or tertiary treatment modality.
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Following a decision-based algorithm, we could discriminate superior primary- (77,8%
vs 63.7%) and secondary success rates (85.7% vs 68.4%) as well as earlier primary
resolutions (11.4 days, 95%CI [5.75-17.13] vs 37.4 days, 95%CI [27.2-47.5]) in
patients receiving an endoscopic compared to percutaneous management.
Conclusion: This study underscores the importance of endoscopy-guided approaches
for adequate treatment of anastomotic leakage and/or peri-anastomotic fluid
collections after pancreatoduodenectomy. We herein report a novel, interdisciplinary

concept for internal drainage in the setting of pancreato-gastric reconstruction.”

The abstract has been extracted from PMID: 36879165:

Internal drainage for interdisciplinary management of anastomotic leakage after
pancreaticogastrostomy. Matthaus Felsenstein, Ann-Christin Amini, Sophie Dorfer,
Mengwen Hu, Ruonan Wang, Lea Timmermann, Karl Herbert Hillebrandt, Christian Benzing,
Uli Fehrenbach, Uwe Pelzer, Igor Maximillian Sauer, Johann Pratschke, Christian Jurgensen,
Thomas Malinka. Surg Endosc. 2023 Mar 6. doi: 10.1007/s00464-023-09964-1.
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Abstract

Background Anastomotic leakage and postoperative pancreatic fistula (POPF) may occur after pancreatic head resection,
also in the setting of pancreato-gastric reconstruction. For adequate complication management, a variety of non-standardized
treatments are available. Still, data on clinical evaluation of endoscopic methods remain scarce. Based on our interdiscipli-
nary experience on endoscopic treatment of retro-gastric fluid collections after left-sided pancreatectomies, we developed
an innovative endoscopic concept with internal peri-anastomotic stent placement for patients with anastomotic leakage and/
or peri-anastomotic fluid collection.

Methods Over the period of 6 years (2015-2020) we retrospectively evaluated 531 patients after pancreatic head resections
at the Department of Surgery, Charité—Unversitidtsmedizin Berlin. Of these, 403 received reconstruction via pancreatogastros-
tomy. We identified 110 patients (27.3%) with anastomotic leakage and/or peri-anastomotic fluid collection and could define
four treatment groups which received either conservative treatment (C), percutaneous drainage (PD), endoscopic drainage
(ED), and/or re-operation (OP). Patients were grouped in a step-up approach for descriptive analyses and in a stratified,
decision-based algorithm for comparative analyses. The study’s primary endpoints were hospitalization (Iength of hospital
stay) and clinical success (treatment success rate, primary/secondary resolution).

Results We characterized an institutional, post-operative cohort with heterogenous complication management following
pancreato-gastric reconstruction. The majority of patients needed interventional treatments (n=92, 83.6%). Of these, close
to one-third (n =32, 29.1%) were treated with endoscopy-guided, peri-anastomotic pigtail stents for internal drainage as
either primary, secondary and/or tertiary treatment modality. Following a decision-based algorithm, we could discriminate
superior primary—(77,8% vs 53.7%) and secondary success rates (85.7% vs 68.4%) as well as earlier primary resolutions
(11.4 days, 95%CI (5.75-17.13) vs 37.4 days, 95%CI (27.2-47.5)] in patients receiving an endoscopic compared to percu-
taneous management.

Conclusion This study underscores the importance of endoscopy-guided approaches for adequate treatment of anastomotic
leakage and/or peri-anastomotic fluid collections after pancreatoduodenectomy. We herein report a novel, interdisciplinary
concept for internal drainage in the setting of pancreato-gastric reconstruction.

Keywords Endoscopy-guided drainage - Peri-anastomotic stent - Intramural drainage - Anastomotic leakage - Pancreatic
fistula

Anastomotic leakage after pancreatoduodenectomy remains
a technical bottleneck resulting in increased morbidity and
mortality [1]. Various treatment modalities are widely used
Christian Jiirgensen and Thomas Malinka have contributed equally to address intraabdominal fluid collections and fistulas after
to this work. pancreatic surgery [2]. Following pancreato-enteric recon-
struction, anastomotic leakage can be a significant source
of pancreatic fistulas and peri-anastomotic fluid collec-
tion. This regularly demands immediate intervention due to
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potential hazardous complications such as hemorrhages and
sepsis [3]. For complication management commonly consid-
ers conservative (antibiotics, octreotide, parental nutrition,
irrigation of intraoperative drains), interventional (percuta-
neous drain, endoscopic drain), and/or surgical treatments
in step-up strategies [2, 4, 5].

However, a combination of treatment modalities is
regularly needed for complete resolution culminating in
prolonged hospitalization and delayed re-convalescence
[6]. Previous studies demonstrated the advantages of endo-
scopic management for peri-gastric fluid collections after
distal pancreatectomy [7, 8]. This has been further trans-
lated to other indications while few studies included patients
after pancreatoduodenectomy [9—12]. Initially, Tilara et al.
described clinical success with trans-gastric stents for treat-
ment of peri-gastric fluid collections early after pancreati-
coduodenectomy [9]. A subsequent study by Al-Efishat M
et al. were able to demonstrate comparable technical and
clinical success rates of endoscopy-guided, transmural stent
placement over percutaneous drainage in a matched-pair
analyses [11]. Still, studies on pancreatic fistula with fluid
collections after pancreato-enteric reconstruction remain
scarce. Therefore, many pancreatic centers primarily rely on
percutaneous and operative interventions which challenges
the implementation of modern enhanced recovery programs
(ERAS) for pancreatic procedures [13, 14].

Our institutional experience treating peri-gastric fluid
collections and pancreatic fistula after distal pancreatec-
tomies has helped us to further advance on interventional
techniques [15]. For reconstruction after pancreatoduo-
denectomy, we regularly perform a refined technique of pan-
creatogastrostomy in both, open and robotic procedures [16,
17]. Still, anastomotic leakage occurs during the postopera-
tive course but can now be directly addressed by endoscopic
intervention. In cases of confirmed anastomotic leakage,
we regularly perform endoscopy-guided, peri-anastomotic
stent placement for internal drainage of peri-anastomotic
fluid collection. Positive experiences with early endoscopic
intervention on selected patients created some optimism
about effectively decreasing hospitalization and morbidity.
We sought to retrospectively analyze the safety and efficacy
of our novel treatment modality following pancreatoduo-
denectomy with pancreato-gastric reconstruction.

Methods
Patients
The study enrolled all patients that underwent open or

minimal-invasive  (robotic) pancreatoduodenectomy
with
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pancreato-gastric reconstruction at Charité—Universitéts-
medizin Berlin from January 2015 to December 2020
(n=403). We selected patients fulfilling radiographic (CT-
scan) criteria for peri-anastomotic fluid collection or endo-
scopic assessment of anastomotic leakage (n =110). At
our institution, treatments normally started only after one
of these diagnostic modalities was conducted. Therefore,
patients showing biochemical leakage (POPF A) without
detection of fluid collection in CT-scan or dehiscence dur-
ing endoscopy were not included in the study. We ret-
rospectively analyzed the clinical course and complica-
tion management in a prospectively collected database.
Demographics and baseline characteristics, including age,
sex, surgery technique, pre-/peri-operative information,
as well as histopathologic diagnoses were documented.
All patients gave their informed consent for statistical
evaluation of their clinical course after pancreatic surgery
(Approval Institutional ethics board EA1/341/20).

Definition of treatment groups

The complication management during the study period
after diagnosis of peri-anastomotic fluid collection and/
or anastomotic leakage included four main treatment
modalities:

(1) Conservative (C)-Treatment with only antibiotics,
somatostatin analogues and/or irrigation of intraopera-
tive drainages

Percutaneous drainage (PD)-Treatment with CT-guided
drainage placement

Endoscopic drainage (ED)-Placement of endoscopy-
guided internal pigtail stents

Re-operation (OP)-Treatment with re-operation

2
3)
)

For statistical evaluation, the treatment groups were
generated based on two distinct concepts:

Cohort characterization (results “Cohort characterization
and Treatment course of patients with anastomotic leakage
after pancreatogastrostomy”)

Patients were grouped in a step-up approach for descrip-
tive analyses, meaning that patients were allocated accord-
ing to their most invasive procedure for treatment of anas-
tomotic leakage:
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Conservative (C)
Percutaneous drainage (PD)
Endoscopic drainage (ED)
Re-operation (OP)

Comparative analyses (results “Clinical resolution of
anastomotic leakage after treatment”)

Patients were grouped in a stratified, decision-based algo-
rithm, in which primary-, secondary- and tertiary interven-
tions were defined. The algorithm allowed us to directly
compare the technical modalities at given phases in some-
times alternating sequences of treatment modalities during
the post-operative clinical course:

(i) Primary intervention—First intervention after diagno-
sis of peri-anastomotic fluid collection and/or anas-
tomotic leakage

Secondary intervention—Post-procedural intervention
after primary intervention

Tertiary intervention—Post-procedural intervention
after secondary intervention

(i)
(iii)

The primary endpoints of the study were hospitalization
(Iength of hospital stay) and clinical success (treatment suc-
cess rate, primary/secondary resolution) of interventional
treatment modalities. We defined clinical resolution as a
sub-clinical, ambulatory situation without further need for
interventions, and antibiotics, while maintaining normal
mobility and food intake (=day of discharge). Therefore,
clinical resolution directly correlated with in-hospital stay.
However, due to often alternating treatment modalities
(range: 0—4) for diagnosed anastomotic leakage, we created
the decision-based algorithm (comparative analyses). Sec-
ondary endpoints considered post-interventional infectious
and drainage parameters, morbidity/mortality and disease-
specific cumulative survival.

Peri-anastomotic drainage technique

In cases of clinical and radiographic suspicion of a
peri-anastomotic leakage, we inspected the anastomosis
through direct endoscopy. Anastomotic leakage could
typically be identified by pus secretion or direct visu-
alization, without the need of endoscopy-guided ultra-
sound (EUS). Following contrast medium injection
and simultaneous fluoroscopy, we used a guidewire to
place double-pigtail stents peri-anastomotic. If direct
endoscopy did not visualize a dehiscence or size did
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not match with pre-interventional radiologic findings,
the use of additional EUS confirmed (or excluded) any
perianastomotic fistula with fluid collection, which was
subsequently drained by the internalized drainage in the
technique described previously [15]. In cases of larger
dehiscence and necrotic material, we performed addi-
tional endoscopic necrosectomy. The size of dehiscence
determined the number of stents used (range: 1-5). In
cases of drained fluid collections, aspirates underwent
microbiologic analyses. Once internal drainages were
in place, external drainages were removed, generally at
the same day (internalization). We scheduled endoscopic
removal of internal stents around 6 weeks after discharge.

Statistics

For the data analyses, we used the statistical software pack-
age SPSS (IBM Corp. Released 2021. IBM SPSS Statistic,
Version 28.0. Armonk) and visualized using Prism (Graph-
Pad Software, La Jolla California USA). For descriptive
analyses of patients’ demographics, we performed one-way
Anova for continuous and Fischer’s exact for categorical var-
iables. We applied ordinal logistic regression to determine
independent predictors of complication management. For
comparative outcome analyses and follow-up of treatment
groups, Cox-regression was used, controlling for underlying
disease and tumor stage. Kaplan-Mayer regression was used
to compare clinical resolution.

Results
Cohort characterization

During the study period from 2015 to 2020 a total of 795
pancreatic resections were performed. Of those, 531 patients
(66.8%) underwent pancreatoduodenectomies (PPPD/
Whipple), 216 left-sided pancreatectomies (27.2%) and 48
patients (6.0%) had other surgical procedures (total pancrea-
tectomy, central pancreatectomy, enucleation etc.). Follow-
ing PPPD/Whipple, 403 patients (73%) received pancreato-
gastric reconstruction of which 110 patients (27.3%) fulfilled
inclusion criteria for comparative evaluation of treatment
approaches for either anastomotic leakage and/or pancreatic
fistula. Most patients received a PD (n=50; 45.5%) as a
single interventional treatment modality while around 16.4%
(n=18) were sufficiently treated through conservative con-
cepts. Close to one-third (n=32; 29.1%) of our patients were
treated with peri-anastomotic pigtail stents (ED) for internal
drainage of peri-anastomotic fluid collections as primary-,
secondary-, and/or tertiary treatment modality. Ultimately,
12 patients (10.7%) needed re-operation (OP). Patient char-
acteristics of weighted treatment groups are listed in Table 1.
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Table 1 Postoperative Management after PPPD with clinically relevant perianastomotic fluid collection

Treatment groups™

Conservative (C) % Percutanous drain % Endoscopic drain =~ % Re-operation % Statistics (p)**
(PD) (ED) (OP)
Total cases 18 163 50 455 30 273 12 10.9
Age 64.1 (£10.1) 63.9 (£12.4) 67.0 (£9.2) 62.3 (£13.1) 0.76
Sex M 14 77.8 M29 58 M 26 86.7 M7 58.3 0.05
W4 222 W21 42 W4 133 W5 41.7
Body mass index 25,7 (+4.9) 252 (x4.4) 26,2 (+6.6) 27.1(£6.2) 0.89
(BMI)
ASA ASAL: 1 5.6 ASAl12 4.1 ASA10 0 ASA11 83 0.69
ASA2:9 50.0 ASA230 61.2 ASA216 552 ASA27 58.3
ASA3: 8 444 ASA317 3477 ASA313 448 ASA34 333
Surgery technique Open: 14 77.8 Open: 45 90.0 Open: 22 73.3 Open: 7 583 0.12
Robotic: 4 22.2  Robotic: 5 10.0 Robotic: 8 26.7 Robotic: 5 41.7
Previous abdomi- No: 12 66.7 No: 33 66.0 No:7 19.4 No:5 417 0.13
nal Yes: 6 333 Yes: 17 34.0 Yes:23 80.6 Yes:7 58.3
surgery
Operation time 347.2 (+68.2) 353.8 (+84.3) 289.1 (+59.0) 331.7 (59.5) 0.06
(min)
Surgery indication Benign: 6 33.3 Benign: 13 26.0 Benign: 7 23.3 Benign: 4 333 039
Malign: 12 66.7 Malign: 37 74.0 Malign: 24 76.7 Malign: 8 66.7
Tumor entity PDAC: 7 38.9 PDAC: 17 34.0 PDAC: 11 36.7 PDAC:5 41.7
Duodenal/Papil-  11.1 Duodenal/Papil- 6.0  Duodenal/Papil-  10.0 Duodenal/Papil- 8.3
lary: 2 lary: 3 lary: 3 lary: 1
Ampullary: 1 5.6 Ampullary: 5 10.0 Ampullary: 1 3.3  Ampullary: 1 83 0.62
Distal bile duct: 2 11.1 Distal bile duct: 8 16.0 Distal bile duct: 6 20.0 Distal bile duct: 1 8.3
Other: 6 33.3  Other: 17 34.0 Other: 9 30.0 Other: 4 333

*Group assignment depending on most invasive treatment during course of hospitalization (step-up approach)

** ANOVA for continous variables or Fisher-Exact test for categorical variables

Statistical comparison on patient demographics were pri-
marily conducted on interventional (PD, ED, OP) groups.
The latter identified sex as single significant parameter,
likely due to uneven distribution already present in the base-
line characteristics of our cohort (76 male vs 34 female). In
addition, pre-treatment conditions (BMI, previous abdomi-
nal surgery, ASA) and peri-operative variables (operative
time, surgical technique) were not predictive of
treatment allocation in ordinal logistic regression analyses
(Table 2).

Treatment course of patients with anastomotic
leakage after pancreatogastrostomy

Following the pancreatoduodenectomy, all patients
were admitted to the ICU (100%). Most patients were
transferred to regular wards at postoperative day 1 (42.7%;
median 2.0). On average, the timing of complication
(anastomotic leak-age) occurred at day 7.5 (+ 4.6 days;
range: 1-25 days) dis-covered either by CT-scan or
endoscopic validation. Postop-erative parameters as
surrogates for systemic inflammation (CRP/Leukocytes)
averaged 155.4 mg/l (£ 96.2 mg/l; range 10-467.8 mg/l)
and 14.5/nl (+5.9/nl; range 3.8-38.9/nl) at
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day of diagnosis. Drainage lipase values were 18,052.4 U/
(+48,217.2 U/1; range 3-327,687 U/1) at time of diagnosis.
Treatment started at postoperative day 9.5 (£5.9 days) for
PD, while ED treatment was performed at postoperative day
14.5 (£ 6.4 days; p<0.01). ICU re-admission was needed in
11 cases (22%) for PD- vs. 12 cases (38.7%) for ED group
(p=0.15, Fisher’s Exact). Total duration (days) on ICU of
respective treatment groups is shown in Fig. 1A. Length of
in-hospital stay was 19.4 days for C (£ 10.9 days), 30.5 days
(£ 16.1 days) for PD, 25.0 days (+ 11.4 days) for ED and
47.3 for OP (£26.9 days) (Fig. 1B, p<0.001, one-sided
ANOVA). Overall complications in treatment groups were
documented according to classifications of Clavien-Dindo
(Fig. 1C) and the ISGPS society (Table 3). In-hospital mor-
tality of primary interventions was significantly reduced in
the interventional groups (PD, ED) compared to re-operation
(Fig. 1D). Comparing the total drainage placement of inter-
ventional groups, drainage remained significantly longer in
ED compared to PD group (Fig. 1E), due to varying treat-
ment standards. Cox-Proportional-Regression analyses on
patients with malignant diagnosis (PDAC, ampullary cancer,
papillary cancer, distal bile duct cancer) revealed different
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Table 2 Ordinal logistic

. . Variable Odds ratio Estimate 95% Confidence p-value

regression analysis of pre- interval

operative and peri-operative

variables Lower Upper
Sex (female vs male) 0.794 —0.231 0.321 1.963 0.617
Body mass index (BMI) 1.145 0.135 0.405 3.236 0.798
Age 0.997 —-0.001 0.963 1.038 0.977
ASA (ASA 172 vs 3) 1.191 0.175 0.544 2.608 0.661
Diabetes mellitus II 0.955 —0.046 0.367 2.487 0.925
Smoking 0.955 —0.157 0.443 1.647 0.639
Alcohol 1.091 0.087 0.525 2.269 0.815
Past abdominal surgery 1.173 0.159 0.468 2.940 0.734
Tumor entity (malign vs benign) 1.297 0.260 0.281 5.983 0.739
T stage (T3/4 vs T1/2) 0.931 -0.072 0.560 1.548 0.782
Operation technique (robotic vs open) 1.513 0.414 0.895 2.557 0.122
Operation time 0.996 —0.004 0.992 1.000 0.066

Dependent variable: Ascending treatment groups in terms of invasiviness

cumulative survival in weighted treatment groups, show-
ing reduced survival for patients who needed re-operation
(Fig. 1F; Table 4).

Clinical resolution of anastomotic leakage
after treatment

Primary success rate, meaning that the first intervention
led to resolution, varied between groups (Fig. 2A). On
average, we achieved primary success in the conserva-
tive group in 69.2%, in the PD group in 53.7%, in the ED
group in 77.8% and in the OP group in 50.0% (p =0.58,
Fischer’s Exact). A direct comparison of the interventional
groups PD and ED indicated no significant difference
(p=0.16, Fischer’s Exact). Following the primary inter-
vention, inflammatory parameters (CRP/Leukocytes) at
post-intervention day 3 immediately decreased in the inter-
ventional groups (PD, ED) while parameters in the OP
group remained high (Fig. 2B). Comparing inflammatory
parameters at post-intervention day 3 in both, primary-
and secondary intervention settings, showed a tendency for
decreased infectious parameter in the ED as compared to
the PD group (Table 5). Analyzing the clinical resolution
of primary interventions, we observed earlier resolution in
the ED group, compared to the PD- and OP group which
reaches statistical significance (p =0.02, Log-rank test;
Fig. 2C). A secondary modality for anastomotic leakage
was required in eight cases (30.8%) for the conservative-,
31 cases (46.3%) for the PD-, two cases (22.2%) for the
ED- and in four cases (50%) for the OP group (Fig. 1).
Following secondary treatment, success rates with inter-
ventional groups were 68.4% in the secondary PD group,
85.7% in the secondary ED group and 100% in the sec-
ondary OP group, respectively. Kaplan-Maier analyses on
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resolution after secondary intervention only characterized
a tendency towards reduction in the ED group compared
to the PD group (p=0.11, Log-rank test, Fig. 2D). In sum-
mary, treatment stratification into decision steps, discrimi-
nated advantages of ED over PD treatment. Thus, in some
observations (inflammatory parameters, resolution after
primary intervention) endoscopic treatment outperformed
percutaneous intervention.

Endoscopic drainage

In 29 patients ED was performed either as a primary or sec-
ondary treatment modality (three cases as tertiary interven-
tion). Based on positive experiences with the treatment of
fluid collections after distal pancreatectomy, we expanded
and increasingly applied the technique to patients after
pancreatoduodenectomy with pancreato-gastrostomy (PG)
(Fig. 3A). Facilitated monitoring after surgery by endo-
scopic inspection reflects the inherent advantage of apply-
ing the PG reconstruction. In cases of confirmed anasto-
motic leakage with subsequent endoscopic treatment, we
placed at least one plastic pigtail stent (median 1, range:
1-5) right across the dehiscence (Fig. 3B). On average a
single (median 1, range: 1-2) intervention sufficed (techni-
cal success rate of 93.3%). EUS was only needed in 31.3%
(10 out of 32 cases) for assessment of peri-anastomotic fluid
collection. The percutaneous drainage was sometimes used
as a landmark for correct stent placement but was generally
removed after the procedure (internalization) (Fig. 3C). In
a few cases with larger dehiscence and abscess formation
with mature walls, we additionally performed necrosectomy
prior to stent placement (6 out of 32 cases). Adverse events
directly linked to endoscopic intervention were not docu-
mented during the observational period (complication rate:
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Fig. 1 A-D Comparative
analyses of weighted treat-
ment groups for length of ICU
stay, length of hospital stay,
Clavien-Dindo classification
and in-hospital mortality (one-
way ANOVA with Bonfer-
roni multiple comparison). E
Comparative analyses of ED-
and PD treatment groups for
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total drainage placement in-situ
(Welch’s unpaired r-test). F
Analyses of cumulative survival
(Cox-Proportional-Regression)
of treatment groups, controlling
for underlying disease
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0%). Endoscopic re-interventions for stent correction were
needed in two cases (6.3%). On average, drainages were
electively removed around 6 weeks after discharge (54.1
postoperative days; +28.2 days). Variances occurred due to
the different clinical courses of included individuals. Inci-
dental stent migration, detected in routine X-rays prior to
second intervention, occurred in seven patients (21.8%) and
were not associated with any clinical deterioration.

Discussion

Across pancreatic cancer surgery centers post-operative fis-
tula and anastomotic leakage are widely regarded the Achil-
les’ heel [18]. We have learned that complication manage-
ment is key for decreasing morbidity and mortality after
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Follow-up months

pancreatic resection [3, 19]. Through institutional experi-
ence as a high-volume center, we to further advanced on
interdisciplinary concepts for treating pancreatic fistulas
and anastomotic leakage. This study demonstrates the fea-
sibility, efficiency, and safe application of an endoscopic
technique with the placement of peri-anastomotic stents for
internal drainage of peri-anastomotic fluid collection after
pancreatoduodenectomy. Consequently, we demonstrate ear-
lier resolution and reduced hospitalization of patients with
anastomotic leakage, better aligning with modern ERAS
concepts that ultimately allow for earlier admission of onco-
logic patients to adjuvant treatments.

EUS-guided concepts for the drainage of peri-luminal
fluid collections are not new and have been tested for some
time. The main indications remain in the treatment of diges-
tive fluids after pancreatic surgery for preventing severe
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Table 4 Cox-regression overall

; g . Variable Hazard ratio* Standard error  Estimate 95% Confidence p-value
survival analysis of patients Interval
diagnosed with PDAC
lower upper
Conservative (C) 6.738 0.081
Percutanous Drain (PD) 1.435 0.615 0.346 0.430 4788  0.557
Endoscopic Drain (ED) 0.882 0.795 0.025 0.186 4.195 0.875
Re-Operation (OP) 4.896 0.739 4.617 1.150 20.847  0.032
*Hazard calculated with conservative group as indicator
A B
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0 10 20 30 40

Days after intervention (d)

50 60

==C Mean (95%Cl) 26.1d (17.83-34.41)
PD Mean (95%Cl) 37.4d (27.19-47.51)

—ED Mean (95%Cl) 11.4d (5.75-17.13)

—OP Mean (95%Cl) 59.3d (31.76-86.79)

Fig.2 A Decision tree of patients, regularly receiving combinatory
treatments (primary-/secondary-/tertiary treatment) for anastomotic
leakage and/or peri-anastomotic fluid collection. Below annotated,
the number of patients and success rates of respective sub-groups. B

complications. Such techniques have been initially con-
ducted in pseudocysts or peri-gastric fluid collections after
distal pancreatectomies, however focusing on late abscess
formation with mature walls [7, 8, 20]. We and others have
shown that the trans-gastric route allows for uncomplicated
and safe internal drainage even in the absence of abscess
formation for early post-operative treatment of clinically
relevant pancreatic fistulas [15, 21]. Compared to percuta-
neous interventions, success rates revealed advantages of
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0 10 20 30 40

Days after intervention (d)

50 60

PD Mean (95%Cl) 27.4d (16.17-38.36)
-NED Mean (95%Cl) 15.9d (7.54-24.28)
-FTOP Mean (95%Cl) 22.5d (11.17-33.83)

Post-procedural development of infectious parameters. C-D. Kaplan-
Maier analyses of clinical resolution after the primary- and secondary
intervention

transmural drainage systems in some settings [7, 22]. Posi-
tive experiences have also been documented for other indica-
tions, including bariatric surgery and liver resections [10,
23].

In our series, we routinely performed reconstruction with
pancreato-gastric anastomosis after pancreatoduodenec-
tomy (Whipple procedure/PPPD) [16, 17]. This surgical
technique facilitates early monitoring of pancreatic fistu-
las and anastomotic leakage, using contrast agents through
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C

A PD vs ED treatment

20

15+
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2 10
S PD

5 -= ED

2015 2016 2017 2018 2019 2020

B  Anastomotic leakage

Fig.3 A The number of endoscopic treatments over the years 2015—
2020. B Representative pictures during endoscopic intervention
showing large dehiscence of the PG with subsequent placement of
two plastic pigtail stents. C A guidewire and the tip of the percuta-

located nasogastric tubes and/or endoscopic intervention.
In cases with detectable dehiscence, early stent placement
was conducted (on average at POD 14.5) and demonstrated
primary success rates of 77.8% (7/9 patients) while this was
documented in only 53.7% (36/67 patients) of cases with
percutaneous drainage. Also in the setting of secondary
intervention, endoscopic drainage showed advantages over
percutaneous management (85.7% in ED groups vs. 68.4% in
PD group). Despite limited sample sizes, our study adds to
accumulating evidence of using transmural over percutane-
ous interventions as preferred treatment for peri-anastomotic
fluid collections and pancreatic fistula. At a minimum, such
approaches should be widely established as a versatile and
safe adjunct to conventional percutaneous techniques. Future
studies with larger patient cohorts may define algorithms and
characteristics of which patients most likely benefit from
either of these treatment modalities.

The rationale for internalizing external drainages lies
in the aim of earlier recovery, reduced hospitalization and
an improved quality of life. Although it remains difficult to
accurately define resolution, studies could show similar or
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Internalization

neous drainage (PD) helped to correctly place the peri-anastomotic
pigtail stents (ED). Representative post-interventional CT-scan shows
correct stent placement and internal drainage of peri-anastomotic
fluid collection at the pancreato-gastrostomy (PG)

even reduced hospital stay in cases with endoscopic stent
placement when compared to percutaneous techniques [7,
24]. This was also a conclusion of a recent meta-analysis
even when certainty of evidence remains limited overall
[25]. In our study, we examine advantages of earlier resolu-
tion via ED compared to PD in the setting of primary inter-
vention. Similar tendencies were observed in the setting of
secondary interventions, not reaching statistical significance
however, likely due to the patients’ overall more complicated
clinical courses. Also, laboratory surrogates suggested more
effective fistula treatment of ED over PD in both, primary
and secondary interventions. Despite limited sample sizes,
we are confident that our preliminary observation of reduced
hospitalization through internalization can be confirmed
when using a stratified, decision-based algorithm for
com-parative analyses.

Several studies reported adverse events or complications
after endoscopic stent placement [21, 25]. However, we were
not able to directly assign complications to the endoscopic
treatment, which may be routed in our technique which
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uses a pre-existent dehiscence, not puncturing the gastro-
intestinal wall.

Data on experiences of transmural drainage after pancrea-
toduodenectomy are scarce, possibly due to the often distant
location of fluid collections in the peri-hepatic cavity after
pancreato-jejunostomy. Tilara A et al. reported nine patients
after pancreatoduodenectomy, while using a trans-gastric
route and not documenting specific success rates for this
cohort [9]. Al-Efishat M et al. demonstrated similar success
rates and outcomes between ED and PD in a matched-pair
analyses, ultimately including 20 patients after pancreatodu-
odenectomy, again using procedures puncturing the intesti-
nal wall [11]. Our study is unique, in that we include a large
cohort of patients treated with an innovative approach using
peri-anastomotic stents in the setting of pancreato-gastric
reconstruction after pancreatoduodenectomy. This combi-
nation enabled a standardized interdisciplinary work-flow
between surgeons, radiologists and endoscopists with meas-
urable benefits for our patients suffering from complications
such as anastomotic leakage and pancreatic fistula.

As a retrospective study, we cannot overcome the inherent
selection bias. During the study period 2015-2020, there
was an increase of patients selected for our adopted tech-
nique due to positive experiences, while the percutaneous
technique were more prevalent at earlier time points. Over-
all, sample sizes of conceptional groups were limited, such
that statistical analyses is challenged and therefore need to
be interpreted with caution. We seek to collect prospective
data in order to obtained more robust analyses on these treat-
ment modalities. In addition, this study was performed at a
single institution, due to the project-related demands of a
specific surgical technique (pancreatogastrostomy) in com-
bination with excellent endoscopic expertise for ultrasonog-
raphy-guided intervention. Challenges also lay in the often
heterogenous and individual approaches of complication
management, which we attempted to address by analyzing
cohorts with a stratified, decision-based algorithm (primary,
secondary, tertiary interventions) while being aware of its
limitation to control for other more complicated confound-
ers. Lastly, decisions were sometimes based on individual
clinical preferences not always allowing for standardized,
clinical algorithms.

This study confirms the importance of endoscopy-guided
approaches as a primary treatment or adjunct procedure to
address complications after pancreatoduodenectomy. We
herein report a novel, innovative technique for internal drain-
age of peri-anastomotic fluid collections in the setting of
pancreato-gastric reconstructions.

Funding Drs. Matthius Felsenstein and Karl Herbert Hillebrandt are
participants in the BIH-Charité Clinician Scientist Program funded
by the Charité —Universitdtsmedizin Berlin and the Berlin Institute
of Health.

96

Declarations

Disclosure The authors Matthius Felsenstein, Ann-Christin Amini,
Sophie Dorfer, Mengwen Hu, Ruonan Wang, Lea Timmermann, Karl
Herbert Hillebrandt, Christian Benzing, Uli Fehrenbach, Uwe Pelzer,
Igor Maximillian Sauer, Johann Pratschke, Christian Jiirgensen,
Thomas Malinka declare no conflict of interest or financial ties related
to the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bassi C, Marchegiani G, Dervenis C et al (2017) The 2016 update
of the international study group (ISGPS) definition and grad-
ing of postoperative pancreatic fistula: 11 years after. Surgery
161(3):584-591

Smits FJ, van Santvoort HC, Besselink MG et al (2017) Manage-
ment of severe pancreatic fistula after pancreatoduodenectomy.
JAMA Surg 152(6):540-548

Klein F, Pelzer U, Schmuck RB et al (2019) Strengths, weak-
nesses, opportunities, and threats of centralized pancreatic sur-
gery: a single-center analysis of 3000 consecutive pancreatic
resections. J Gastrointest Surg 23(3):492-502

Rangelova E, Valente R, Del Chiaro M (2017) ““Step-up approach”
for the treatment of postoperative severe pancreatic fistula: is it
really possible and useful? JAMA Surg 152(6):548-549

Nahm CB, Connor SJ, Samra JS, Mittal A (2018) Postoperative
pancreatic fistula: a review of traditional and emerging concepts.
Clin Exp Gastroenterol 11:105-118

Vin Y, Sima CS, Getrajdman GI et al (2008) Management and
outcomes of postpancreatectomy fistula, leak, and abscess: results
of 908 patients resected at a single institution between 2000 and
2005.J Am Coll Surg 207(4):490-498

Kwon YM, Gerdes H, Schattner MA et al (2013) Management of
peripancreatic fluid collections following partial pancreatectomy:
a comparison of percutaneous versus EUS-guided drainage. Surg
Endosc 27(7):2422-2427

Varadarajulu S, Wilcox CM, Christein JD (2011) EUS-guided
therapy for management of peripancreatic fluid collections after
distal pancreatectomy in 20 consecutive patients. Gastrointest
Endosc 74(2):418-423

Tilara A, Gerdes H, Allen P et al (2014) Endoscopic ultrasound-
guided transmural drainage of postoperative pancreatic collec-
tions. J Am Coll Surg 218(1):33-40

Donatelli G, Fuks D, Cereatti F et al (2018) Endoscopic trans-
mural management of abdominal fluid collection following gas-
trointestinal, bariatric, and hepato-bilio-pancreatic surgery. Surg
Endosc 32(5):2281-2287

Al Efishat M, Attiyeh MA, Eaton AA et al (2019) Endoscopic
versus percutaneous drainage of post-operative peripancreatic

10.

11.


http://creativecommons.org/licenses/by/4.0/

Surgical Endoscopy

12.

13.

14.

15.

16.

17.

18.

19.

fluid collections following pancreatic resection. HPB (Oxford)
21(4):434-443

Tamura T, Kitano M, Kawai M et al (2019) Effectiveness of
endoscopic ultrasound-guided drainage for noncapsulated
postoperative pancreatic collection. Therap Adv Gastroenterol
12:1756284819884418

Ji HB, Zhu WT, Wei Q, Wang XX, Wang HB, Chen QP (2018)
Impact of enhanced recovery after surgery programs on pancreatic
surgery: a meta-analysis. World J Gastroenterol 24(15):1666-1678
Pecorelli N, Nobile S, Partelli S et al (2016) Enhanced recovery
pathways in pancreatic surgery: state of the art. World J Gastro-
enterol 22(28):6456—6468

Jurgensen C, Distler M, Arlt A et al (2019) EUS-guided drainage
in the management of postoperative pancreatic leaks and fistulas
(with video). Gastrointest Endosc 89(2):311-319.el
Timmermann L, Bahra M, Pratschke J, Malinka T (2021) Devel-
opment of a novel dorsal incision only invagination type pancrea-
togastrostomy (Charite-PG) following open pancreaticoduodenec-
tomy-a single centre experience. J Clin Med 10(12):2573
Timmermann L, Hillebrandt KH, Felsenstein M, Schmelzle M,
Pratschke J, Malinka T (2021) Challenges of single-stage pan-
creatoduodenectomy: how to address pancreatogastrostomies with
robotic-assisted surgery. Surg Endosc. https://doi.org/10.1007/
s00464-021-08925-w

Muaddi H, Karanicolas PJ (2021) Postoperative pancreatic
fistula: still the Achilles’ heel of pancreatic surgery. Surgery
169(6):1454-1455

Strobel O, Neoptolemos J, Jager D, Buchler MW (2019) Optimiz-
ing the outcomes of pancreatic cancer surgery. Nat Rev Clin Oncol
16(1):11-26

Authors and Affiliations

Matthaus Felsenstein'2

21.

22.

23.

24.

25.

. Varadarajulu S, Bang JY, Phadnis MA, Christein JD, Wilcox CM

(2011) Endoscopic transmural drainage of peripancreatic fluid
collections: outcomes and predictors of treatment success in 211
consecutive patients. J Gastrointest Surg 15(11):2080-2088
Storm AC, Levy MJ, Kaura K et al (2020) Acute and early EUS-
guided transmural drainage of symptomatic postoperative fluid
collections. Gastrointest Endosc 91(5):1085-1091 €1081
Onodera M, Kawakami H, Kuwatani M et al (2012) Endoscopic
ultrasound-guided transmural drainage for pancreatic fistula or
pancreatic duct dilation after pancreatic surgery. Surg Endosc
26(6):1710-1717

Gupta T, Lemmers A, Tan D, Ibrahim M, Le Moine O, Deviere J
(2012) EUS-guided transmural drainage of postoperative collec-
tions. Gastrointest Endosc 76(6):1259-1265

Azeem N, Baron TH, Topazian MD, Zhong N, Fleming CJ,
Kendrick ML (2012) Outcomes of endoscopic and percutaneous
drainage of pancreatic fluid collections arising after pancreatic tail
resection. J Am Coll Surg 215(2):177-185

Ramouz A, Shafiei S, Ali-Hasan-Al-Saegh S et al (2022) System-
atic review and meta-analysis of endoscopic ultrasound drainage
for the management of fluid collections after pancreas surgery.
Surg Endosc 36(6):3708-3720

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Ann-Christin Amini' - Sophie Dorfer' - Mengwen Hu' - Ruonan Wang' -

Lea Timmermann' - Karl Herbert Hillebrandt'- - Christian Benzing' - Uli Fehrenbach? - Uwe Pelzer* -
Igor Maximillian Sauer'2 - Johann Pratschke’ - Christian Jiirgensen® - Thomas Malinka'

Department of Surgery, CCM | CVK, Charité—
Universitidtsmedizin Berlin, Corporate Member of Freie
Universitit Berlin, Humboldt-Universitit Zu Berlin,
and Berlin Institute of Health, 13353 Berlin, Germany

Berlin Institute of Health (BIH), Charité—Universitdtsmedizin
Berlin, Berlin, Germany

Department of Radiology, CCM | CVK, Charité—
Universitdtsmedizin Berlin, Berlin, Germany

97

Division of Hematology, Oncology and Tumor Immunology,
Medical Department, CCM, Charité—Universitdtsmedizin
Berlin, Berlin, Germany

Department of Hepatology and Gastroenterology, CCM |
CVK, Charité—Universititsmedizin Berlin, Berlin, Germany


https://doi.org/10.1007/s00464-021-08925-w
https://doi.org/10.1007/s00464-021-08925-w
http://orcid.org/0000-0003-3146-8717

3 DISCUSSION

With the continuous aging of the population and overall demographic changes in
Western countries, there is a perceivable and quite evident increase of patients
diagnosed with PDAC.? Further improvements on diagnostic modalities and optimized
surgical processes have enabled safe and curative concepts for many patients at early
stage diagnosis.'?>'3" Recent developments on neoadjuvant treatments further
pushed the boundaries pro resectability such that survival benefits likely range even
higher than currently estimated.? Still, in the setting of margin negative resection with
complete micro- and macroscopic tumor removal, the majority of patients eventually
relapse, likely due to not identified microscopic carcinoma cells, micro-metastases and
ineffective adjuvant therapies.'®'° In addition, the majority of patients are diagnosed at
disseminated stages, so curative concepts are no longer possible. Although more
effective systemic therapies are available, the individuals' survival benefit in the
palliative setting remains limited unless rare molecular, actionable targets can be
detected.4044.132 Realistic short-/mid-term chances for survival improvements of
affected PDAC patients with local disease involve, (i) effective pre-operative treatment
with down-staging of the primary tumor site and preventing micro-metastasis, (ii) peri-
operative advances through technical refinements on pancreatic surgical procedures
could limit hazardous complications which regularly impact the individuals amenability
to adjuvant treatments as well as (iii) finding novel post-operative combination or
targeted therapies that can reduce drug resistance and treatment failure. These clinical
demands for optimized multimodal oncologic therapy require a professional
interdisciplinary infrastructure with centralization at high-volume academic pancreatic
cancer centers.*® As such, our department has greatly focused on improving the peri-
operative measures (ii) that falls to our hands as academic surgeons. We offer modern
minimal-invasive including robotic surgery as well as effective interdisciplinary
concepts for complication management and within this framework we usually enable
early adjuvant treatment for the majority of our patients.'3334 In addition, we have
explored peri-operative factors that impacted and define treatment success and failure
at our institution, as we continuously seek for solutions to improve the clinical outcome
of our patients.48135.136

Pancreatic surgical procedures remain one of the most complex and technically
demanding abdominal interventions. Therefore, clinical research in the surgical field

greatly focuses on minimal-invasive procedures that could reduce complications and
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the overall treatment burden. Indeed, advantages lie in the faster recuperation with a
reduced length of hospital stay, reduced wound infections and margin positivity.'?’
Laparoscopic as well as robotic procedures, are innovative and effective minimal-
invasive modalities for pancreatic intervention and tumor resection.'3813% Even in the
setting of complex pancreatoduodenectomy with multi-step gastrointestinal
reconstruction, robotic procedures are increasingly adopted, proving a safe and cost-
effective alternative (Figure 3).140.141
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Figure 3. A. Set-up of the robotic device and surgical team during a pancreatic procedure in the operating room.
Extracted from own manuscript under 3.4. B. Similar to other studies, we could demonstrate cost-effectiveness
during the implementation phase of our procedure. Figure modified from Benzing C et al.*!

However, a bottleneck remains the sometimes extensive learning curves needed for
the surgeon’s training until equilibrated outcome measures can be achieved.'? Some
studies reported increased mortality and complication rates during the implementation
phase, an unacceptable side-effect from the individuals perspective.'*® Therefore,
significant care and rigorous measures remain paramount, for implementation of novel
technologies into the surgical field. In the conducted study under 3.4., we were able to
present our optimized and structured operating procedures from extensive institutional
experience in both robotic pancreaticoduodenectomy as well as distal
pancreatectomy.'33144 The study defines a structured step-by-step manual based on
evidence of rapidly improving learning curves during the adoption phase at our
institution. The surgeons spatial perspective within the abdominal cavity changes
drastically and therefore required various technical adoptions for safe performance of
pancreatoduodenectomies or distal pancreatectomies. Such practice guidelines may
support other pancreatic cancer programs in conducting safe and efficient robotic
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pancreatic surgery during their learning curves. This will become ever more important,
as industrial marketing and the general popularity of such technologies increases the
widespread and clinical demands worldwide.

Another major technical obstacle that significantly impacted the outcome of treated
PDAC patients is imposed by surgical complications.*® Abdominal fluid collections and
postoperative pancreatic fistula (POPF) are frequent side effects after complex
pancreatic surgery in both, open or minimal-invasive procedures.™% Such problems
regularly occur due to anastomotic leakage (Figure 4). It has been identified the
Achilles’ heel after complex pancreato-enteric reconstructions, but is required for
complete removal of pancreatic head tumors. As such, they regularly result in
increased morbidity and mortality with prolonged hospitalization and delayed
recovalescence.'*® Based on vast interdisciplinary experience for complication
management at our institution, we have developed efficient interventional tools for
drainage of abdominal fluid collections.’” In 3.5., we have implemented and
investigated a novel modality for endoscopic treatment (ED) of peri-anastomotic fluid
collection after pancreatogastrostomy. In such setting, the anastomotic dehiscence
can be endoscopically visualized and pigtail stents can be placed through guidewires
for internal drainage. The conceptional idea for such modalities is to achieve earlier
recovery, reduced hospitalization and improved quality of life, as prolonged irrigation
therapy using conventional percutaneous drainages (PD) requires professional
handling and in-patient observation. Previous work has shown such tendencies after
distal pancreatectomies with mean difference of -3.84 days (95% CI-6.12 to - 1.55;
P <0.01) across studies in a larger meta-analysis.'*® However, only few studies
reported experiences on transmural approaches following pancreatoduodenectomies.
We have identified two meaningful studies, that included a limited number of patients
(<20) and demonstrated similar clinical success rates of ED compared to PD after

pancreatoduodenectomy.'49.150

100



Figure 4. A. Computed tomography (CT) following pancreatoduodenectomy. Larger fluid collection (arrow) at
pancreato-enteric anastomosis (arrow head) strongly suggests anastomotic leakage. Figure modified from Planz V
et al.'® B. lllustration depicts endoscopic placement of two peri-anastomotic pigtail stents. C. Peri-anastomotic
pigtail stents in-situ during radiographic (left) and endoscopic (right) follow-up. Figures B&C extracted from own
manuscript under 3.5..

In our study, we were able to demonstrate efficient treatment of one-third of our
patients suffering from anastomotic leakage as either primary, secondary and/or
tertiary treatment modality. We could discriminate superior primary- (77.8% in ED vs
53.7% in PD) and secondary success rates (85.7% in ED vs 68.4% in PD) and overall
earlier resolution of peri-anastomotic fluid collection when compared to percutaneous
management. This work has majorly contributed to expanding the interdisciplinary
toolkit for this treatment-specific complication and now offers a versatile and safe
adjunct to conventional percutaneous techniques, ultimately aiming at earlier
admission of oncologic patients to adjuvant treatments.

As a clinician scientist, current challenges in the peri-operative management (ii) of
PDAC patients were academically addressed, which culminated in evidence-based
conclusions and technical advancements that will likely have a positive impact on the
outcome of our patients.

Technical developments in high-throughput analyses of recent decade(s) greatly
illuminated the molecular trajectories of malignant diseases, including PDAC. This has
become ever more important in the discovery of novel paths for earlier detection and
the development of effective targeted therapies. For instance, the tremendous success

of a biomarker-driven therapy in treating malignant melanoma and leukemia has driven
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and initiated the current progress in precision medicine across many cancer
entities. 2153 However, when compared to other gastrointestinal counterparts (gastric,
colorectal, esophageal cancers), PDAC lags significantly behind in this ongoing
endeavor.'* The reasons are manifold but partly lie in undruggable driver genes along
with extensive heterogeneity of low-abundance gene alterations, the complex interplay
of carcinoma cells with the stroma and the “cold” immunosuppressive tumor immune
microenvironment (TIME).">® Despite extensive efforts and progress in the molecular
trajectory of the disease and apart from few examples, the majority of targeted
therapies fail to improve the survival of PDAC patients at this point in time."S In
addition, it must be acknowledged that major breakthroughs for improved survival of
patients with gastrointestinal malignancies, such as colorectal or gastric cancers, were
primarily due to the development of cost-effective diagnostic modalities for early
detection (endoscopy). On the other hand, without the molecular and histopathologic
understanding of the carcinogenic process undergoing precursor metaplasia
(adenoma, ulcers), concepts for earlier detection would not have arisen.®® For some
time now, a similar process has been extrapolated for pancreatic carcinoma.®’
Different grades of pancreatic precursor lesions (PanIN, IPMN, MCN) align with
molecular alterations in driver genes characterizing a modified “adenoma-to-

carcinoma” sequence (Figure 5).
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Figure 5. Based on molecular and histopathological information of pancreatic cancer precursor lesions, a sequential
“adenoma-to-carcinoma” model has been characterized, which closely resembles the “Vogelgram” described for
colorectal carcinogenesis. Figures modified from Vogelstein B et al. and Hruban RH et al. 31157
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Unfortunately, to a large extent, this process remains microscopic. Removal of
pancreatic precursors also entails technically demanding and complicated pancreatic
surgery. We currently monitor macroscopic lesions until they have already started to
invade (worrisome features; high-risk stigmata).?® In view of the dismal prognosis once
invasive, this represents an overall dissatisfying situation. Only recently, translational
and clinical attempts began to include the molecular information of DNA shed into
secreted fluids of the pancreas or blood stream and harbor the potential to discern
high-grade from low-grade neoplasia.’'6.119.123.124 Qther larger scale screening
approaches include the genomic germline information to detect high-risk individuals for
developing pancreatic malignoma.''? Either of these diagnostic concepts will most
likely yield effective modalities for earlier detection soon.

In conjunction with this ongoing progress, our studies provided significant insight into
the molecular trajectory from precursor to invasive carcinoma. For instance, in 3.1. we
were able to demonstrate that the co-occurrence of cystic IPMNs with invasive
carcinoma does not always infer that the carcinoma is derived from its neighboring
precursor. Following Laser Capture Microdissection (LCM), where we separated the
cyst epithelium from the invasive areas, we subsequently performed Next Generation
Sequencing (NGS) and molecularly analyzed their relationship based on strategic
bioinformatical likelihood calculations. At least one-sixth of PDACs did not share any
driver gene alterations present in the IPMN, which defined them as (molecularly)
unrelated. Multifocal neoplasia in the pancreas has been observed previously and a
so called molecular “field defect’ of the pre-conditioned pancreatic duct system has
helped to explain such phenomena.?*'%8 However, it has long been assumed that all
PDACs co-occurring with IPMNs, must directly derive from their neighboring cystic
precursors. But distinct kinds of precursors seem to co-occur (PanIN, IPMN, MCN),
which all harbor the potential for incremental dysplasia and invasion. These results
have also significant clinical implications, as this situation likely renders the endoscopic
sampling of cyst fluid for diagnostic molecular purposes much more complex than
precedented. Nonetheless, such insights may help us to disentangle the underpinnings
of clonal heterogeneity during pancreatic carcinogenesis.

Follow-up studies from the research group further characterized the remarkable
heterogeneity in cystic precursor lesions.6”8” These results were also confirmed at
single-cell level.®8 To elaborate on the neoplastic progression of earlier-stage cystic
precursors and their relationship among neighboring precursors, we performed multi-
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regional exome sequencing on 76 Low- and high-grade lesions from total of 17 patients
(in 3.4.). We have uniquely discovered a novel driver gene (KLF4) with high abundance
(>50%) and enrichment in low-grade lesions. The data provided further evidence of
diverse phylogenetic patterns in the progression from low-to-high grade lesions. Using
a computational analytic tool (Treeomics), we were unable to identify a universal
molecular pattern for progression from precursor to carcinoma across patients. Apart
of in-depth tissue sampling, molecular analysis of cyst fluid has helped us to assess its
potential power for risk stratification, in order to discriminate low- from high-grade
lesions. The results of our study need to be interpreted with some caution, as only a
limited number (17 patients) as well as a small proportion of the patients’ IPMN were
analyzed. However, the strategy of multi-regional sampling of large number of well-
characterized cystic precursors enables us to uniquely define stratified genomic
signatures in low- versus high grade IPMN lesions.

Together with other recently published data, it becomes increasingly evident, that
PDAC evolves from heterogenic molecular clusters in precursor lesions, with
subsequent convergent clonal evolution of cells undergoing additional dysplasia which
develops into invasive carcinoma (Figure 6).""° The molecular and cellular
characteristics that confer improved clonal fitness, towards invasion in specific, remain

poorly understood and appear to be rooted beyond recurrent driver gene alterations.
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Figure 6. Remarkable heterogeneity of subclones in co-occurring low-grade precursors may lead to convergent
evolution at later stages with heterogeneity in driver genes. A dominant clone ultimately leads to development of
full-blown carcinoma. Figure modified from Fischer CG et al.?”

For better dynamic understanding of evolutionary concepts and investigation of
molecular phenotypes, versatile models for standardized downstream analyses would
be helpful. Hitherto, ex vivo animal or cell culture models were engineered to effectively
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mimic the disease process.®*'% However, the ultimate translational value in terms of
testing and developing effective agents for clinical practice, have remained scarce.
Focusing on the precursor cell biology, we have explored concepts to harness modern
genome engineering technologies (CRISPR/Cas9) in order to investigate pancreatic
carcinogenesis (FE1747/1-1). To date, only a single normal pancreatic ductal cell line
(HPDEE®E") and a compendium of carcinoma cell lines are available. Despite extensive
technical efforts, the development of monoclonal precursor cell lines with defined
genomic alterations in driver genes are still under investigation by our group. In turn,
we successfully derived a cystic precursor cell line from primary tissue employing
three-dimensional organoid culture (in 3.5.). During initial stages, a living biobank for
cystic precursor lesions has been composed that was subsequently characterized on
a genetic and transcriptional level.'®® We then transferred the precursor cells
(H58_ITPN) derived from an ITPN (Intraductal tubulo-papillary neoplasm) patient into
two-dimensional tissue culture and thoroughly characterized its tumorigenic features.
The technical novelty lies in successful derivation and survival of non-carcinogenic
precursor cells using protocols for three-dimensional organoid culture and their careful

transfer into two-dimensional tissue culture (Figure 7).

Derivation of cystic precursor cell line
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Figure 7. Primary tissue from cystic precursors (IPMN, MCN) can be derived through stepwise, gradual transfer
from three- to two-dimensional tissue culture, enabling long-term culture of non-invasive precursor cells.

Characterization of the novel cell line revealed phenotypic properties of normal- or
other precursor cell lines, with no tumor formation in vivo as well as low tumorigenicity
in standardized in vitro assays. Genomic and transcriptomic analyses elucidated
unique signatures devoid of somatic alterations in commonly mutated pancreatic driver
genes. However, we were able to report a range of somatic mutations in other genes
involved in PI3K-, DNA damage- and Wnt signaling pathways, as a distinctive feature
of ITPN pathobiology. Based on genomic alteration in genes involved in DNA damage
response (HDR phenotype), we were also able to provide functional data on treatment
response with PARP1 (Olaparib) and a tankyrase inhibitor (GO07-LK). We identified
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sensitivities towards these agents indicating its usefulness to study DNA repair defects
in a translational approach. Despite the overall rarity of this precursor entity, the cell
line could provide a broader insight on evolutional mechanisms of cystic precursor
biology and carcinogenesis.

Pancreatic carcinoma is a deadly disease with complex genomic alterations
accumulating in variant phylogenic arrangements along the entire disease process.
This is initiated by clonal ancestors towards invasive cell colonies with aggressive or
even dislocating behavior towards metastatic resettlements. The discoveries
generated by in-depth multi-omic data (genomics, transcriptomics, proteomics)
dismantled the complex perturbation of interwoven intracellular signaling pathways,
that are likely responsible for iterative resistance towards single agent therapy.
However, similar larger scale molecular characterization of patients with precursor
lesions, may ensure some chances for the development of effective clinical tools for
early detection. My work has significantly contributed to the compile of data on genomic
signatures of precursor lesions. Subsequent work, on clinical datasets of patients
undergoing pancreatic surgery has helped to standardize innovative technologies and
improving on postoperative complication management that could more immediately
improve the clinical outcome of our patients. The enormous anthology of basic
research-, translational- and clinical efforts demonstrate the unfaltering commitment of
researchers to steer many more patients into curative stages. This triad together with

multi-disciplinary initiatives can make such endeavors conceivable in near future.

4 FUTURE DIRECTIONS

Future work will ensure progress on the investigation of the molecular principles of
pancreatic carcinogenesis as well as optimization of peri-operative variables, all
directed towards curative PDAC therapy, which remains the bottleneck of mid-/long-
term disease morbidity and mortality. The triad experiences with basic, translational
and clinical research remain the building blocks upon which novel interdisciplinary
principles and innovative paths for earlier detection will be explored. This | believe,
remains the cornerstone for improving the clinical outcomes of PDAC patients. Multiple
studies are underway to further our understanding of molecular pancreatic
carcinogenesis. Together with my research group (Molecular Carcinogenesis Lab,
https.//www.experimental-surgery.de/Projects/molecular_carcinogenesis/), we have
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established two-dimensional and three-dimensional tissue cultures of primary duct and
carcinoma cells, and followed-up on gene editing techniques for gene modification in
pancreatic driver genes and subsequent derivation of novel culture models. Our group
has also optimized ways on derivation of single-cell (-nuclei) data from fresh human
pancreatic precursor tissue, which should uncover transcriptomic signatures that may
drive pancreatic precursor cells into invasive transformation. Collaboratively we also
screen for more complex chromosomal aberrations and extrachromosomal DNA
(ecDNA) in PDAC samples with enriched neoplastic content (organoids) using short-
and long-read sequencing techniques. Such studies are aimed at exploring putative
mechanisms of therapy resistance. In clinical studies, we are investigating technical
modalities to improve interdisciplinary complication management after pancreatic
surgery. Altogether, ongoing efforts focus on contributing to the corpus of knowledge
and experience that can support diagnostic tools for early detection and improve the
therapy of patients suffering from pancreatic neoplasia.

5 SUMMARY

With rising incidence and prevalence PDAC are soon expected to become the second
leading cause of cancer related deaths. At time of diagnosis, few curative therapeutic
options are available due to systemic dissemination. Surgery in combination with
(radio-)chemotherapy for patients with primary resectable or borderline-resectable
tumors offer a minimal chance of cure. Recurrence rates are high and overall survival
rates are poor. For this reason, research efforts must focus on early detection of
precancerous lesions or early stage carcinoma. PDAC develops through a
complement of genetic alterations already present in pancreatic carcinoma precursor
lesions. These precursors are histologically characterized by the following types of
dysplasia: Pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous
neoplasm (IPMN) and mucinous cystic neoplasm (MCN). As these precursor lesions
progress, increasing grades of dysplasia are associated with the accumulation of
somatic mutations in the key driver genes KRAS, CDKNZ2A, TP53, SMAD4, GNAS and
RNF43. Complex molecular disruption of core signaling pathways ultimately leads to
cancer progression and metastasis. Apart from single nucleotide variants (SNVs),
other complex chromosomal aberrations during pancreatic carcinogenesis occur and

are likely responsible for the aggressive nature and rapid development of PDAC.
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Cooperative efforts to categorize PDAC patient samples, both functionally and
clinically, based on expression signatures, uncovered the fact that PDAC samples
essentially follow two distinct transcriptional programs, characterized as basal
(squamous) or classical. Other sub-classifications have been applied, while their exact
clinical relevance still needs to be evaluated. However, we still lack profound
understanding of the evolutionary concepts which ultimately drive dysplastic precursor
cells towards invasive carcinoma development. There is a real need to identify and
define cells with pre-invasive hallmarks and eventually be able to detect them in patient
samples which could guide us towards earlier detection as well as adopting paths for
modern precision medicine for a molecularly complex disease.

In my research, we delineated the molecular distinction and phylogenetic relationships
of cystic precursor lesions that co-occur with invasive carcinoma. The results have
fueled the concept of a pre-existent “field defects”, possibly found in a subset of
affected individuals. Building up on published data, subsequent studies were able to
characterize the extensive heterogeneity present in IPMN precursors, defining
molecular signatures that drive low-grade IPMNs into higher-grade lesions and
ultimately establishing molecular proof that PDACs directly originate from high-grade
IPMNs.8" A process that likely takes around 3-4 years. Technical progress in analyzing
liquid biopsies, such advances will aid in the multi-disciplinary venture to develop tools
for early detection. However, we have to acknowledge that only a minor fraction of
PDACs derive from macroscopic cysts. At least similar effort needs to focus on the
precursor biology of PanINs. These lesions are barely detectable in patient samples
which renders any progress difficult. Molecularly engineered ex vivo models will assist
in their understanding and aid in a thorough investigation of pancreatic carcinogenesis.
In view of this, we have provided a valuable in vitro model for ITPN pathogenesis and
we are currently working on models to develop ductal precursor cell lines that will
harbor main pancreatic driver genes. Downstream single-cell analyses in novel three
dimensional models will aid in the complex interplay between the tumor cells, stromal
and immune cells.

Apart from such visionary endeavors, we should focus on the optimization of patient
care. Academic centers specifically underlie the predicament of evidence-based
decision making while offering individualized therapy concepts to oncologic patients.
Close monitoring and documentation of peri-operative variables therefore remains a

fundamental task for clinician scientists to facilitate developing, adopting and
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optimizing therapeutic modalities. In the multi-disciplinary context and as a surgeon in
a high-volume pancreatic cancer center, primarily the peri-operative variables (ii) are
directly modifiable factors to be addressed. The work presented here has focused on
technical refinements via optimization of innovative robotic surgery as well as
improving on interdisciplinary concepts for efficient complication management. We are
aiming at offering the best individual treatment decisions while sharing our experiences
with the entire clinical research community and reporting on our evidence-based
results on a regular basis.

This work highlights the ongoing route in offering many more PDAC patients curatively
intended therapies while improving the safety and efficiency of such treatments. In
order to improve survival from this aggressive disease, we highlight the necessity to
cooperate and think in multi-disciplinary concepts as only joint inter-disciplinary efforts
may culminate in effective treatments for patients with pancreatic neoplasia. On the
basis of this work, | mean to motivate clinicians including academic and oncologic
surgeons, to overall deepening the biologic understanding of PDAC in the clinical

routine as many translational solutions are inevitably rooted at the molecular level.

(=]

REFERENCES

1. Wong MCS, Jiang JY, Liang M, Fang Y, Yeung MS, Sung JJY. Global temporal patterns of
pancreatic cancer and association with socioeconomic development. Sci Rep 2017;7(1):3165.
DOI: 10.1038/s41598-017-02997-2.

2. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian LM. Projecting
cancer incidence and deaths to 2030: the unexpected burden of thyroid, liver, and pancreas
cancers in the United States. Cancer Res 2014;74(11):2913-21. DOI: 10.1158/0008-5472.CAN-

14-0155.

3. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer J Clin 2021;71(1):7-
33. DOI: 10.3322/caac.21654.

4. Flowers BM, Xu H, Mulligan AS, et al. Cell of Origin Influences Pancreatic Cancer Subtype.
Cancer Discov 2021;11(3):660-677. DOI: 10.1158/2159-8290.CD-20-0633.

5. Lee AYL, Dubois CL, Sarai K, et al. Cell of origin affects tumour development and phenotype in
pancreatic ductal adenocarcinoma. Gut 2019;68(3):487-498. DOI: 10.1136/gutjnl-2017-
314426.

6. Bailey JM, Hendley AM, Lafaro KJ, et al. p53 mutations cooperate with oncogenic Kras to

promote adenocarcinoma from pancreatic ductal cells. Oncogene 2016;35(32):4282-8. DOI:
10.1038/0onc.2015.441.

7. Klein AP. Pancreatic cancer epidemiology: understanding the role of lifestyle and inherited
risk factors. Nat Rev Gastroenterol Hepatol 2021;18(7):493-502. DOI: 10.1038/s41575-021-
00457-x.

8. Park W, Chawla A, O'Reilly EM. Pancreatic Cancer: A Review. JAMA 2021;326(9):851-862.

DOI: 10.1001/jama.2021.13027.

109



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cancer Genome Atlas Research Network. Electronic address aadhe, Cancer Genome Atlas
Research N. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma.
Cancer Cell 2017;32(2):185-203 e13. DOI: 10.1016/j.ccell.2017.07.007.

Collisson EA, Sadanandam A, Olson P, et al. Subtypes of pancreatic ductal adenocarcinoma
and their differing responses to therapy. Nat Med 2011;17(4):500-3. DOI: 10.1038/nm.2344.
Moffitt RA, Marayati R, Flate EL, et al. Virtual microdissection identifies distinct tumor- and
stroma-specific subtypes of pancreatic ductal adenocarcinoma. Nat Genet 2015;47(10):1168-
78. DOI: 10.1038/ng.3398.

Chan-Seng-Yue M, Kim JC, Wilson GW, et al. Transcription phenotypes of pancreatic cancer
are driven by genomic events during tumor evolution. Nat Genet 2020;52(2):231-240. DOI:
10.1038/s41588-019-0566-9.

Cao L, Huang C, Cui Zhou D, et al. Proteogenomic characterization of pancreatic ductal
adenocarcinoma. Cell 2021;184(19):5031-5052 e26. DOI: 10.1016/j.cell.2021.08.023.

Isaji S, Mizuno S, Windsor JA, et al. International consensus on definition and criteria of
borderline resectable pancreatic ductal adenocarcinoma 2017. Pancreatology 2018;18(1):2-
11. DOI: 10.1016/j.pan.2017.11.011.

Tempero MA, Malafa MP, Al-Hawary M, et al. Pancreatic Adenocarcinoma, Version 2.2021,
NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw 2021;19(4):439-457.
DOI: 10.6004/jnccn.2021.0017.

Weitz J, Rahbari N, Koch M, Buchler MW. The "artery first" approach for resection of
pancreatic head cancer. J Am Coll Surg 2010;210(2):e1-4. DOI:
10.1016/j.jamcollsurg.2009.10.019.

Hackert T, Strobel O, Michalski CW, et al. The TRIANGLE operation - radical surgery after
neoadjuvant treatment for advanced pancreatic cancer: a single arm observational study.
HPB (Oxford) 2017;19(11):1001-1007. DOI: 10.1016/j.hpb.2017.07.007.

Katz MH, Shi Q, Ahmad SA, et al. Preoperative Modified FOLFIRINOX Treatment Followed by
Capecitabine-Based Chemoradiation for Borderline Resectable Pancreatic Cancer: Alliance
for Clinical Trials in Oncology Trial A021101. JAMA Surg 2016;151(8):e161137. DOI:
10.1001/jamasurg.2016.1137.

Katz MHG, Shi Q, Meyers J, et al. Efficacy of Preoperative mFOLFIRINOX vs mFOLFIRINOX Plus
Hypofractionated Radiotherapy for Borderline Resectable Adenocarcinoma of the Pancreas:
The A021501 Phase 2 Randomized Clinical Trial. JAMA Oncol 2022;8(9):1263-1270. DOI:
10.1001/jamaoncol.2022.2319.

Zureikat AH, Moser AJ, Boone BA, Bartlett DL, Zenati M, Zeh HJ, 3rd. 250 robotic pancreatic
resections: safety and feasibility. Ann Surg 2013;258(4):554-9; discussion 559-62. DOI:
10.1097/SLA.0b013e3182a4e87c.

Asbun HJ, Moekotte AL, Vissers FL, et al. The Miami International Evidence-based Guidelines
on Minimally Invasive Pancreas Resection. Ann Surg 2020;271(1):1-14. DOI:
10.1097/SLA.0000000000003590.

van Hilst J, de Rooij T, Bosscha K, et al. Laparoscopic versus open pancreatoduodenectomy
for pancreatic or periampullary tumours (LEOPARD-2): a multicentre, patient-blinded,
randomised controlled phase 2/3 trial. Lancet Gastroenterol Hepatol 2019;4(3):199-207. DOI:
10.1016/52468-1253(19)30004-4.

Wang M, Li D, Chen R, et al. Laparoscopic versus open pancreatoduodenectomy for
pancreatic or periampullary tumours: a multicentre, open-label, randomised controlled trial.
Lancet Gastroenterol Hepatol 2021;6(6):438-447. DOI: 10.1016/52468-1253(21)00054-6.

de Rooij T, van Hilst J, van Santvoort H, et al. Minimally Invasive Versus Open Distal
Pancreatectomy (LEOPARD): A Multicenter Patient-blinded Randomized Controlled Trial. Ann
Surg 2019;269(1):2-9. DOI: 10.1097/SLA.0000000000002979.

Tanaka M, Fernandez-Del Castillo C, Kamisawa T, et al. Revisions of international consensus
Fukuoka guidelines for the management of IPMN of the pancreas. Pancreatology
2017;17(5):738-753. DOI: 10.1016/j.pan.2017.07.007.

110



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tanaka M, Fernandez-del Castillo C, Adsay V, et al. International consensus guidelines 2012
for the management of IPMN and MCN of the pancreas. Pancreatology 2012;12(3):183-97.
DOI: 10.1016/j.pan.2012.04.004.

Rezaee N, Barbon C, Zaki A, et al. Intraductal papillary mucinous neoplasm (IPMN) with high-
grade dysplasia is a risk factor for the subsequent development of pancreatic ductal
adenocarcinoma. HPB (Oxford) 2016;18(3):236-46. DOI: 10.1016/j.hpb.2015.10.010.

Kang MJ, Jang JY, Lee KB, Chang YR, Kwon W, Kim SW. Long-term prospective cohort study of
patients undergoing pancreatectomy for intraductal papillary mucinous neoplasm of the
pancreas: implications for postoperative surveillance. Ann Surg 2014;260(2):356-63. DOI:
10.1097/SLA.0000000000000470.

Oettle H, Post S, Neuhaus P, et al. Adjuvant chemotherapy with gemcitabine vs observation
in patients undergoing curative-intent resection of pancreatic cancer: a randomized
controlled trial. JAMA 2007;297(3):267-77. DOI: 10.1001/jama.297.3.267.

Oettle H, Neuhaus P, Hochhaus A, et al. Adjuvant chemotherapy with gemcitabine and long-
term outcomes among patients with resected pancreatic cancer: the CONKO-001
randomized trial. JAMA 2013;310(14):1473-81. DOI: 10.1001/jama.2013.279201.

Conroy T, Desseigne F, Ychou M, et al. FOLFIRINOX versus gemcitabine for metastatic
pancreatic cancer. N Engl J Med 2011;364(19):1817-25. DOI: 10.1056/NEJM0a1011923.

Von Hoff DD, Ervin T, Arena FP, et al. Increased survival in pancreatic cancer with nab-
paclitaxel plus gemcitabine. N Engl ] Med 2013;369(18):1691-703. DOI:
10.1056/NEJM0a1304369.

Conroy T, Hammel P, Hebbar M, et al. FOLFIRINOX or Gemcitabine as Adjuvant Therapy for
Pancreatic Cancer. N Engl J Med 2018;379(25):2395-2406. DOI: 10.1056/NEJM0a1809775.
Khorana AA, McKernin SE, Berlin J, et al. Potentially Curable Pancreatic Adenocarcinoma:
ASCO Clinical Practice Guideline Update. J Clin Oncol 2019;37(23):2082-2088. DOI:
10.1200/JC0.19.00946.

Chawla A, Molina G, Pak LM, et al. Neoadjuvant Therapy is Associated with Improved Survival
in Borderline-Resectable Pancreatic Cancer. Ann Surg Oncol 2020;27(4):1191-1200. DOI:
10.1245/510434-019-08087-z.

Versteijne E, Vogel JA, Besselink MG, et al. Meta-analysis comparing upfront surgery with
neoadjuvant treatment in patients with resectable or borderline resectable pancreatic
cancer. BrJ Surg 2018;105(8):946-958. DOI: 10.1002/bjs.10870.

Sohal DPS, Duong M, Ahmad SA, et al. Efficacy of Perioperative Chemotherapy for Resectable
Pancreatic Adenocarcinoma: A Phase 2 Randomized Clinical Trial. JAMA Oncol 2021;7(3):421-
427.DOI: 10.1001/jamaoncol.2020.7328.

Versteijne E, Suker M, Groothuis K, et al. Preoperative Chemoradiotherapy Versus Immediate
Surgery for Resectable and Borderline Resectable Pancreatic Cancer: Results of the Dutch
Randomized Phase Ill PREOPANC Trial. J Clin Oncol 2020;38(16):1763-1773. DOI:
10.1200/JC0.19.02274.

Golan T, Hammel P, Reni M, et al. Maintenance Olaparib for Germline BRCA-Mutated
Metastatic Pancreatic Cancer. N Engl J Med 2019;381(4):317-327. DOI:
10.1056/NEJM0a1903387.

Le DT, Durham JN, Smith KN, et al. Mismatch repair deficiency predicts response of solid
tumors to PD-1 blockade. Science 2017;357(6349):409-413. DOI: 10.1126/science.aan6733.
Bockorny B, Semenisty V, Macarulla T, et al. BL-8040, a CXCR4 antagonist, in combination
with pembrolizumab and chemotherapy for pancreatic cancer: the COMBAT trial. Nat Med
2020;26(6):878-885. DOI: 10.1038/s41591-020-0880-x.

Byrne KT, Betts CB, Mick R, et al. Neoadjuvant Selicrelumab, an Agonist CD40 Antibody,
Induces Changes in the Tumor Microenvironment in Patients with Resectable Pancreatic
Cancer. Clin Cancer Res 2021;27(16):4574-4586. DOI: 10.1158/1078-0432.CCR-21-1047.
Canon J, Rex K, Saiki AY, et al. The clinical KRAS(G12C) inhibitor AMG 510 drives anti-tumour
immunity. Nature 2019;575(7781):217-223. DOI: 10.1038/s41586-019-1694-1.

111



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wang-Gillam A, Li CP, Bodoky G, et al. Nanoliposomal irinotecan with fluorouracil and folinic
acid in metastatic pancreatic cancer after previous gemcitabine-based therapy (NAPOLI-1): a
global, randomised, open-label, phase 3 trial. Lancet 2016;387(10018):545-557. DOI:
10.1016/5S0140-6736(15)00986-1.

Ferrell BR, Temel JS, Temin S, et al. Integration of Palliative Care Into Standard Oncology
Care: American Society of Clinical Oncology Clinical Practice Guideline Update. J Clin Oncol
2017;35(1):96-112. DOI: 10.1200/JC0.2016.70.1474.

Braasch JW, Deziel DJ, Rossi RL, Watkins E, Jr., Winter PF. Pyloric and gastric preserving
pancreatic resection. Experience with 87 patients. Ann Surg 1986;204(4):411-8. DOI:
10.1097/00000658-198610000-00009.

Cameron JL, Pitt HA, Yeo CJ, Lillemoe KD, Kaufman HS, Coleman J. One hundred and forty-five
consecutive pancreaticoduodenectomies without mortality. Ann Surg 1993;217(5):430-5;
discussion 435-8. DOI: 10.1097/00000658-199305010-00002.

Klein F, Pelzer U, Schmuck RB, et al. Strengths, Weaknesses, Opportunities, and Threats of
Centralized Pancreatic Surgery: a Single-Center Analysis of 3000 Consecutive Pancreatic
Resections. J Gastrointest Surg 2019;23(3):492-502. DOI: 10.1007/s11605-018-3867-x.
Lidsky ME, Sun Z, Nussbaum DP, Adam MA, Speicher PJ, Blazer DG, 3rd. Going the Extra Mile:
Improved Survival for Pancreatic Cancer Patients Traveling to High-volume Centers. Ann Surg
2017;266(2):333-338. DOI: 10.1097/SLA.0000000000001924.

Groot VP, Rezaee N, Wu W, et al. Patterns, Timing, and Predictors of Recurrence Following
Pancreatectomy for Pancreatic Ductal Adenocarcinoma. Ann Surg 2018;267(5):936-945. DOI:
10.1097/SLA.0000000000002234.

Bengtsson A, Andersson R, Ansari D. The actual 5-year survivors of pancreatic ductal
adenocarcinoma based on real-world data. Sci Rep 2020;10(1):16425. DOI: 10.1038/s41598-
020-73525-y.

Balachandran VP, Luksza M, Zhao JN, et al. Identification of unique neoantigen qualities in
long-term survivors of pancreatic cancer. Nature 2017;551(7681):512-516. DOI:
10.1038/nature24462.

Dal Molin M, Zhang M, de Wilde RF, et al. Very Long-term Survival Following Resection for
Pancreatic Cancer Is Not Explained by Commonly Mutated Genes: Results of Whole-Exome
Sequencing Analysis. Clin Cancer Res 2015;21(8):1944-50. DOI: 10.1158/1078-0432.CCR-14-
2600.

Basturk O, Hong SM, Wood LD, et al. A Revised Classification System and Recommendations
From the Baltimore Consensus Meeting for Neoplastic Precursor Lesions in the Pancreas. Am
J Surg Pathol 2015;39(12):1730-41. DOI: 10.1097/PAS.0000000000000533.

Hruban RH, Takaori K, Klimstra DS, et al. An illustrated consensus on the classification of
pancreatic intraepithelial neoplasia and intraductal papillary mucinous neoplasms. Am J Surg
Pathol 2004;28(8):977-87. DOI: 10.1097/01.pas.0000126675.59108.80.

Matsuda Y, Furukawa T, Yachida S, et al. The Prevalence and Clinicopathological
Characteristics of High-Grade Pancreatic Intraepithelial Neoplasia: Autopsy Study Evaluating
the Entire Pancreatic Parenchyma. Pancreas 2017;46(5):658-664. DOI:
10.1097/MPA.0000000000000786.

Andea A, Sarkar F, Adsay VN. Clinicopathological correlates of pancreatic intraepithelial
neoplasia: a comparative analysis of 82 cases with and 152 cases without pancreatic ductal
adenocarcinoma. Mod Pathol 2003;16(10):996-1006. DOI:
10.1097/01.MP.0000087422.24733.62.

Oyama H, Tada M, Takagi K, et al. Long-term Risk of Malignancy in Branch-Duct Intraductal
Papillary Mucinous Neoplasms. Gastroenterology 2020;158(1):226-237 e5. DOI:
10.1053/j.gastro.2019.08.032.

Schmidt CM, White PB, Waters JA, et al. Intraductal papillary mucinous neoplasms:
predictors of malignant and invasive pathology. Ann Surg 2007;246(4):644-51; discussion
651-4. DOI: 10.1097/SLA.0b013e318155a9e5.

112



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Singhi AD, Koay EJ, Chari ST, Maitra A. Early Detection of Pancreatic Cancer: Opportunities
and Challenges. Gastroenterology 2019;156(7):2024-2040. DOI:
10.1053/j.gastro.2019.01.259.

Berland LL, Silverman SG, Gore RM, et al. Managing incidental findings on abdominal CT:
white paper of the ACR incidental findings committee. J Am Coll Radiol 2010;7(10):754-73.
DOI: 10.1016/j.jacr.2010.06.013.

He J, Cameron JL, Ahuja N, et al. Is it necessary to follow patients after resection of a benign
pancreatic intraductal papillary mucinous neoplasm? J Am Coll Surg 2013;216(4):657-65;
discussion 665-7. DOI: 10.1016/j.jamcollsurg.2012.12.026.

Marchegiani G, Mino-Kenudson M, Ferrone CR, et al. Patterns of Recurrence After Resection
of IPMN: Who, When, and How? Ann Surg 2015;262(6):1108-14. DOI:
10.1097/SLA.0000000000001008.

Tamura K, Ohtsuka T, Date K, et al. Distinction of Invasive Carcinoma Derived From
Intraductal Papillary Mucinous Neoplasms From Concomitant Ductal Adenocarcinoma of the
Pancreas Using Molecular Biomarkers. Pancreas 2016;45(6):826-35. DOI:
10.1097/MPA.0000000000000563.

Felsenstein M, Noe M, Masica DL, et al. IPMNs with co-occurring invasive cancers:
neighbours but not always relatives. Gut 2018;67(9):1652-1662. DOI: 10.1136/gutjnl-2017-
315062.

Pea A, Yu J, Rezaee N, et al. Targeted DNA Sequencing Reveals Patterns of Local Progression
in the Pancreatic Remnant Following Resection of Intraductal Papillary Mucinous Neoplasm
(IPMN) of the Pancreas. Ann Surg 2017;266(1):133-141. DOI:
10.1097/SLA.0000000000001817.

Fischer CG, Beleva Guthrie V, Braxton AM, et al. Intraductal Papillary Mucinous Neoplasms
Arise From Multiple Independent Clones, Each With Distinct Mutations. Gastroenterology
2019;157(4):1123-1137 e22. DOI: 10.1053/j.gastro.2019.06.001.

Fernandez-Del Castillo C, Tanaka M. Management of pancreatic cysts: the evidence is not
here yet. Gastroenterology 2015;148(4):685-7. DOI: 10.1053/j.gastro.2015.02.034.

Canto MI, Hruban RH. Managing pancreatic cysts: less is more? Gastroenterology
2015;148(4):688-91. DOI: 10.1053/j.gastro.2015.02.033.

Biankin AV, Waddell N, Kassahn KS, et al. Pancreatic cancer genomes reveal aberrations in
axon guidance pathway genes. Nature 2012;491(7424):399-405. DOI: 10.1038/nature11547.
Bailey P, Chang DK, Nones K, et al. Genomic analyses identify molecular subtypes of
pancreatic cancer. Nature 2016;531(7592):47-52. DOI: 10.1038/nature16965.

Waddell N, Pajic M, Patch AM, et al. Whole genomes redefine the mutational landscape of
pancreatic cancer. Nature 2015;518(7540):495-501. DOI: 10.1038/nature14169.

Jones S, Zhang X, Parsons DW, et al. Core signaling pathways in human pancreatic cancers
revealed by global genomic analyses. Science 2008;321(5897):1801-6. DOI:
10.1126/science.1164368.

Yachida S, Jones S, Bozic |, et al. Distant metastasis occurs late during the genetic evolution of
pancreatic cancer. Nature 2010;467(7319):1114-7. DOI: 10.1038/nature09515.

Lowery MA, Jordan EJ, Basturk O, et al. Real-Time Genomic Profiling of Pancreatic Ductal
Adenocarcinoma: Potential Actionability and Correlation with Clinical Phenotype. Clin Cancer
Res 2017;23(20):6094-6100. DOI: 10.1158/1078-0432.CCR-17-0899.

Ding D, Javed AA, Cunningham D, et al. Challenges of the current precision medicine
approach for pancreatic cancer: A single institution experience between 2013 and 2017.
Cancer Lett 2021;497:221-228. DOI: 10.1016/j.canlet.2020.10.039.

Collisson EA, Bailey P, Chang DK, Biankin AV. Molecular subtypes of pancreatic cancer. Nat
Rev Gastroenterol Hepatol 2019;16(4):207-220. DOI: 10.1038/s41575-019-0109-y.

Caldas C, Hahn SA, Hruban RH, Redston MS, Yeo CJ, Kern SE. Detection of K-ras mutations in
the stool of patients with pancreatic adenocarcinoma and pancreatic ductal hyperplasia.
Cancer Res 1994;54(13):3568-73. (https://www.ncbi.nlm.nih.gov/pubmed/8012983).

113



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Hahn SA, Schutte M, Hoque AT, et al. DPC4, a candidate tumor suppressor gene at human
chromosome 18g21.1. Science 1996;271(5247):350-3. DOI: 10.1126/science.271.5247.350.
Redston MS, Caldas C, Seymour AB, et al. p53 mutations in pancreatic carcinoma and
evidence of common involvement of homocopolymer tracts in DNA microdeletions. Cancer
Res 1994;54(11):3025-33. (https://www.ncbi.nlm.nih.gov/pubmed/8187092).

Hruban RH, Goggins M, Parsons J, Kern SE. Progression model for pancreatic cancer. Clin
Cancer Res 2000;6(8):2969-72. (https://www.ncbi.nlm.nih.gov/pubmed/10955772).
Murphy SJ, Hart SN, Lima JF, et al. Genetic alterations associated with progression from
pancreatic intraepithelial neoplasia to invasive pancreatic tumor. Gastroenterology
2013;145(5):1098-1109 el. DOI: 10.1053/j.gastro.2013.07.049.

Kanda M, Matthaei H, Wu J, et al. Presence of somatic mutations in most early-stage
pancreatic intraepithelial neoplasia. Gastroenterology 2012;142(4):730-733 €9. DOI:
10.1053/j.gastro.2011.12.042.

Hosoda W, Chianchiano P, Griffin JF, et al. Genetic analyses of isolated high-grade pancreatic
intraepithelial neoplasia (HG-PanIN) reveal paucity of alterations in TP53 and SMADA4. J
Pathol 2017;242(1):16-23. DOI: 10.1002/path.4884.

Amato E, Molin MD, Mafficini A, et al. Targeted next-generation sequencing of cancer genes
dissects the molecular profiles of intraductal papillary neoplasms of the pancreas. J Pathol
2014;233(3):217-27. DOI: 10.1002/path.4344,

Notta F, Chan-Seng-Yue M, Lemire M, et al. A renewed model of pancreatic cancer evolution
based on genomic rearrangement patterns. Nature 2016;538(7625):378-382. DOI:
10.1038/nature19823.

Noe M, Niknafs N, Fischer CG, et al. Genomic characterization of malignant progression in
neoplastic pancreatic cysts. Nat Commun 2020;11(1):4085. DOI: 10.1038/s41467-020-17917-
8.

Kuboki Y, Fischer CG, Beleva Guthrie V, et al. Single-cell sequencing defines genetic
heterogeneity in pancreatic cancer precursor lesions. J Pathol 2019;247(3):347-356. DOI:
10.1002/path.5194.

Felsenstein M, Hruban RH, Wood LD. New Developments in the Molecular Mechanisms of
Pancreatic Tumorigenesis. Adv Anat Pathol 2018;25(2):131-142. DOI:
10.1097/PAP.0000000000000172.

Hingorani SR, Petricoin EF, Maitra A, et al. Preinvasive and invasive ductal pancreatic cancer
and its early detection in the mouse. Cancer Cell 2003;4(6):437-50. DOI: 10.1016/s1535-
6108(03)00309-x.

Aguirre AJ, Bardeesy N, Sinha M, et al. Activated Kras and Ink4a/Arf deficiency cooperate to
produce metastatic pancreatic ductal adenocarcinoma. Genes Dev 2003;17(24):3112-26.
DOI: 10.1101/gad.1158703.

Bardeesy N, Aguirre AJ, Chu GC, et al. Both p16(Ink4a) and the p19(Arf)-p53 pathway
constrain progression of pancreatic adenocarcinoma in the mouse. Proc Natl Acad Sci US A
2006;103(15):5947-52. DOI: 10.1073/pnas.0601273103.

Hingorani SR, Wang L, Multani AS, et al. Trp53R172H and KrasG12D cooperate to promote
chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in mice.
Cancer Cell 2005;7(5):469-83. DOI: 10.1016/j.ccr.2005.04.023.

Izeradjene K, Combs C, Best M, et al. Kras(G12D) and Smad4/Dpc4 haploinsufficiency
cooperate to induce mucinous cystic neoplasms and invasive adenocarcinoma of the
pancreas. Cancer Cell 2007;11(3):229-43. DOI: 10.1016/j.ccr.2007.01.017.

Rowley M, Ohashi A, Mondal G, et al. Inactivation of Brca2 promotes Trp53-associated but
inhibits KrasG12D-dependent pancreatic cancer development in mice. Gastroenterology
2011;140(4):1303-1313 e1-3. DOI: 10.1053/j.gastro.2010.12.039.

Miyabayashi K, ljichi H, Mohri D, et al. Erlotinib prolongs survival in pancreatic cancer by
blocking gemcitabine-induced MAPK signals. Cancer Res 2013;73(7):2221-34. DOI:
10.1158/0008-5472.CAN-12-1453.

114



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Singh M, Lima A, Molina R, et al. Assessing therapeutic responses in Kras mutant cancers
using genetically engineered mouse models. Nat Biotechnol 2010;28(6):585-93. DOI:
10.1038/nbt.1640.

Morran DC, Wu J, Jamieson NB, et al. Targeting mTOR dependency in pancreatic cancer. Gut
2014;63(9):1481-9. DOI: 10.1136/gutjnl-2013-306202.

Olive KP, Jacobetz MA, Davidson CJ, et al. Inhibition of Hedgehog signaling enhances delivery
of chemotherapy in a mouse model of pancreatic cancer. Science 2009;324(5933):1457-61.
DOI: 10.1126/science.1171362.

Catenacci DV, Junttila MR, Karrison T, et al. Randomized Phase Ib/Il Study of Gemcitabine
Plus Placebo or Vismodegib, a Hedgehog Pathway Inhibitor, in Patients With Metastatic
Pancreatic Cancer. J Clin Oncol 2015;33(36):4284-92. DOI: 10.1200/JC0.2015.62.8719.

Boj SF, Hwang Cl, Baker LA, et al. Organoid models of human and mouse ductal pancreatic
cancer. Cell 2015;160(1-2):324-38. DOI: 10.1016/j.cell.2014.12.021.

Tiriac H, Belleau P, Engle DD, et al. Organoid Profiling Identifies Common Responders to
Chemotherapy in Pancreatic Cancer. Cancer Discov 2018;8(9):1112-1129. DOI:
10.1158/2159-8290.CD-18-0349.

Ramaker RC, Hardigan AA, Gordon ER, Wright CA, Myers RM, Cooper SJ. Pooled CRISPR
screening in pancreatic cancer cells implicates co-repressor complexes as a cause of multiple
drug resistance via regulation of epithelial-to-mesenchymal transition. BMC Cancer
2021;21(1):632. DOI: 10.1186/s12885-021-08388-1.

Chang Z, Li Z, Wang X, et al. Deciphering the mechanisms of tumorigenesis in human
pancreatic ductal epithelial cells. Clin Cancer Res 2013;19(3):549-59. DOI: 10.1158/1078-
0432.CCR-12-0032.

Qian J, Niu J, Li M, Chiao PJ, Tsao MS. In vitro modeling of human pancreatic duct epithelial
cell transformation defines gene expression changes induced by K-ras oncogenic activation in
pancreatic carcinogenesis. Cancer Res 2005;65(12):5045-53. DOI: 10.1158/0008-5472.CAN-
04-3208.

Lee J, Snyder ER, Liu Y, et al. Reconstituting development of pancreatic intraepithelial
neoplasia from primary human pancreas duct cells. Nat Commun 2017;8:14686. DOI:
10.1038/ncomms14686.

Seino T, Kawasaki S, Shimokawa M, et al. Human Pancreatic Tumor Organoids Reveal Loss of
Stem Cell Niche Factor Dependence during Disease Progression. Cell Stem Cell
2018;22(3):454-467 e6. DOI: 10.1016/j.stem.2017.12.009.

Misra S, Moro CF, Del Chiaro M, et al. Ex vivo organotypic culture system of precision-cut
slices of human pancreatic ductal adenocarcinoma. Sci Rep 2019;9(1):2133. DOI:
10.1038/s41598-019-38603-w.

Sackett SD, Tremmel DM, Ma F, et al. Extracellular matrix scaffold and hydrogel derived from
decellularized and delipidized human pancreas. Sci Rep 2018;8(1):10452. DOI:
10.1038/s41598-018-28857-1.

Force USPST, Owens DK, Davidson KW, et al. Screening for Pancreatic Cancer: US Preventive
Services Task Force Reaffirmation Recommendation Statement. JAMA 2019;322(5):438-444.
DOI: 10.1001/jama.2019.10232.

Canto MI, Almario JA, Schulick RD, et al. Risk of Neoplastic Progression in Individuals at High
Risk for Pancreatic Cancer Undergoing Long-term Surveillance. Gastroenterology
2018;155(3):740-751 e2. DOI: 10.1053/j.gastro.2018.05.035.

Goggins M, Overbeek KA, Brand R, et al. Management of patients with increased risk for
familial pancreatic cancer: updated recommendations from the International Cancer of the
Pancreas Screening (CAPS) Consortium. Gut 2020;69(1):7-17. DOI: 10.1136/gutjnl-2019-
319352.

Shi C, Hruban RH, Klein AP. Familial pancreatic cancer. Arch Pathol Lab Med 2009;133(3):365-
74.DOI: 10.5858/133.3.365.

115



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Roberts NJ, Norris AL, Petersen GM, et al. Whole Genome Sequencing Defines the Genetic
Heterogeneity of Familial Pancreatic Cancer. Cancer Discov 2016;6(2):166-75. DOI:
10.1158/2159-8290.CD-15-0402.

Overbeek KA, Goggins MG, Dbouk M, et al. Timeline of Development of Pancreatic Cancer
and Implications for Successful Early Detection in High-Risk Individuals. Gastroenterology
2022;162(3):772-785 e4. DOI: 10.1053/j.gastro.2021.10.014.

Singhi AD, McGrath K, Brand RE, et al. Preoperative next-generation sequencing of pancreatic
cyst fluid is highly accurate in cyst classification and detection of advanced neoplasia. Gut
2018;67(12):2131-2141. DOI: 10.1136/gutjnl-2016-313586.

Rosenbaum MW, Jones M, Dudley JC, Le LP, lafrate AJ, Pitman MB. Next-generation
sequencing adds value to the preoperative diagnosis of pancreatic cysts. Cancer Cytopathol
2017;125(1):41-47. DOI: 10.1002/cncy.21775.

Jones M, Zheng Z, Wang J, et al. Impact of next-generation sequencing on the clinical
diagnosis of pancreatic cysts. Gastrointest Endosc 2016;83(1):140-8. DOI:
10.1016/j.gie.2015.06.047.

Suenaga M, Yu J, Shindo K, et al. Pancreatic Juice Mutation Concentrations Can Help Predict
the Grade of Dysplasia in Patients Undergoing Pancreatic Surveillance. Clin Cancer Res
2018;24(12):2963-2974. DOI: 10.1158/1078-0432.CCR-17-2463.

Yu J, Sadakari Y, Shindo K, et al. Digital next-generation sequencing identifies low-abundance
mutations in pancreatic juice samples collected from the duodenum of patients with
pancreatic cancer and intraductal papillary mucinous neoplasms. Gut 2017;66(9):1677-1687.
DOI: 10.1136/gutjnl-2015-311166.

Pietrasz D, Pecuchet N, Garlan F, et al. Plasma Circulating Tumor DNA in Pancreatic Cancer
Patients Is a Prognostic Marker. Clin Cancer Res 2017;23(1):116-123. DOI: 10.1158/1078-
0432.CCR-16-0806.

Bettegowda C, Sausen M, Leary RJ, et al. Detection of circulating tumor DNA in early- and
late-stage human malignancies. Sci Transl Med 2014;6(224):224ra24. DOI:
10.1126/scitranslmed.3007094.

Sausen M, Phallen J, Adleff V, et al. Clinical implications of genomic alterations in the tumour
and circulation of pancreatic cancer patients. Nat Commun 2015;6:7686. DOI:
10.1038/ncomms8686.

Bernard V, Kim DU, San Lucas FA, et al. Circulating Nucleic Acids Are Associated With
Outcomes of Patients With Pancreatic Cancer. Gastroenterology 2019;156(1):108-118 e4.
DOI: 10.1053/j.gastro.2018.09.022.

Mohrmann L, Huang HJ, Hong DS, et al. Liquid Biopsies Using Plasma Exosomal Nucleic Acids
and Plasma Cell-Free DNA Compared with Clinical Outcomes of Patients with Advanced
Cancers. Clin Cancer Res 2018;24(1):181-188. DOI: 10.1158/1078-0432.CCR-17-2007.

Cohen JD, Li L, Wang Y, et al. Detection and localization of surgically resectable cancers with a
multi-analyte blood test. Science 2018;359(6378):926-930. DOI: 10.1126/science.aar3247.
Lee B, Lipton L, Cohen J, et al. Circulating tumor DNA as a potential marker of adjuvant
chemotherapy benefit following surgery for localized pancreatic cancer. Ann Oncol
2019;30(9):1472-1478. DOI: 10.1093/annonc/mdz200.

Groot VP, Mosier S, Javed AA, et al. Circulating Tumor DNA as a Clinical Test in Resected
Pancreatic Cancer. Clin Cancer Res 2019;25(16):4973-4984. DOI: 10.1158/1078-0432.CCR-19-
0197.

Vasen HF, Wasser M, van Mil A, et al. Magnetic resonance imaging surveillance detects early-
stage pancreatic cancer in carriers of a pl16-Leiden mutation. Gastroenterology
2011;140(3):850-6. DOI: 10.1053/j.gastro.2010.11.048.

Hur C, Tramontano AC, Dowling EC, et al. Early Pancreatic Ductal Adenocarcinoma Survival Is
Dependent on Size: Positive Implications for Future Targeted Screening. Pancreas
2016;45(7):1062-6. DOI: 10.1097/MPA.0000000000000587.

116



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Franko J, Hugec V, Lopes TL, Goldman CD. Survival among pancreaticoduodenectomy
patients treated for pancreatic head cancer <1 or 2 cm. Ann Surg Oncol 2013;20(2):357-61.
DOI: 10.1245/s10434-012-2621-y.

Park W, Chen J, Chou JF, et al. Genomic Methods Identify Homologous Recombination
Deficiency in Pancreas Adenocarcinoma and Optimize Treatment Selection. Clin Cancer Res
2020;26(13):3239-3247. DOI: 10.1158/1078-0432.CCR-20-0418.

Timmermann L, Biebl M, Schmelzle M, Bahra M, Malinka T, Pratschke J. Implementation of
Robotic Assistance in Pancreatic Surgery: Experiences from the First 101 Consecutive Cases. J
Clin Med 2021;10(2). DOI: 10.3390/jcm10020229.

Felsenstein M, Amini AC, Dorfer S, et al. Internal drainage for interdisciplinary management
of anastomotic leakage after pancreaticogastrostomy. Surg Endosc 2023. DOI:
10.1007/s00464-023-09964-1.

Globke B, Timmermann L, Klein F, et al. Postoperative acute necrotizing pancreatitis of the
pancreatic remnant (POANP): a new definition of severe pancreatitis following
pancreaticoduodenectomy. HPB (Oxford) 2020;22(3):445-451. DOI:
10.1016/j.hpb.2019.07.016.

Malinka T, Klein F, Denecke T, Pelzer U, Pratschke J, Bahra M. The Falciform Ligament for
Mesenteric and Portal Vein Reconstruction in Local Advanced Pancreatic Tumor: A Surgical
Guide and Single-Center Experience. HPB Surg 2018;2018:2943879. DOI:
10.1155/2018/2943879.

PengL, LinS, Li Y, Xiao W. Systematic review and meta-analysis of robotic versus open
pancreaticoduodenectomy. Surg Endosc 2017;31(8):3085-3097. DOI: 10.1007/s00464-016-
5371-2.

Nickel F, Haney CM, Kowalewski KF, et al. Laparoscopic Versus Open
Pancreaticoduodenectomy: A Systematic Review and Meta-analysis of Randomized
Controlled Trials. Ann Surg 2020;271(1):54-66. DOI: 10.1097/SLA.0000000000003309.

Shi Y, Jin J, Qiu W, et al. Short-term Outcomes After Robot-Assisted vs Open
Pancreaticoduodenectomy After the Learning Curve. JAMA Surg 2020;155(5):389-394. DOI:
10.1001/jamasurg.2020.0021.

Watkins AA, Kent TS, Gooding WE, et al. Multicenter outcomes of robotic reconstruction
during the early learning curve for minimally-invasive pancreaticoduodenectomy. HPB
(Oxford) 2018;20(2):155-165. DOI: 10.1016/j.hpb.2017.08.032.

Benzing C, Timmermann L, Winklmann T, et al. Robotic versus open pancreatic surgery: a
propensity score-matched cost-effectiveness analysis. Langenbecks Arch Surg
2022;407(5):1923-1933. DOI: 10.1007/s00423-022-02471-2.

Zhang T, Zhao ZM, Gao YX, Lau WY, Liu R. The learning curve for a surgeon in robot-assisted
laparoscopic pancreaticoduodenectomy: a retrospective study in a high-volume pancreatic
center. Surg Endosc 2019;33(9):2927-2933. DOI: 10.1007/s00464-018-6595-0.

Coe TM, Fong ZV, Wilson SE, Talamini MA, Lillemoe KD, Chang DC. Outcomes Improvement Is
Not Continuous Along the Learning Curve for Pancreaticoduodenectomy at the Hospital
Level. J Gastrointest Surg 2015;19(12):2132-7. DOI: 10.1007/s11605-015-2967-0.
Timmermann L, Hillebrandt KH, Felsenstein M, Schmelzle M, Pratschke J, Malinka T.
Challenges of single-stage pancreatoduodenectomy: how to address pancreatogastrostomies
with robotic-assisted surgery. Surg Endosc 2022;36(9):6361-6367. DOI: 10.1007/s00464-021-
08925-w.

Bassi C, Marchegiani G, Dervenis C, et al. The 2016 update of the International Study Group
(ISGPS) definition and grading of postoperative pancreatic fistula: 11 Years After. Surgery
2017;161(3):584-591. DOI: 10.1016/j.surg.2016.11.014.

Smits FJ, van Santvoort HC, Besselink MG, et al. Management of Severe Pancreatic Fistula
After Pancreatoduodenectomy. JAMA Surg 2017;152(6):540-548. DOI:
10.1001/jamasurg.2016.5708.

117



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Jurgensen C, Distler M, Arlt A, et al. EUS-guided drainage in the management of
postoperative pancreatic leaks and fistulas (with video). Gastrointest Endosc 2019;89(2):311-
319 el. DOI: 10.1016/j.gie.2018.08.046.

Ramouz A, Shafiei S, Ali-Hasan-Al-Saegh S, et al. Systematic review and meta-analysis of
endoscopic ultrasound drainage for the management of fluid collections after pancreas
surgery. Surg Endosc 2022;36(6):3708-3720. DOI: 10.1007/s00464-022-09137-6.

Tilara A, Gerdes H, Allen P, et al. Endoscopic ultrasound-guided transmural drainage of
postoperative pancreatic collections. J Am Coll Surg 2014;218(1):33-40. DOI:
10.1016/j.jamcollsurg.2013.09.001.

Al Efishat M, Attiyeh MA, Eaton AA, et al. Endoscopic versus percutaneous drainage of post-
operative peripancreatic fluid collections following pancreatic resection. HPB (Oxford)
2019;21(4):434-443. DOI: 10.1016/j.hpb.2018.08.010.

Planz V, Galgano SJ. Percutaneous biopsy and drainage of the pancreas. Abdom Radiol (NY)
2022;47(8):2584-2603. DOI: 10.1007/s00261-021-03244-z.

Chapman PB, Hauschild A, Robert C, et al. Improved survival with vemurafenib in melanoma
with BRAF V600E mutation. N Engl J Med 2011;364(26):2507-16. DOI:
10.1056/NEJM0a1103782.

Druker BJ, Guilhot F, O'Brien SG, et al. Five-year follow-up of patients receiving imatinib for
chronic myeloid leukemia. N Engl J Med 2006;355(23):2408-17. DOI:
10.1056/NEJM0a062867.

Zheng-Lin B, O'Reilly EM. Pancreatic ductal adenocarcinoma in the era of precision medicine.
Semin Oncol 2021;48(1):19-33. DOI: 10.1053/j.seminoncol.2021.01.005.

Uzunparmak B, Sahin IH. Pancreatic cancer microenvironment: a current dilemma. Clin Transl
Med 2019;8(1):2. DOI: 10.1186/s40169-019-0221-1.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell 1990;61(5):759-
67. DOI: 10.1016/0092-8674(90)90186-i.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA, Jr., Kinzler KW. Cancer genome
landscapes. Science 2013;339(6127):1546-58. DOI: 10.1126/science.1235122.

Yamaguchi K, Kanemitsu S, Hatori T, et al. Pancreatic ductal adenocarcinoma derived from
IPMN and pancreatic ductal adenocarcinoma concomitant with IPMN. Pancreas
2011;40(4):571-80. DOI: 10.1097/MPA.0b013e318215010c.

Wood LD, Canto M, Jaffee EM, Simeone DM. Pancreatic Cancer: Pathogenesis, Screening,
Diagnosis, and Treatment. Gastroenterology 2022;163(2):386-402 el. DOI:
10.1053/j.gastro.2022.03.056.

Huang B, Trujillo MA, Fujikura K, et al. Molecular characterization of organoids derived from
pancreatic intraductal papillary mucinous neoplasms. J Pathol 2020;252(3):252-262. DOI:
10.1002/path.5515.

7 DANKSAGUNG
Mein aul3erordentlicher Dank gilt Herrn Prof. Dr. Johann Pratschke, Direktor der

Chirurgischen Klinik der Charité — Universitatsmedizin Berlin, Campus Charité-Mitte

und Campus Virchow- Klinikum fur seine Unterstutzung und Forderung bei der

Fertigstellung dieser Arbeit sowie meiner klinischen und wissenschaftlichen Aus- und

Weiterbildung.

118



Prof. Dr. Igor Sauer hat frihzeitig meine wissenschaftlichen Ambitionen erkannt und
gezielt gefordert. Ich bedanke mich fur den aul3erordentlichen Zuspruch, das generell
in mich gelegte Vertrauen und die gebotenen infrastrukturellen Moglichkeiten zur
exzellenten wissenschaftlichen Arbeit. Durch seine Expertise und langjahrige
Erfahrung hat er meinen wissenschaftlichen Werdegang entscheidend gepragt.

Wesentlicher Dank gilt meinen klinisch-wissenschaftlichen Mentoren PD Dr. Thomas
Malinka und PD Dr. Marcus Bahra. Fur deren personliche Unterstutzung und
inhaltliche Hilfestellung auf Basis ihrer au3erordentlichen Expertise auf dem Gebiet
der Pankreas- und Viszeralchirurgie. Beide haben mir die Begeisterung fur dieses

Fach nahergebracht und weiter getragen.

Ich bin meiner wissenschaftlichen Mentorin Professor Laura Wood zu tiefem Dank
verpflichtet. Als internationale Expertin auf dem Gebiet der molekularen
Veranderungen pankreatischer Vorlauferlasionen war sie maf3geblich an meinen
wissenschaftlichen Erfolgen verantwortlich und hatte mich in meiner Zeit als
Postdoktorand in Baltimore (Johns Hopkins University School of Medicine)
fortwahrend gefordert und intellektuell stimuliert. In gleicherweise bedanke ich mich far
die Geduld und Unterstitzung von Professor Nicholas Roberts, der mir mit grof3er
Leidenschaft die technisch anspruchsvollen Maoglichkeiten zur molekularen
Untersuchung von Pankreaszellen in der Zellkultur nahergebracht hatte.

Ich bedanke mich bei meinen Kollegen/-innen und Freunden PD Dr. Linda Feldbrtgge,
Dr. Philipp Haber, Dr. Karl Herbert Hillebrandt, Dr. Nora Nevermann, Dr. Nils Haep,
Dr. Michael Pfluger, Dr. Sebastian Knitter, PD Dr. Rosa Schmuck und vielen mehr, die

mir stets mit wertvollem Rat und Resonanz zur Seite standen.

Ich bedanke mich bei unseren technischen Assistenten und Labormanagern Dr.
Reutzel-Selke, Anja Schirmeier, Dr. Huang Wang, Peter Tang, Kristen Fuhrer, Marion
Marksteiner und Steffen Lippert, die mir in experimentellen als auch organisatorischen
Angelegenheiten den Rucken gestarkt haben.

Aulerordentlicher Dank gilt auch meinen langjahrigen Freunden und Weggefahrten
Moritz Plewa, Mariolino Ciocchi und Raphael Seitz, die in den unterschiedlichsten
Lebensphasen zu mir gestanden und mich zu dem Menschen geformt haben der ich
heute bin.

119



Mein tiefster Dank gilt meiner Lebenspartnerin Joanna Piechucka. Ohne ihren
liebevollen und immerwahrenden Zuspruch und Unterstitzung ware diese Arbeit so

nicht entstanden.

Zuletzt danke ich meinen Eltern Daphne Felsenstein-Moore, Christoph Felsenstein,
sowie meinen Geschwistern Thomas und Katharina Felsenstein, die mich auch in den
widrigsten Phasen mental getragen und mit grof3er Empathie und Liebe fortwahrend

unterstitzt haben.

8 ERKLARUNG
Hiermit erklare ich, dass

- weder friher noch gleichzeitig ein Habilitationsverfahren durchgefthrt oder
angemeldet wurde,

- die vorgelegte Habilitationsschrift ohne fremde Hilfe verfasst, die
beschriebenen Ergebnisse selbst gewonnen sowie die verwendeten
Hilfsmittel, die Zusammenarbeit mit anderen
Wissenschaftlern/Wissenschaftlerinnen und mit technischen Hilfskraften sowie

die verwendete Literatur vollstandig in der Habilitationsschrift angegeben
wurden,

- mir die geltende Habilitationsordnung bekannt ist.
Ich erklare ferner, dass mir die Satzung der Charité — Universitatsmedizin Berlin zur

Sicherung Guter Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung
dieser Satzung verpflichte.

Berlin, 05.05.2023

Datum Unterschrift

120



	Gut2018.pdf
	IPMNs with co-occurring invasive cancers: neighbours but not always relatives
	Abstract
	Methods
	Results
	IPMN lesions co-occurring in pancreata with invasive carcinoma
	Molecular landscape of carcinomas and their co-occurring IPMNs
	Validation of somatic mutations and their accuracy in classifying relatedness
	Relatedness of IPMNs to co-occurring carcinomas
	Genetic heterogeneity in IPMNs
	Spatial distribution of mutant and wild-type clones

	Discussion
	References


	Gut2021.pdf
	Abstract
	INTRODUCTION
	METHODS
	Clinical Data
	Case selection and specimen acquisition
	Laser capture microdissection
	Whole exome sequencing and data analysis
	Phylogenetic analysis
	Analysis of IPMN cyst fluid

	RESULTS
	Overall approach
	Driver genes of IPMN tumorigenesis
	Evolutionary Analyses of Non-invasive IPMNs
	Detection of KLF4 mutations in IPMN cyst fluid

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Table 1:

	LabInvest2020.pdf
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Institutional approval and informed consent
	Specimen collection and organoid derivation
	Two-dimensional cell culture
	Mice Xenografts
	DNA and RNA extraction
	Analysis of KRAS and GNAS hotspots
	Whole Genome Sequencing
	Whole Exome Sequencing
	RT-qPCR
	RNA Sequencing
	Immunofluorescent staining
	Karyotyping
	Soft Agar Assay
	Cell Invasion Assay
	Clonogenic assay
	MTT assay

	RESULTS
	Isolation and culture of neoplastic cells from human ITPN
	Morphological and molecular characterization of ITPN cell line
	Analysis of transformed phenotypes of ITPN cell line

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.

	JRobotSurg2022.pdf
	Robot-assisted pancreatic surgery—optimized operating procedures: set-up, port placement, surgical steps
	Abstract
	Background
	Logistics and informed consent
	Hospitalization
	The positioning of the patient
	The positioning of the ports
	Alignment of the da Vinci patient cart
	Steps for structured robotic-assisted pancreatoduodenectomy (PD)
	A: Resection
	A1: Entering the bursa omentalis to expose the pancreatic organ
	A2: Exposing the pancreas at the resection level
	A3: Cutting the pancreas at the resection level
	A4: Preparation of hilar structures
	A5: Kocher Maneuver
	A6: Completion at the mesenterico-portal axis

	B: Reconstruction
	B1: Reconstruction of the hepaticojejunostomy
	B2: Reconstruction of the pancreato-gastrostomy
	B3: Reconstruction of the gastroenteric anastomosis
	B4: Disconnection of da Vinci robotic system
	B6: Drains and closure


	Steps for structured distal pancreatectomies (DP)
	A: Resection
	A1: Entering the bursa omentalis to expose the pancreatic organ
	A2: Exposing the splenic vessels
	A3: Cutting the pancreas at the resection level
	A4: Retrieval of the resection specimen
	B6: Drains and closure


	Outcome parameters using optimized operating procedures
	Conclusion
	Acknowledgements 
	References


	SurgEndoc2023.pdf
	Internal drainage for interdisciplinary management of anastomotic leakage after pancreaticogastrostomy
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Methods
	Patients
	Definition of treatment groups
	Cohort characterization (results “Cohort characterization and Treatment course of patients with anastomotic leakage after pancreatogastrostomy”)
	Comparative analyses (results “Clinical resolution of anastomotic leakage after treatment”)

	Peri-anastomotic drainage technique
	Statistics

	Results
	Cohort characterization
	Treatment course of patients with anastomotic leakage after pancreatogastrostomy
	Clinical resolution of anastomotic leakage after treatment
	Endoscopic drainage

	Discussion
	References


	JRobotSurg2022_ed.pdf
	Robot-assisted pancreatic surgery—optimized operating procedures: set-up, port placement, surgical steps
	Abstract
	Background
	Logistics and informed consent
	Hospitalization
	The positioning of the patient
	The positioning of the ports
	Alignment of the da Vinci patient cart
	Steps for structured robotic-assisted pancreatoduodenectomy (PD)
	A: Resection
	A1: Entering the bursa omentalis to expose the pancreatic organ
	A2: Exposing the pancreas at the resection level
	A3: Cutting the pancreas at the resection level
	A4: Preparation of hilar structures
	A5: Kocher Maneuver
	A6: Completion at the mesenterico-portal axis

	B: Reconstruction
	B1: Reconstruction of the hepaticojejunostomy
	B2: Reconstruction of the pancreato-gastrostomy
	B3: Reconstruction of the gastroenteric anastomosis
	B4: Disconnection of da Vinci robotic system
	B6: Drains and closure


	Steps for structured distal pancreatectomies (DP)
	A: Resection
	A1: Entering the bursa omentalis to expose the pancreatic organ
	A2: Exposing the splenic vessels
	A3: Cutting the pancreas at the resection level
	A4: Retrieval of the resection specimen
	B6: Drains and closure


	Outcome parameters using optimized operating procedures
	Conclusion
	Acknowledgements 
	References


	SurgEndoc2023_ed.pdf
	Internal drainage for interdisciplinary management of anastomotic leakage after pancreaticogastrostomy
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Methods
	Patients
	Definition of treatment groups
	Cohort characterization (results “Cohort characterization and Treatment course of patients with anastomotic leakage after pancreatogastrostomy”)
	Comparative analyses (results “Clinical resolution of anastomotic leakage after treatment”)

	Peri-anastomotic drainage technique
	Statistics

	Results
	Cohort characterization
	Treatment course of patients with anastomotic leakage after pancreatogastrostomy
	Clinical resolution of anastomotic leakage after treatment
	Endoscopic drainage

	Discussion
	References





