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Abstract

Background: Pancreatic cancer is a deadly disease for which available biomarkers, such as
CA19-9, lack the desired sensitivity and specificity for early detection. Additional biomarkers are
needed to improve both its sensitivity and specificity.

Methods: Multiplex immunoassays were developed for selected biomarkers using a Bio-Plex 200
system and analytical performance optimized. All proteins were analyzed in sera of patients
diagnosed with pancreatic ductal adenocarcinoma (PDAC, n=188) or benign pancreatic conditions
(131), and healthy controls (89). The clinical performance of these markers were evaluated
individually or in combination for their ability to complement CA19-9 for the early detection of
pancreatic cancer.

Results: A 6-plex immunoassay was developed with negligible cross-reactivity, wide dynamic
ranges, recovery of 89-104%, and intra-assay and inter-assay precision of 10.2-19.6% and 13.7—
29.3%, respectively. Individually, the best biomarkers to separate PDAC early stage from chronic
pancreatitis or intraductal papillary mucinous neoplasm (IPMN) were CA19-9 and MIA or
CA19-9 and MIC-1. Logistic regression modelling selected the two-marker panels that
significantly improved the individual biomarker performance in discriminating PDAC early stage
from chronic pancreatitis (AUCca19-9+m1A=0.86 versus AUCca19-9=0.81 or AUC\a=0.75 only,
p<0.05) or IPMN (AUCca19-9+Mmic-1=0.81 versus AUCcpa19-9=0.75 or AUCpy1c.1=0.73 only,
p<0.05). It was observed that OPN outperformed CA19-9 in separating IPMN from chronic
pancreatitis (AUCopn=0.80 versus AUCca19-9=0.70, p<0.01).
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Conclusions: The biomarker panels evaluated by assays with high analytical performance
demonstrated potential complementary values to CA19-9, warranting additional clinical validation
to determine their role in early detection of pancreatic cancer.

Impact: The validated biomarker panels could lead to earlier intervention and better outcomes.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer death in the United States (1). The
majority of patients are diagnosed in advanced and unresectable stages with a median
survival of 6 months and an overall 5-year survival of < 5% (2). The early detection of
pancreatic ductal adenocarcinoma (PDAC) is critical because surgery at an early stage is the
most promising therapy that greatly improves prognosis (3). However, there are currently no
available screening tests for the early detection of PDAC. Conventional imaging tools such
as abdominal computerized tomography (CT) scanning, magnetic resonance imaging (MRI),
endoscopic retrograde cholangiopancreatography (ERCP) and endoscopic ultrasound (EUS)
are inadequate for detecting small premalignant lesions and are relatively costly, time-
consuming and invasive (4,5). The current gold-standard serum marker cancer antigen 19-9
(CA19-9) is an FDA-cleared marker with the intended clinical use for monitoring disease
status (6-8). It lacks the necessary sensitivity and specificity and has been shown to be
ineffective in mass screening of asymptomatic subjects (6-8). CA19-9 is frequently elevated
in non-malignant conditions such as pancreatitis, obstructive jaundice, and other benign
conditions (6-8). It is also unsuitable for use in 5-10% patients who have a Lewis-negative
genotype and do not express the antigen (8). All of these factors limit its clinical utility in a
screening and early detection setting. There is an urgent clinical need to identify additional
biomarkers to complement CA19-9 for use in the early detection of pancreatic cancer.

Recently, several alternative serum biomarkers have been identified for use in the detection
of PDAC. These include macrophage inhibitory cytokine-1 (MIC-1), carcinoembryonic
antigen cell adhesion molecule-1 (CEACAM-1), regenerating islet-derived protein 4
(REG-4), osteopontin (OPN), tissue inhibitor of metalloproteinase 1 (TIMP-1), tissue
polypeptide-specific antigen (TPS), and others (9-16). However, none of these have been
clinically proved to be superior to CA19-9 (11,17) even though as reported by several
research groups that the combinations of individual serum biomarkers could improve their
performance for the detection of pancreactic cancer (18,19). An increasing number of novel
candidate biomarkers are being identified using high-throughput proteomic technologies (9-
19). Such candidates, along with potential biomarkers reported in the literature, need to be
rigorously validated using assays with sufficiently high analytical performances on clinical
samples from relevant patient populations. Traditional enzyme-linked immunosorbent assays
(ELISAS) only measure a single antigen at a time, which can be a major challenge for
simultaneously quantification of multiple potential biomarkers across large cohorts of
patient samples of which available sample volumes are often a limiting factor. Magnetic
bead-based multiplex immunoassays use differentially detectable bead sets as substrates
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capturing analytes in solution and detection antibodies measuring quantities of analytes in a
single sample, and represent a promising solution to simultaneously measure multiple
analytes in a single sample using minimum sample volume. Compared with traditional
ELISA and planar microarray, magnetic bead-based immunoassays may demonstrate faster
solution-phase kinetics instead of solid-phase kinetics and lower limits of quantification
(20,21). In this study, we hypothesized that combinations of individual serum biomarkers
could offer a superior diagnostic ability in early detection of pancreatic cancer. To this end,
we have performed bioinformatical analysis of publicly available gene, protein, and
PUBMED databases to identify candidate biomarkers based on reported fold changes and/or
sensitivity/specificity weighted by number of publications and cumulative study sample
sizes. Magnetic bead-based multiplex immunoassays were developed for the selected
candidate serum biomarkers using a Bio-Plex 200 suspension array system (Bio-Rad), and
applied to a case-control set of serum samples from subjects with PDAC or benign
conditions, and healthy controls. The performance of these candidate biomarkers were
evaluated individually and in combination for their ability to complement CA19-9 for the
early detection of pancreatic cancer.

Materials and Methods

Specimens

A total of 408 archived serum samples obtained from 188 patients with histologically
diagnosed PDAC, 131 patients with benign pancreatic conditions, and 89 healthy controls
without a history of pancreatic diseases were studied with institutional approval. All patient
serum samples were obtained before surgery or other treatment, and stored at —80°C until
analysis.

Reagents and antibodies

All of the recombinant proteins and antibodies were purchased from R&D Systems
(Minneapolis, MN)), except the detection antibody for SPON1 which was biotinylated in-
house. The majority of the antibodies except those for OPN and SPON1 were from the
DuoSet ELISA kits (R&D). Detailed information on the recombinant proteins and
antibodies are provided in Supplement Table 1. Magnetic COOH beads, amine coupling Kits,
and Bio-Plex Pro Reagent kits were purchased from Bio-Rad Laboratories (Hercules, CA).
NHS and Sulfo-NHS, EDC, EZ-Link™ Sulfo-NHS-Biotin, and Zeba™ Spin Desalting
Columns were purchased from Thermo Scientific (Rockford, IL). Serum CA19-9
concentrations were measured using an FDA cleared assay on the Tosoh AIA-600I1
immunoassay analyser (Tosoh Bioscience, S. San Francisco, CA). The human osteopontin
ELISA kit (ABIN414433) and the human heat shock protein 27 ELISA kit (ab113334) were
purchased from Antibodies-Online (Atlanta, GA) and Abcam (Cambridge, MA),
respectively.

Conjugation of antibodies to microspheres

Capture antibodies for OPN, MIA, CEACAM-1, MIC-1, SPON1 and HSP27 were coupled
to magnetic beads of different regions (64, 46, 26, 34, 43 & 63) using the Bio-Rad amine
coupling kit according to the manufacturer’s instructions. The use of differentially detectable
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beads of the different regions enables the simultaneous identification and quantification of
multiple analytes in the same sample and the individual immunoassays therefore can be
multiplexed. The optimal amount of capture antibodies for one coupling reaction after
titration was either 6 pg for OPN, MIA, CEACAM-1, MIC-1 and HSP27 or 9 pg for
SPONL1. The coupled beads were counted using a Coulter Z2 counter, validated using
biotinylated rabbit anti-mouse (B8520) or rabbit anti-goat (B7014) 1gG antibodies (Sigma-
Aldrich, St. Louis, MO), and stored in storage buffer provided in the kit at 4°C in the dark.

Multiplex immunoassay

A magnetic bead-based multiplex immunoassay was developed for the selected candidate
serum biomarkers using a Bio-Plex 200 suspension array system (Bio-Rad, Hercules, CA).
The monoplex immunoassays for individual candidates were first developed using the Bio-
Plex Pro Reagent kit. Briefly, 2500 coupled beads were incubated with 50 pl of a sample
diluted in sample diluent for 1 hour. The beads were washed and incubated with 25 pl of the
detection antibody diluted in the detection antibody diluent for 30 minutes. The beads were
then washed again and incubated with 50 pl of 2 ug/mL streptavidin-phycoerytherin (SA-
PE) diluted in the assay buffer for 10 minutes. The beads were finally washed and suspended
in 125 pl of the assay buffer for the analysis by the Bio-Plex 200 system. All assays were
carried out at room temperature and protected from light. All washing steps were performed
with the wash buffer with an automated plate washer (Bio-Plex Pro™ Il wash station, Bio-
Rad). Calibration curves were established using 9 calibrators in a 2-fold dilution series. Two
pooled human normal sera (one internal pooled sera and the other S7023 from Sigma-
Aldrich) were used for the optimization of the assay conditions.

Before multiplexing the individual assays, assay specificity was examined by performing
single-detection and multiplexed-detection antibody cross-reactivity studies to detect the
fluorescence signals in response to high concentrations of the recombinant proteins at the
first dilution point of the standard curve (except SPONL1 at the third dilution). The single
detection antibody study was conducted by testing an individual detection antibody in the
presence of multiplexed capture beads and a single antigen, which evaluates the specificity
of a capture antibody. The multiplexed-detection antibody study was conducted by testing
multiplexed detection antibodys in the presence of multiplexed capture beads and a single
antigen, which evaluates the specificity of a detection antibody and to some degree the
specificity of the capture antibody. Cross-reactivity was defined as the percentage of
nonspecific cross-reacting signal detected relative to the specific signal for that analyte.

For the multiplex immunoassay, the capture beads and the detection antibodies were
prepared by mixing the 2500 coupled beads and the detection antibodies used in the
monoplex assays. The final concentrations of the detection antibodies in the multiplex assay
were used at 0.4 pg/mL for OPN and CEACAM-1, 2 pg/mL for SPON1, 0.2 pg/mL for MIA
and HSP27, and 0.0125 pg/mL for MIC-1, respectively, after the titration. The calibration
curve was established using 9 calibrators in 2-fold dilution series in the standard diluent
derived from a mixture of the highest standard points of the 6 recombinant proteins. The
highest standards for the 6 recombinant proteins in the multiplex assay were 40, 1.5, 20, 3,
15 and 3 ng/mL for OPN, MIA, CEACAM-1, MIC-1, SPON1 and HSP27, respectively. The
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multiplex immunoassays were compared to the monoplex immunoassays by measuring 4
independent doses of individual recombinant proteins based on their respective calibration
curves. The correlations of the developed multiplex immunoassays and commercial ELISA
kits in serum OPN or HSP27 protein quantifications were also determined in 7 or 13 patient
sera, respectively. The multiplex immunoassay was carried out using the Bio-Plex Pro
Reagent kit in the same procedures as those in the monoplex assays described above. The
serum samples were 4-fold diluted in the sample diluent in the multiplex immunoassay. Two
quality controls (QC) were prepared by diluting the mixture of the highest standards of 6
recombinant proteins at either 3-fold (QC1) or 30-fold (QC2) in the standard diluent. Two
pooled human sera with the known CA19-9 measurements at either high or low levels were
used as the additional controls. The multiplex immunoassay was performed in duplicate on
13x 96-well Bio-Plex flat bottom plates. All samples were randomized with regard to their
plate locations.

Data acquisition and primary data analysis were performed on the Bio-Plex 200 system in
combination with Bio-Plex Manager Software version 6.1.1 by use of a 5-parametric (5-PL)
nonlinear logistic regression curve fitting model (Bio-Rad). Assay sensitivity (limit of blank,
LOB) was defined as the concentration of analyte corresponding to the median fluorescent
intensity (MFI) of the background plus two standard deviations (SD) of the mean
background MFI. Intra-assay precision was calculated as the coefficient of variance (%CV)
on 4 replicates of the pooled normal sera or two QCs on a single assay plate. Inter-assay
precision was calculated as the %CV from 6 independent assays. The assay recovery was
calculated as the percentage of the observed concentration relative to the expected
concentration of each standard point or QC. The assay working dynamic range was defined
as the range between the lower limit of quantification (LLOQ) and the upper limit of
quantification (ULOQ) in which an assay is both precise (intra-assay %CV <10% and inter-
assay %CV <15%) and accurate (80-120% recovery).

Data analysis

Analysis of variance (ANOVA) and the nonparametric Mann-Whitney U test were used to
compare serum biomarker levels between subjects with PDAC or benign pancreatic
conditions and healthy controls, with a p-value less than 0.05 considered significant.
Receiver-operating-characteristic (ROC) curve analysis was performed and the area under
the curve (AUC) was calculated separately for each of 7 biomarkers and the combinations of
biomarkers. The Delong test was used to compare the AUCs. Pearson correlation
coefficients were determined to assess correlation of the measurements between the
multiplex and monoplex immunoassays or commercial ELISA kits, and were also used to
evaluate the association of markers with age separately in the healthy controls, benign
conditions and PDAC patient groups. Logistic regression modeling was constructed
including age as a covariate and backward stepwise selected z-score transformed variables
with the highest performance. To ensure that the observed performance was not due to
overfitting, selected models were further compared against the performance of models
constructed with label permuted samples. The Statistica 13 (StatSoft), GraphPad Prism 6
(GraphPad Software), and R (https://www.R-project.org) were used for statistical analysis.
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Results

Biomarker selection and development of a 6-plex immunoassay

Comprehensive literature search and in silico analysis of publicly available gene and protein
databases were performed to identify biomarker candidates reported to be involved in the
development and progression of PDAC and also measureable in human serum. The final
candidates were selected for the multiplex immunoassay development based on the
commercial availability of appropriate pairs of capture and detection antibodies and their
relative abundances in human serum samples. Customized magnetic bead-based multiplex
immunoassays were developed for the selected candidate serum biomarkers using a Bio-Plex
200 suspension array system. Magnetic bead-based monoplex immunoassays were first
developed for OPN, MIA, CEACAM-1, MIC-1, SPON1 and HSP27. The cross-reactivity
studies through single-detection and mutiplexed-detection antibody experiments indicated
that the degree of cross-reactivity across the 6 immunoassays was generally <1%, based on
the measurements in response to high concentrations of the recombinant proteins at first
dilution point (except SPON1 at the third dilution because only 1.4% of sera with SPON1
exceeded the third dilution) of the standard curve. Between 1.3—-3.3% of nonspecific cross-
reactions were observed with the SPON1 antibody against other proteins (data not shown). It
should be noted that majority of these nonspecific cross-reactions were observed at
recombinant protein concentrations that exceeded physiological levels, thereby reducing the
chance of cross-reactivity in physiological human serum samples.

By combining the capture antibody-coupled beads and detection antibodies used in the
monoplex immunoassays, a 6-plex immunoassay of OPN, MIA, CEACAM-1, MIC-1,
SPON1 and HSP27 was developed and evaluated. The calibration curves of the 6-plex
immunoassay were generated using the 5PL logistic regression models (Supplement Figure
1A-F). The 6-plex immunoassay results correlated significantly with their respective
monoplex immunoassay results (p<0.05), suggesting that the 6-plex immunoassay was
comparable to the monoplex immunoassays for protein quantification. Furthermore, there
were significant correlations of OPN and HSP27 protein measurements using the 6-plex
immunoassay compared to commercial ELISA kits (Table 1).

The analytical performance of the 6-plex immunoassay is shown in Table 1, with recovery of
89-104% (standard curve points and QCs), intra-assay precision of 2.1-15.4% (QCs) or
10.2-19.6% (pooled normal serum) and inter-assay precision of 3.7-21.5% (QCs) or 13.7—
29.3% (pooled normal serum). The 6-plex immunoassay exhibited wide dynamic
concentration ranges; the calibration curves covered (>2 logs) defined by LLOQ and ULOQ,
and low LOB:s for target protein quantification.

Application of the 6-plex immunoassay in the detection of PDAC

The developed 6-plex immunoassay was used to analyze the target protein levels in sera of
188 patients diagnosed with PDAC [mean (SD) age, 65 (10) years; M/F, 81/107], 131
patients with benign pancreatic conditions [57 (15) years; 71/60], and 89 healthy controls
[35 (14) years; 45/44]. Among the 188 patients with PDAC, there were 96 with early stage
[IA/IB/IIA/NIB, 13/18/17/48; 65 (10) years; 34/62] and 92 with late stage [I11/1V, 19/73; 64
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(10) years; 47/45] disease. Among 131 patients with benign pancreatic conditions, there
were 63 with intraductal papillary mucinous neoplasms (IPMN) [64 (12) years; 24/39] and
68 with chronic pancreatitis [51 (15) years; 47/21]. Detailed clinicopathologic characteristics
of the study cohort, including diagnosis, age, sex and anatomic stage, are shown in Table 2.
The performance of the individual markers was compared to CA19-9 to discriminate
between PDAC patients and benign conditions or healthy controls (Supplement Figure 2A—
G). Serum levels of OPN, CEACAM-1, MIC-1, SPON1 & CA19-9 or MIA were
significantly increased or decreased in benign conditions compared to healthy controls
(OPN, CEACAM-1 & MIC-1 at p<0.0001, SPON1 & CA19-9 at p<0.01, and MIA at
p<0.0001). Serum levels of OPN, CEACAM-1, MIC-1, SPON1 & CA19-9 were also
significantly increased in PDAC patients compared to healthy controls (all at £<0.0001).
Furthermore, serum levels of OPN, MIA, CEACAM-1, MIC-1 & CA19-9 were significantly
increased in PDAC patients compared to benign conditions (all at p<0.0001, except MIA at
p<0.001). Based on ROC curve analysis (Supplement Figure 3A, C&E), individually, the
four best biomarkers to separate benign conditions from healthy controls were MIC-1
(AUC=0.91, [0.86-0.94]), CEACAM-1 (0.81, [0.75-0.86]), MIA (0.81, [0.75-0.86]), and
OPN (0.80, [0.74-0.85]). The four best biomarkers to separate PDAC patients from healthy
controls were MIC-1 (0.97, [0.94-0.98]), CA19-9 (0.93, [0.89-0.96]), CEACAM-1 (0.91,
[0.87-0.94]), and OPN (0.90, [0.86—-0.94]). The four best biomarkers to separate PDAC from
benign condisions were CA19-9 (0.82, [0.77-0.86]), MIC-1 (0.69, [0.64-0.74]),
CEACAM-1 (0.67, [0.62-0.73]), and MIA (0.66, [0.60-0.71]). Logistic regression modeling
was constructed by backward stepwise selection using z-score transformed variables
including age as a covariate (Supplement Table 2 & Supplement Figure 3B,D&F). A three-
marker panel of MIC-1 (p<0.0001), MIA (p=0.0001) & OPN (p=0.0037) remained in the
model which had an AUC of 0.94 (0.90-0.96) that was greater than the individual
biomarkers for benign conditions versus healthy controls (p value: MIC-1 at 0.0073, MIA at
<0.0001, OPN at <0.0001, or CA19-9 at <0.0001). A three-marker panel of CA19-9
(0=0.0014), MIC-1 (p<0.0001) & OPN (p=0.0060) remained in the model which had an
AUC of 0.99 (0.97-1.00) that was greater than the individual biomarkers for PDAC versus
healthy controls (pvalue: CA19-9 at <0.0001, MIC-1 at 0.0005, or OPN at <0.0001). A
three-marker panel of CA19-9 (p<0.0001), CEACAM-1 (p=0.0520) & MIA (p=0.0001)
remained in the model which had an AUC of 0.86 (0.81-0.89) that was greater than the
individual biomarkers for PDAC versus benign conditions (p value: CA19-9 at 0.0055,
CEACAM-1 at <0.0001, or MIA at <0.0001). In comparison, the AUC of models of the
same three-marker panel constructed using label-permuted samples was 0.56 (0.50-0.60).

Serum levels of individual biomarkers were further analyzed in different subgroups
consisting of 89 healthy controls, 68 chronic pancreatitis, 63 IPMN, 96 PDAC early stage,
and 92 PDAC late stage patients (Table 3 & Figure 1A-G). Serum levels of OPN or MIA
were significantly decreased or increased in IPMN compared to chronic pancreatitis patients
(both at p<0.001); however, there was no significant difference in serum CA19-9 levels
between IPMN and chronic pancreatitis patients. Serum levels of MIA, CEACAM-1, MIC-1
& CA19-9 were significantly increased in PDAC early stage compared to chronic
pancreatitis patients (MIA & MIC-1 at p<0.01, CEACAM-1 at p<0.05, and CA19-9 at
p<0.0001). Serum levels of OPN, CEACAM-1, MIC-1 & CA19-9 were also significantly
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increased in PDAC early stage compared to IPMN patients (OPN, MIC-1 & CA19-9 at
p<0.0001, CEACAM-1 at p<0.001). Based on ROC curve analysis (Figure 2A,C&E),
individually, the three best biomarkers to separate IPMN from chronic pancreatitis based on
the ROC curve analysis were OPN (0.80, [0.72-0.86]), MIA (0.76, [0.68-0.83]), and MIC-1
(0.73, [0.64-0.80]). The three best biomarkers to separate PDAC early stage from chronic
pancreatitis were CA19-9 (0.81, [0.75-0.87]), MIA (0.75, [0.68-0.82]), and MIC-1 (0.75,
[0.68-0.82]). The three best biomarkers to separate PDAC early stage from IPMN were
CA19-9 (0.75, [0.68-0.82]), MIC-1 (0.73, [0.66—-0.80]), and OPN (0.73, [0.65-0.80]).
Logistic regression modeling was constructed by backward stepwise selection using z-score
transformed variables including age as a covariate (Figure 2B,D&F). A two-marker panel of
OPN (p=0.0110) & MIA (p=0.0143) remained in the model which had an AUC of 0.81
(0.74-0.88) that was greater than the individual biomarkers for IPMN versus chronic
pancreatitis (o value: OPN at 0.5506, MIA at 0.0241, or CA19-9 at 0.0018). A two-marker
panel of CA19-9 (p=0.0004) & MIA (p=0.0004) remained in the model which had an AUC
of 0.86 (0.80-0.91) that was greater than the individual biomarkers for PDAC early stage
versus chronic pancreatitis (p value: CA19-9 at 0.0314 or MIA at 0.0001). A two-marker
panel of CA19-9 (p=0.0021) & MIC-1 (p=0.0122) remained in the model which had an
AUC of 0.81 (0.74-0.87) that was greater than the individual biomarkers for PDAC early
stage versus IPMN (pvalue: CA19-9 at 0.0208 or MIC-1 at 0.0291). In comparison, logistic
regresion models of the above panels constructed using label-permuted samples all failed to
be diagnostic with AUCs at 0.57 (0.47-0.65), 0.56 (0.48-0.63), and 0.56 (0.47-0.64) for
IPMN versus chronic pancreatitis, PDAC early stage versus chronic pancreatitis, and PDAC
early stage versus IPMN, respectively.

Discussion

In this study, a 6-plex immunoassay of OPN, MIA, CEACAM-1, MIC-1, SPON1 and
HSP27 was in-house developed with high analytical performance appropriate for biomarker
validation studies. It was applied to a set of serum samples of PDAC patients, those with
benign pancreatic conditions, and healthy controls to evaluate the performance of 6
biomarkers individually and in combination for their ability to complement CA19-9 for the
early detection of pancreatic cancer. The assay was characterized by LOB/LLOQ, cross-
reactivity, recovery, intra- and inter-assay precision; and demonstrated wide dynamic ranges
for the target protein measurements that significantly correlated with their respective
monoplex assays and/or commercial ELISAs. The multiplex assay measures 6 candidate
proteins using 12.5 pL of neat serum, and could include more candidate proteins with
available pairs of capture and detection antibodies.

In this study, we identifed two-marker panels of CA19-9 and MIA or CA19-9 and MIC-1,
both showed strong diagnostic performance and significant improvement over the use of
CA19-9 alone in detecting early stage PDAC from chronic pancreatitis or IPMN. We also
demonstrated that three-marker panels of CA19-9, MIC-1 and OPN or CA19-9,
CEACAM-1 and MIA significantly improved upon the individual biomarker performances
in the detection of PDAC from healthy controls or benign conditions. MIA is a small
secreted protein coded by a single copy gene on chromosome 19g13.31-q13.33 and acts as
an autocrine growth factor. MIA is strongly expressed by malignant melanoma cells and
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interacts with extracellular matrix proteins. Its overexpreesion promotes the metastatic
behaviour of malignant melanoma, thus making it a potential prognostic marker in
malignant melanoma (22). MIA was found to be overexpressed in pancreatic cancer and has
the potential to promote the invasiveness of pancreatic cancer cells, but its serum levels were
not significantly different between healthy donors and pancreatic cancer patients (23).
MIC-1 belongs to the transforming growth factor- superfamily, originally identified in
activated macrophages, and is found to be overexpressed in several cancer types (24). MIC-1
may have anticancer functions as its promoter region is a target for p53. Koopmann et al
reported that serum MIC-1 outperformed CA19-9 in the differention of patients with
resectable pancreatic cancer from healthy controls with an AUC=0.99 (MIC-1) versue 0.78
(CA19-9) but not from chronic pancreatitis (0.81 versue 0.74) (11). OPNis a
glycophosphoprotein normally produced and secreted into most body fluids by osteoblasts,
arterial smooth muscle cells, various epithelia, activated T cells and macrophages, and often
found to be overexpressed in different cancer types (24). OPN is most likely related to
tumorigenesis, cancer cell proliferation and progression, migration and invasion, protection
from apoptosis, and enhancement of metastatic ability. Koopmann et al reported that serum
OPN outperformed CA19-9 in the differention of patients with resectable pancreatic cancer
from healthy controls with a sensitivity of 80% and a specificity of 97% (OPN) versus a
sensitivity of 62% (CA19-9) (10). CEACAM-1 is a member of of the human
carcinoembryonic antigen (CEA) family. The CEACAM subgroup members belong to the
immunoglobulin superfamily of adhesion molecules. CEACAML is expressed in a number
of epithelia, granulocytes, and lymphocytes, and the expression of CEACAM-1 was also
reported in different cancer types (24). CEACAM-1 plays an important role in the regulation
of tumor growth, angiogenesis, and immune modulation. Simeone et al reported that the
combination of CEACAM-1 and CA19-9 had a significantly higher diagnostic accuracy
than CA19-9 alone (12,25). Our study provides additional validation of the utilities of these
serum biomarkers in early detection of PDAC (9-12).

Brand et al (18) reported that the panel of CA19-9, intercellular adhesion molecule 1
(ICAM-1) and osteoprotegerin (OPG) offered 78% of sensitivity (SN) at 94.1% specificity
(SP) and an AUC of 0.91 in ROC curve analysis for the discrimination of PDAC versue
healthy individuals providing the correct classification of 70.7% of stage I/11 cancers. This
compared to a 51.4% SN at 90% SP (AUC=0.82) with the correct classification of 40% of
stage I/1l cancers for CA19-9 alone. Comparing PDAC versus benign disease, a panel of
CA19-9, CEA and TIMP-1 demonstrated an improvement over CA19-9 alone in terms of
AUC (0.83 vs 0.78) and SN/SP (71.2%/88.6% vs 52.1%/90.2%) (18). Chan et al (19)
showed that a biomarker panel consisting of CA19-9, cancer antigen 125 (CA-125) and
laminin gamma 2 (LAMC?2) significantly improved the performance of CA19-9 alone in
discriminating early stage PDAC from benign conditions or chronic pancreatitis (AUC: 0.76
vs 0.69 or 0.74 vs 0.59). Our study provides additional evidence that combinations of
individual serum biomarkers can offer superior diagnostic ability in early detection of
pancreatic cancer.

Interestingly, our study showed that OPN alone or in combination with MIA outperforms
CA19-9 in separating patients with IPMN from chronic pancreatitis with an AUC=0.80
(OPN; p=0.0042), or 0.81 (OPN and MIA; p=0.0018) versus 0.70 (CA19-9). Aprroximately

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2020 January 01.
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25% of the pancreatic neoplasms resected surgically and 50% of pancreatic cysts detected
incidentally are IPMNSs, which are major precursors of pancreatic cancer (26,27). It was
observed in a prospective study that patients with pancreatic cysts had a remarkably
increased (22.5-fold greater than expected) rate of developing pancreatic cancer (28,29).
CEA and CA19-9 are the two most commonly used biomarkers for the diagnosis and
follow-up of IPMN, however their sensitivities are too low to be used as a screening method,
especially in high-risk patients (30). Novel serum biomarkers of precursor lesions are
needed to devise timely therapies. Our study therefore provides new insight into the
differentiation of IPMN from chronic pancreatitis.

In this study, we identified and validated the biomarker panels consisting of CA19-9 and
MIC-1 or MIA that were better at detecting PDAC patients than CA19-9 alone, most
notably at early disease stages. This study serves as a cross-validation of our previous
studies (9,11) in a large, independent sample cohort in a multiplex immunoassay format. Our
study is also in agreement with the reports from other research groups (31-34), including
two recently published meta-analyses consisting of a total of 1235 (35) or 1698 (36) PDAC
patients, demonstrating that serum MIC-1 may be a useful diagnostic biomarker with high
sensitivity and specificity for identifying PDAC patients. The diagnostic performance of the
biomarkers may be enhanced using a combination of CA19-9 and MIC-1 (9,11,31-34),
considering MIC-1 had a sensitivity of 63.1% in detecting patients with CA19-9-negative
PDAC (32). Notably, serum MIC-1 levels were significantly decreased in patients with
PDAC after curative resection and returned to elevated levels when tumor relapse occurred
(32), indicating the potential ability to complement CA19-9 in prognosis or therapeutic
PDAC monitoring. Recently, there has been increased attention in the detection of tumor-
specific molecular alterations by high-throughput screening — ‘omic’ technologies (37).
There are a large number of promising biomarkers, including various tumor and serum
proteins, microRNAs, as well as genetic markers that may be combined as diagnostic or
prognostic indices (34). Combining circulating tumor DNA and protein biomarker-based
liquid biopsies recently demonstrated an increased sensitivity of 64% in a blood test for
early stage PDAC (38).

The selection of optimal panels through step-wise multivariate logistic regression allowed us
to identify markers that are complementary in detecting specific conditions. Evidence for
such complementary values were strengthened by comparison to null hypothesis
performances generated from label permutation analysis. However, for such panels to be
used as an in vitro diagnostic multivariate index assay (IVDMIA), additional development
work and large-scale multi-site independent validation studies will be required (39-41).

In summary, a magnetic bead-based multiplex immunoassay was developed demonstrating
sufficient analytical performance to evaluate serum biomarkers that may complement
CA19-9 for early detection of PDAC. The biomarker panels identified in this study warrant
additional clinical validation to determine their role in early detection of pancreatic cancer,
which could lead to earlier intervention and better outcomes.

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2020 January 01.
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Figure 1. Analysis of biomarkers in sera from PDAC patients, benign conditions, and healthy
controls.

A-G, Concentrations of OPN, MIA, CEACAM-1, MIC-1, SPON1, HSP27 and CA19-9 in
PDAC patients, benign conditions, and healthy controls. Only serum levels of biomarkers
demonstrating significant differences between pancreatitis, IPMN, and PDAC early stage,
(or benign and PDAC) are asterisked (Mann-Whitney U test). Bars indicate median value. *,
p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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Figure 2. Diagnostic performance of individual or combination of serum biomarkers in detection
of early stage PDAC.

Diagnostic performance of CA19-9, OPN, MIA, CEACAM-1, MIC-1, SPON1 & HSP27 as
individual markers (A, C&E) and their complementary (B, D&F) in differentiating patients
with IPMN versus pancreatitis (A&B) or PDAC early stage versus pancreatitis (C&D) or
PDAC early stage versus IPMN (E&F). ROC curves with AUCs are presented along with
their 95% CI in brackets. Logistic regression modeling was constructed including age as a
covariate and backward stepwise selected z-score transformed variables with the highest
performance. The two-marker panel of OPN & MIA with an AUC=0.81 (0.74-0.88) for
pancreatitis versus IPMN, CA19-9 & MIA with an AUC=0.86 (0.80-0.91) for pancreatitis
versus PDAC early stage, and CA19-9 & MIC-1 with an AUC=0.81 (0.74-0.87) for IPMN
versus PDAC early stage significantly improved the individual biomarker performance (p
value: 0.0018, 0.0314, or 0.0208 for CA19-9; Delong test).
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Table 2.

Clinicopathologic characteristics of the study cohort.

Variables Number (%)
Total 408
Healthy controls 89 (21.8)
Age (years)
Mean+SD 35+14
Range (Median) 21-67 (29)
Gender
Male 45 (50.6)
Female 44 (49.4)
Benign conditions 131 (32.1)
Age (years)
Mean=SD 57+15
Range (Median) 13-89 (59)
Gender
Male 71 (54.2)
Female 60 (45.8)
Chronic pancreatitis 68 (51.9)
IPMN 63 (48.1)
PDAC 188 (46.1)
Age (years)
Mean=SD 65+10
Range (Median) 30-92 (65)
Gender
Male 81 (43.1)
Female 107 (56.9)
Early stage 96 (51.1)
IA/IB/IIA/1IB 13/18/17/48
Late stage 92 (48.9)
1nnv 19/73

NOTE: IPMN, intraductal papillary mucinous neoplasm.
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Statistics of individual biomarkers in healthy controls, benign conditions and PDAC patients.

Table 3.

Biomarker Subgroup Number | Min | Max Median | Mean IQR
OPN Healthy Control 89 21 21.7 6.9 79 4.2
Chronic Pancreatitis | 68 0.8 103.6 136 20.7 153
IPMN 63 2.3 84.8 8.5 12.1 9.1
PDAC early stage 96 2.0 135.3 14.3 19.1 15.5
PDAC late stage 92 2.3 154.1 145 215 17.3
MIA Healthy Control 89 0.1 15 0.6 0.7 0.5
Chronic Pancreatitis | 68 0.1 1.2 0.5 0.5 0.3
IPMN 62 * 0.1 15 0.6 0.6 0.4
PDAC early stage 96 0.1 1.4 0.5 0.6 0.4
PDAC late stage 92 0.3 2.1 0.6 0.7 0.4
CEACAM-1 | Healthy Control 89 23 26.9 12.7 13.0 7.1
Chronic Pancreatitis | 68 5.2 93.2 171 234 16.7
IPMN 63 5.7 354 16.1 17.0 9.8
PDAC early stage 96 4.8 120.9 22.2 314 25.7
PDAC late stage 92 4.6 117.8 219 29.3 18.9
MiIC-1 Healthy Control 89 0.1 0.8 0.3 0.3 0.2
Chronic Pancreatitis | 68 0.2 3.4 0.9 1.0 0.9
IPMN 63 0.3 3.0 0.7 0.8 0.6
PDAC early stage 95 * 0.4 7.9 11 15 1.0
PDAC late stage 92 0.2 7.1 1.0 1.3 0.9
SPON1 Healthy Control 89 19 14.9 4.7 5.0 2.0
Chronic Pancreatitis | 68 1.0 17.5 5.9 6.3 3.2
IPMN 63 0.6 21.8 5.2 5.9 2.7
PDAC early stage 96 2.0 42.8 5.8 7.3 34
PDAC late stage 92 2.1 21.1 5.9 6.5 3.2
HSP27 Healthy Control 89 0.2 4.2 0.9 1.2 0.9
Chronic Pancreatitis | 68 0.2 4.8 1.0 1.2 0.7
IPMN 63 0.1 8.6 0.9 1.3 1.0
PDAC early stage 96 0.2 7.1 12 15 15
PDAC late stage 92 0.2 5.2 1.2 1.3 11
CA19-9 Healthy Control 89 <0.1 | 716 11.0 15.6 135
Chronic Pancreatitis | 68 <0.1 | 203.2 20.1 322 32.0
IPMN 63 <0.1 | 386. 16.8 26.9 18.8
PDAC early stage 96 <0.1 | 27027.8 | 85.3 827.5 583.2
PDAC late stage 92 <0.1 | 25110.7 | 354.8 1638.7 | 1465.9

NOTE: all biomarkers are at ng/mL, except CA19-9 at U/mL. IQR, interquartile range.
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*
, 2 missed data due to Out of Range.
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