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Abstract
Objectives—We aim to establish the endoscopic pancreatic function test (ePFT) as a method
that can safely obtain pancreatic fluid for mass spectrometry analysis from patients during upper
endoscopy and to reproducibly identify pancreas-specific proteins.
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Methods—We performed SDS-PAGE and mass spectrometry-based proteomic analysis (GeLC-
MS/MS) on ePFT-collected pancreatic fluid from three individuals, without evidence of chronic
pancreatitis, who were undergoing an upper endoscopy for dyspepsia and chronic abdominal pain.

Results—Pancreatic fluid was safely collected from all subjects. SDS-PAGE analysis of ePFT-
collected pancreatic fluid revealed no significant variation (F-statistic 1.33; p-value 0.29) in
protein concentration during the 1 hour collection period and a visually reproducible protein
banding pattern among the three subjects. GeLC-MS/MS analysis of ePFT-collected fluid
identified pancreas-specific proteins previously described from ERCP and surgical collection
methods. Gene ontology further revealed that the majority of the proteins identified have
molecular function of proteases.

Conclusions—The ePFT is capable of collecting large amounts of pancreatic fluid for
proteomic analysis enabling the identification of pancreas-specific proteins. This endoscopic
collection method coupled with GeLC-MS/MS is a powerful technique, which can be used in
future investigations to elucidate pathways involved in the development and progression of
pancreatic disease.
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Introduction
Proteomic techniques can evaluate the protein profile of complex biological samples to
understand better the normal physiology and pathogenic mechanisms of human disease.
Recent developments in mass spectrometry have revolutionized protein identification
enabling the comprehensive analysis of protein mixtures from which hundreds or thousands
of proteins may be identified for further investigation [1,2]. Application of proteomics to the
study of pancreatic disease presents a unique opportunity to accelerate the pace of biomarker
discovery [1]. Pancreatic juice is a proximal body fluid that is ideal for proteomic analysis,
as it is of relatively low complexity, which simplifies the identification of low-abundant
proteins [3-5].

Previously published proteomic analysis of pancreatic fluid has been limited to pancreatic
disease cases undergoing invasive endoscopic procedures (endoscopic retrograde
cholangiopancreatography; ERCP) or pancreatic surgery [4,6-10]. Retrograde
pancreatogram is not justified in healthy subjects to obtain disease-free pancreatic fluid
because of the significant risks associated with this procedure [7]. Therefore, previously
published pancreatic fluid proteomic analyses have utilized benign, non-malignant patient
specimens as “surrogate” controls. To date, the proteome of pancreatic fluid from a disease-
free cohort has not been investigated [11].

We have developed an endoscopic pancreatic function test (ePFT) that collects pancreatic
fluid without cannulation of the pancreatic duct and without the risk of procedure-related
injury [12-14]. Analysis of its electrolyte composition and enzyme activity supports the
notion that ePFT-collected fluid reproduces the classic acinar and duct cell secretory profiles
following hormonal stimulation [12,13,15-17]. Furthermore, the ePFT is now considered an
acceptable alternative method for the assessment of pancreas secretory physiology [18,19].
However, a systematic and comprehensive analysis of the protein composition of ePFT-
collected pancreatic fluid has not been performed. As the ePFT collection method is a
valuable alternative tool to acquire pancreatic fluid even from subjects without pancreas-
related disease, we aim to establish this technique as a viable method to elucidate the
proteome of pancreatic fluid.
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For proteomic analysis of our ePFT-collected pancreatic fluid, we use GeLC-MS/MS (in-gel
tryptic digestion followed by liquid chromatography-tandem mass spectrometry), a powerful
approach for proteomic analyses [20,21]. Proteins are fractionated using one-dimensional
SDS-PAGE and entire gel lanes are excised and further subdivided into smaller sections to
allow for efficient processing. The proteins in these gel sections are subsequently digested
in-gel with trypsin and the generated peptides are subjected to a nanoflow reversed-phase
LC-MS/MS experiment to obtain peptide sequence information and hence identify the
proteins present in a particular sample of pancreatic fluid.

The primary objectives of our current exploratory investigation are as follows:

1. collect pancreatic fluid with the ePFT method after secretin stimulation and process
it for proteomic analysis,

2. determine the time course variation in secreted protein concentration during
secretin stimulation to optimize sample collection time,

3. assess the reproducibility and variation of protein banding patterns in ePFT-
collected pancreatic fluid specimens using SDS-PAGE,

4. identify pancreas-specific proteins in ePFT-collected fluid with mass spectrometry
(GeLC-MS/MS), and

5. describe the molecular function of identified pancreas-specific fluid proteins.

The methodology established herein will enable the further investigation of the protein
composition of the ePFT-collected pancreatic fluid secretome in healthy and pancreatic
disease patients and broaden our knowledge of pancreatic secretory physiology and disease
pathogenesis.

Materials and Methods
Study Design and Setting

Proteomic analysis experiment of endoscopically collected fluid in an academic center.

Study Population
This protocol was approved by the Institutional Review Board at Brigham and Women's
Hospital and Children's Hospital Boston (IRB # 2007-P-002480/1). The study population
included adult patients seen in the Center for Pancreatic Diseases at Brigham and Women's
Hospital for abdominal pain and dyspepsia. Subjects were referred to the Center for
Pancreatic Disease to eliminate a pancreatic etiology for their gastrointestinal symptoms.
All subjects underwent the following: 1) comprehensive review of history and physical
examination, 2) review of radiologic and endoscopic data, and 3) upper endoscopy with
ePFT followed by a gastric and duodenal mucosal biopsy.

Materials
ChiRhoStim® synthetic human secretin was from ChiRhoClin (Burtonsville MD).
SeeBluePlus2 Pre-Stained standard (LC5925), LDS (lithium dodecyl sulfate) sample buffer
(NP0008), NuPAGE 4-12% Bis-Tris polyacrylamide gels (NP0335), SimplyBlue Coomassie
stain (LC0665), and MES-SDS (2-(N-morpholino)ethanesulfonic acid-sodium dodecyl
sulfate) running buffer (NP002) were from Invitrogen (Carlsbad, CA).
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Experimental Workflow
Figure 1 illustrates the general workflow for the overall analysis as follows: 1) ePFT sample
collection, 2) centrifugation, 3) protein precipitation, 4) SDS-PAGE, 5) in-gel tryptic digest,
6) LC-MS/MS peptide mass determination, and 7) bioinformatic data processing.

Pancreatic Fluid Collection (ePFT method)
The ePFT procedure was as follows: 1) pre-procedural assessment, 2) endoscopic procedure,
and 3) post-procedural assessment/recovery.

A. Pre-procedural assessment—Prior to upper endoscopy all study subjects underwent
a history and physical examination, including list of allergies, medications, substance use/
abuse, vital signs, and physical examination. Pre-procedural sedation review included
airway assessment based on Mallampati airway scale and American Society of
Anesthesiologists Physical Status Classification (ASA Class). All study subjects in this
protocol had a Mallampati score of B, Class 2 and ASA Class II or better.

B. Endoscopic procedure—Endoscopic collection was performed in a stepwise manner
as follows:

1) The patient was placed in left lateral decubitus position with slight head elevation. 2) The
posterior pharynx was sprayed with topical cetacaine spray. 3) A sedation and analgesia
bolus was administered. 4) Further sedation doses were given if necessary for patient
comfort. 5) After the sedation bolus, a bite-block was placed. 6)
Esophagogastroduodenoscopy (EGD) was performed using a standard (10 mm) gastroscope
for visualization of the esophagus, stomach and duodenum (2 to 5 minutes). 7)
Gastroduodenal fluid was aspirated (approximately 1 minute) as completely as possible
through the gastroscope. 8) A test dose of synthetic human secretin (ChiRhoStim®) was
administered and patients were monitored for anaphylaxis or adverse reaction, followed by a
standard weight-based intravenous bolus (0.2 μg/kg) given over 1 minute. 9) Pancreatic fluid
was aspirated from the descending duodenum at specific timed intervals following hormonal
stimulation and kept on ice.

For the purposes of this investigation, duodenal aspirates were collected at 0, 5, 10, 15, 20,
30, 45 and 60 minutes after stimulation. Samples were divided and sent to the Brigham and
Women's Hospital Biochemistry Laboratory for measurement of electrolyte profiles and to
the Proteomics Center at Children's Hospital Boston for proteomic analysis. Biopsies of the
stomach and duodenum were obtained to eliminate microscopic gastrointestinal disease,
such as Helicobacter pylori or celiac sprue as a cause of dyspepsia.

C. Post-procedural Assessment / Recovery—Study participants recovered and were
discharged from the endoscopy unit based on hospital procedural sedation guidelines
assessing level of consciousness, vital signs, oxygen saturation, alertness, gag reflex, degree
of nausea, and ability to ambulate.

Pancreatic Fluid Biochemical Analysis
Pancreatic fluid samples were frozen at −80°C and stored until analysis; all measurements
were conducted within two weeks of sample collection. A separate in-house validation study
has demonstrated no significant difference in pancreatic fluid electrolyte concentrations
when stored for two weeks at - 80°C (data not shown). Samples were thawed at room
temperature, and an aliquot was passed through a serum filter (ML0550, MarketLab,
Caledonia, MI) to remove particulates and fibrin microthrombi prior to analysis. All
measurements were conducted in the CLIA-certified Brigham and Women's Hospital
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Clinical Chemistry Laboratory, under the standard operating procedures on an AU640
(Olympus America, Center Valley, PA) automated chemistry analyzer. Sodium, potassium,
and chloride were measured by indirect ion-selective electrodes, and total bicarbonate was
measured by the two-step phosphoenolpyruvate carboxylase-malate dehydrogenase
enzymatic-photometric method [22]. Samples with results greater than the upper assay limit
were diluted into the linear range. The mean peak bicarbonate concentration from previously
published studies in secretin-stimulated pancreatic fluid was 103 ± 11 meq/l [16]. A cut-off
point of 80 meq/l was two standard deviations below the mean and considered abnormal.

Pancreatic Fluid Proteomic Analysis
A. Pancreatic fluid sample preparation—In brief, pancreatic fluid samples were
collected on ice, centrifuged at 4°C at 14,000 rpm to remove cellular debris, and aliquoted
(500 μL) prior to storage at -80°C. Protein concentration was determined using the BioRAD
protein assay according to the manufacturer's instructions. In preparation for SDS-PAGE
analysis, the proteins from pancreatic fluid specimens were isolated by precipitation with the
addition of 12.5% trichloroacetic acid (TCA). This process limits protein degradation by
instantaneously deactivating enzymes and removing salts that will interfere with the
subsequent molecular weight-based fractionation by SDS-PAGE, as described below. Pellets
were re-dissolved in 50 μL of reducing Laemmli buffer (with 10 mM dithiothreitol) and
alkylated with 1% acrylamide for subsequent GeLC-MS/MS.

B. SDS-PAGE prefractionation and liquid chromatography-tandem mass
spectrometry (GeLC-MS/MS) of pancreatic fluid specimens—The proteins were
fractionated using 4-12% NuPAGE pre-cast SDS-PAGE gels at 175V for 40 minutes using
MES-SDS running buffer. Subsequently, entire gel lanes were divided into 7 sections.
Proteins in each gel section were digested in-gel with trypsin [23,24]. The extracted peptides
from each gel section were subjected to peptide fractionation using reversed-phase high
performance liquid chromatography (HPLC; Thermo Scientific) and the gradient-eluted
peptides were analyzed by an in-line LTQ (linear trap quadrupole) mass spectrometer
(Thermo Scientific). The liquid chromatography columns (15 cm × 100 μm ID) were packed
in-house (Magic C18, 5 μm, 100°Å, Michrom BioResources, into PicoTips, New Objective,
Woburn, MA). Samples were analyzed with a 60 minute linear gradient (0-35% acetonitrile
with 0.2% formic acid) and data were acquired in a data dependent manner, in which MS/
MS fragmentation is performed on the 6 most intense peaks of every full MS scan.

Bioinformatics and Data Analysis
All data generated from the gel sections were searched against the IPI-human database
(v3.36) using the Mascot search engine (v.2.204; Matrix Science). One miscleavage per
peptide was allowed and mass tolerances of ± 1 Da (monoisotopic) for precursor and of ±
0.8 Da for fragment ions were used, as was default for LTQ data analysis. Amino acid
modifications: fixed: propionamide (Cys); variable: deamidation (Asn/Gln), pyro-glutamate
(N-terminal Glu/Gln), and oxidation (Met). Mascot search results were combined using in-
house-developed software. In strict compliance with a set of recommendations [25-27]
proposed by the major proteomic journals, we present the following protein identification
validation method that minimizes false positives and reports only high confidence
identifications. Our false discovery rate (FDR) was 1% at the peptide level as determined by
searching the same dataset against the target database and a decoy database; the latter
featured the reversed amino acid sequences of all the entries in the IPI-human database
(v3.36) [28,29]. We applied the following stringent identification criteria for protein
identifications to ensure a false positive rate of ≤ 0.1% at the protein level: 1) a minimum of
2 unique peptides was required for protein identification; 2) each peptide had a score equal
or greater than the 1% FDR cut-off (see above); and 3) each matched peptide corresponds to
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the highest scoring peptide for that MS/MS spectra. Protein lists were imported into
Ingenuity Pathways Analysis (Ingenuity Systems, v 7.5) software for additional data
comparison and gene ontology analysis. An analysis of variance (ANOVA) for dependent
populations was calculated based on the mean protein concentration values of pancreatic
fluid at each collection time point over one hour. An F-statistic was calculated and a p-value
less than 0.05 was considered statistically significant.

Results
Endoscopic Pancreatic Function Test (ePFT) and Characterization of Study Cohort

Pancreatic fluid was acquired for both biochemical and molecular analysis via secretin-
stimulated ePFT from three subjects with chronic abdominal pain (CAP). All subjects
underwent a complete history and physical examination at the Center for Pancreatic Disease.
All outside procedures and radiology were reviewed and selected radiologic and endoscopic
tests were repeated at Brigham and Women's Hospital where necessary. Table 1 summarizes
the patients in terms of demographic, radiologic, endoscopic, histologic, and function testing
results.

The study cohort had a mean age of 45 years and 2 out of 3 were male. There was no history
of alcohol abuse, acute recurrent pancreatitis or therapeutic endoscopic pancreaticobiliary
procedures / instrumentation. All imaging studies including computed tomography (CT),
magnetic resonance imaging (MRI), and endoscopic ultrasound (EUS) were without
evidence of acute or chronic pancreatic disease. The mean peak bicarbonate concentration in
secretin-stimulated pancreatic fluid was 96 meq/L. Endoscopic biopsies of the stomach and
duodenum were normal in all patients and without evidence of Helicobacter pylori infection
or celiac sprue. Thus, careful review of all clinical, laboratory, and radiologic data
eliminated pancreatic disease as a cause of their gastrointestinal dyspeptic symptoms.

SDS-PAGE Analysis of Pancreas Fluid Samples
ePFT time course revealed no significant variation in protein content—In the
analysis of ePFT-collected pancreatic fluid, it was crucial to maximize the amount of protein
obtained via ePFT, as larger protein amounts allowed for an increased analytical depth. To
avoid the risk of collecting fluid at a sub-optimal time point, we investigated the temporal
variation of the proteins secreted in secretin-stimulated pancreatic fluid. Pancreatic fluid was
collected at a series of time points (t = 0, 5, 10, 15, 20, 30, 45, and 60 minutes) following
secretin stimulation. Samples were TCA-precipitated and separated by SDS-PAGE. As
shown in Figure 2, there was little deviation from the overall visual protein band pattern
after secretin stimulation among and within the time courses of different patients.

The variability in protein content of the t=0 samples may be attributed to the nature of the
collection. Prior to the collection of the t=0 sample, the gastroduodenal fluid was aspirated;
thus, incomplete aspiration may result in prominent contamination of this sample with
gastroduodenal fluid, although much less likely in subsequent collections. In addition, there
was little fluid secreted during the initial time point and such fluid was more viscous than
later samples, which can adversely affect protein extraction and distort the SDS-PAGE
protein band patterning, as was evident by the t=0 lanes in Figure 2 A-C. We suggest that
this sample (t=0) not be used for proteomic analysis aimed at identifying pancreatic fluid
proteins.

Protein concentration, as determined by the BioRAD (Bradford-based) protein assay, ranged
between 0.8 to 1.4 mg/mL for all samples (Figure 2 D). Although the 5 minute time point
(t=5) indicated a slightly increased protein concentration, there was no statistically
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significant difference (F-statistic 1.33; p-value 0.29) among the three curves, indicating
stable protein secretion over 60 minutes after secretin stimulation. The 30 and 45 minute
time points, which are routinely processed for the previously-described biochemical
electrolyte analysis, are both convenient and practical for subsequent mass spectrometric
analysis.

Protein profiling of ePFT-collected pancreatic fluid is reproducible—Previous
studies have illustrated significant patient-to-patient variation of pancreatic fluid protein
profiles on SDS-PAGE gels [4]. We have observed that protein degradation of samples
following a 30-minute incubation at 23°C and 37°C was apparent via SDS-PAGE gels
(manuscript in preparation). We questioned the potential effect of specimen collection/
processing methodology and analyzed biological replicates from our cohort, which showed
visually consistent protein patterns among and within the time courses of different patients
(Figure 2). We attribute the improvement in the reproducibility of our gels when comparing
our data with those of previous reports to our systematic and careful collection, handling,
and processing of the pancreatic fluid samples.

Proteomic Analysis of Pancreas Fluid Samples
Pancreas-specific proteins were identified in ePFT-collected pancreatic fluid
—Pancreas-specific proteins that were common among the three samples analyzed by
GeLC-MS/MS are listed in Table 2. These proteins included carboxypeptidase A1,
carboxypeptidase A2, chymotrypsinogen B1, chymotrypsinogen B2, chymotrypsin C,
elastase, lipase, and trypsin. These proteins were likely produced and secreted by the
pancreas, and have also been identified in fluid collected via ERCP or surgery [4,6-10]. The
right-most column of Table 2 lists studies in which the corresponding proteins have also
been identified.

Gene ontology reveals identified proteins mainly have molecular function of
proteases—To characterize further the 20 pancreas-specific proteins that we identified in
all three samples, we performed a gene ontology analysis using the Ingenuity Pathways
Analysis program (Ingenuity Systems, v 7.5). As expected, the majority of the pancreas-
specific proteins identified by our mass spectrometry experiment have molecular functions
of proteases (Table 2).

Discussion
In this study, using a robust fluid analysis strategy, we have described the first proteomic
analysis of ePFT-collected pancreatic fluid and identified pancreas-specific proteins. The
pancreas is relatively inaccessible and difficult to study due to its retroperitoneal location. A
histologic biopsy is not routinely obtained due to the concern for bleeding, pancreatitis, and
fistulae formation. Traditionally, highly-invasive procedures (ERCP and surgery) have been
used to collect pancreatic fluid for proteomic analysis [4,6-10]. In contrast, ePFT causes
significantly less morbidity for the patients, lowers cost and allows for the collection of
larger volumes of fluid. These advantages of our collection methodology combined with
GeLC-MS/MS enables a more detailed analysis of the pancreatic fluid.

The development of advanced molecular biology technology has led to an explosion in
information about the human genome and the proteins it encodes. Whereas technologies
have been developed to quantitate messenger RNA (mRNA) levels to obtain quantitative
data regarding transcription, the mRNA abundance levels do not always correlate with the
protein concentration of a cell or of the cellular secretome. Proteomics can deal with
problems that cannot be approached by genomic analysis, namely, relative abundance of the
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protein products, post-translational modifications, compartmentalization, turnover, and
protein interactions. Clinical proteomics evaluates the protein profile of complex biological
samples and can enhance our understanding of normal physiology and pathogenic
mechanisms of human disease. Many biological fluids with clinical applications (e.g.,
plasma, serum, urine, cerebrospinal fluid, saliva) contain proteins of physiological and
diagnostic significance that require direct analysis using proteomic technologies. Similarly,
pancreatic fluid is a proximal biological fluid specimen that is well-suited for proteomic
analysis.

Many previously reported proteomic analysis studies of pancreatic fluid, such as those
aiming to investigate or identify biomarker proteins of pancreatic cancer obtained pancreatic
fluid during ERCP or at surgery [4,6-10]. None of the previously-published investigations
utilize our endoscopic collection method (ePFT), which significantly enhances fluid
collection volume (>10-fold), thereby facilitating a more comprehensive proteome analysis
that is not limited by a small sample. More importantly, however, our ePFT method is much
less invasive than the aforementioned techniques (ERCP and surgery) and allows for the
safe-collection of pancreatic fluid. We believe our collection method combined with high-
throughput proteomics will help to clearly differentiate the pancreatic fluid proteome of
patients with pancreatic disease and those without pancreatic disease.

There are some potential aspects of our methodology that should be addressed by future
investigations. For example, the fluid collected from the duodenum is a mixture of biliary,
gastric, duodenal, and pancreas secretions. However, duodenal protein secretion is minimal,
and potential gastric fluid efflux is decreased by placing the patient in the left lateral
decubitus position. Moreover, both fluids (collectively known as gastroduodenal fluid) are
evacuated prior to ePFT and any remnants are subsequently diluted by the protein-rich
secretin-stimulated pancreatic secretions. Nevertheless, common gastric secretion proteins,
pepsinogen and mucins, have also been identified in pancreatic fluid collected by both
ERCP [4,7] and our own ePFT method. Also, for both ePFT and ERCP, bile contamination
is virtually inevitable, due to basal secretions emanating from the common bile duct. For
example, in a recent proteomic analysis of ERCP-collected human bile almost 25% of the
proteins identified were pancreatic enzymes, such as chymotrypsin, trypsin, elastase,
carboxypeptidase, and lipase [30]. Pancreas-specific proteins were also identified in more
recent bile proteomics publications investigating malignant biliary stenosis [31,32]. Because
we ultimately aim to compare the differences in protein expression between diseased and
healthy states, the presence of bile and gastroduodenal proteins in our samples will not be
detrimental to our conclusions.

In summary, we have performed an exploratory proteomic analysis of ePFT-collected,
secretin-stimulated pancreatic fluid from non-pancreatic disease controls. Application of a
robust and stringent analysis has allowed us to identify common pancreatic fluid proteins
which were also found in previous studies where pancreatic fluid was collected by ERCP or
surgery. With our initial investigation, we have established ePFT as a reproducible and
reliable endoscopic technique to collect pancreatic fluid for further testing and molecular
analysis. The ePFT technique combined with GeLC-MS/MS provides a valuable foundation
upon which future proteomic investigations of pancreatic fluid can be developed.
Application of our technique will be valuable in the characterization of the pathogenesis of
pancreatic disease at the molecular level and for the comparison of the pancreatic fluid
proteome of healthy individuals and those with pancreatic disease with the intention to
elucidate disease-specific biomarkers.
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Figure 1.
Experimental workflow. A) SDS-PAGE gel image of proteins extracted from pancreatic
fluid. B) Workflow of the GeLC-MS/MS experiment for the proteomic profiling of
pancreatic fluid. C) Chromatogram of fraction 11 of the proteomic profiling of pancreatic
fluid; the survey mass spectrum at 36.56 min; the product ion spectrum of the peptide at m/z
669.34 (marked with an arrowhead in the survey spectrum); database searches identified this
MS/MS spectrum as being from VSAYIDWINEK from chymotrypsin C.
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Figure 2.
A-C) SDS-PAGE gels of time courses of secretin-stimulated ePFT-collected pancreatic fluid
proteins of individuals with chronic abdominal pain (A: CAP1, B: CAP2, C: CAP3). D)
Temporal variation of pancreatic protein concentration secretion following secretin
stimulation for the three samples (CAP1, CAP2 and CAP3). Error bars are standard
deviations of technical replicates.
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