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Pancreatic ductal adenocarcinoma (PDAC) is a disease where detection preceding clinical

symptoms significantly increases the life expectancy of patients. In this study, a recombi-

nant antibody microarray platform was used to analyze 213 Chinese plasma samples from

PDAC patients and normal control (NC) individuals. The cohort was stratified according to

disease stage, i.e. resectable disease (stage I/II), locally advanced (stage III) and metastatic

disease (stage IV). Support vector machine analysis showed that all PDAC stages could be

discriminated from controls and that the accuracy increased with disease progression,

from stage I to IV. Patients with stage I/II PDAC could be discriminated from NC with

high accuracy based on a plasma protein signature, indicating a possibility for early diag-

nosis and increased detection rate of surgically resectable tumors.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction behind this poor prognosis is the current inability to diagnose
Pancreatic ductal adenocarcinoma (PDAC) is one of the dead-
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demonstrates a window of opportunity for early detection if

accurate markers were available. At the time of diagnosis, pa-

tients have often developed late-stage disease, and only

approximately 15e20% of the patients have resectable tumors

(Conlon et al., 1996; Sohn et al., 2000; Zhang et al., 2016). The 5-

year survival of these patients, displaying large resected tu-

mors, is only 10e20% (Conlon et al., 1996; Sohn et al., 2000).

However, the 5-year survival increases to 30e60% if tumors

�20 mm (stage IeII) can be resected (Furukawa et al., 1996;

Shimizu et al., 2005). The late diagnosis (stage IIIeIV) is due

to unspecific clinical symptoms in combination with the

lack of markers for early diagnosis. Interestingly, studies sug-

gest that pancreatic tumors could be resectable as early as six

months prior to clinical diagnosis at an asymptomatic stage

(Gangi et al., 2004; Pelaez-Luna et al., 2007).

The so far most evaluated marker for PDAC, CA19-9, suf-

fers from poor specificity, with elevated levels in several other

indications, as well as a complete absence in patients that are

genotypically Lewis a�b� (5% of the population). Conse-

quently, the use of CA19-9 for pancreatic cancer screening is

not recommended (Locker et al., 2006). Today, no other single

biomarker has been shown to accurately diagnose PDAC,

although recent discovery studies have demonstrated that

both exosomes and nucleosomes contain information associ-

ated with pancreatic cancer (Bauden et al., 2015; Melo et al.,

2015). However, the field of cancer diagnostics is todaymoving

towards panels of markers, since this yields increased sensi-

tivity and specificity (Brand et al., 2011; Bunger et al., 2011).

Inflammation is a critical component of tumor progression

(Coussens andWerb, 2002) and the immunoregulatory plasma

proteome may be a source of potential cancer biomarkers.

Considering the systemic effect, as well as the pluripotency

of many proteins of the immune system, small panels of

markers will not be sufficiently specific for pancreatic cancer,

particularly when e.g. trying to discriminate pancreatic cancer

from pancreatitis. Previous studies have also demonstrated

that an increased number of immunoregulatory proteins in

combination with cancer-associated markers (n ¼ 20e25)

will yield disease-specific signatures, reflecting the systemic

response to disease (Carlsson et al., 2011b; Ingvarsson et al.,

2008; Wingren et al., 2012). However, analysis of the immuno-

regulatory and tumor secretion proteome is associated with

several challenges, such as, (i) plasma proteins display a vast

dynamic concentration range; (ii) cancer markers are more

likely to be found among the most low-abundant proteins

(Haab et al., 2005; Surinova et al., 2011); (iii) disease-

associated changes in plasma levels of low-abundantmarkers

are expected to be small, requiring a significant number of

samples for adequate statistics (Alonzo et al., 2002).

Tomeet these challenges, we have in the present pilot study

analyzed 213 plasma samples from Chinese patients with

pancreatic cancer stage IeIV and normal controls, using a sen-

sitive antibody microarray platform. The aim was to identify

stage-associated PDACmarkers by comparing control samples

to stage IeIV and the results support the concept that the infor-

mation content in a blood sample is sufficient to discriminate

even the earlier disease stages. Consequently, this could pave

the way for early diagnosis of PDAC, particularly for the benefit

of patients at high risk, such as chronic pancreatitis, hereditary

PDAC, and Peutz-Jeghers syndrome patients.
2. Material and methods

2.1. Plasma samples

This retrospective study was approved by the Ethics Commit-

tee of TianjinMedical University Cancer Institute andHospital

(TMUCIH). After informed consent, blood was collected at

TMUCIH, plasma was isolated and stored at �80 �C. A total

of 213 plasma samples, collected from Jan-01 2012 to Dec-13

2013, was used (Table 1). The enrolled PDAC patients

(n ¼ 118) were all Chinese Han ethnicity and treated at TMU-

CIH. None of the patients had received chemotherapy or

radiotherapy at the time of blood draw. All PDAC samples

were cytology confirmed by experienced pathologists. Pa-

tients were diagnosed with PDAC with the following excep-

tions: Malignant serous cystadenoma (n ¼ 1), pancreatic

sarcoma (n ¼ 2), tubular papillary pancreatic adenocarcinoma

(n ¼ 1). Five patients were diagnosed with PDAC with liver

metastasis. Data on tumor stage and size at diagnosis, and tu-

mor location within the pancreas were based on clinical pa-

thology. Staging was performed according to the American

Cancer Society’s guidelines (Table 1) and the extent of resec-

tion was classified as R0. Normal control (NC) samples

(n ¼ 95) were collected from healthy inhabitants of Tianjin

at their routine physical examination at TMUCIH, and were

genetically unrelated to the PDAC patients (Table 1). Sample

IDs were recoded and randomized at labeling, and sample

annotation and clinical data was blinded to the operator at

all downstream experimental procedures. All samples were

labeled at one single occasion, using a previously optimized

protocol (Wingren et al., 2012) (Supplementary Methods).
2.2. Generation of antibody microarrays

The antibody microarrays contained 350 human recombinant

scFv antibodies (Supplementary Table 1), selected and gener-

ated from in-house designed phage display antibody libraries,

produced in E. coli as previously been described (Pauly et al.,

2014) and printed onto slides in 14 arrays/slide and 3 replicate

spots/array (see Supplementary Methods for details). The VH/

VL framework is the same for all scFvs, based on a molecular

design of high on-chip stability, adapted for microarray appli-

cations (Borrebaeck and Wingren, 2011). The antibodies were

selected against plasma proteins involved in immune regula-

tion but also against proteins previously associated with

different cancer indications. The specificity, affinity, and on-

chip functionality have been assured using stringent phage-

display screening and selection protocols using different sam-

ple formats ranging from pure proteins, mixtures of pure pro-

teins to crude samples (Soderlind et al., 2000). In addition, the

specificity of selected antibodies has been validated using

pure proteins, mixtures of pure proteins, as well as well-

characterized, standardized serum samples i) with known

levels of the targeted analyte(s), ii) spiked with known level

of specific protein(s), and/or iii) depleted of the targeted pro-

tein(s), and/or orthogonal methods such as mass spectrom-

etry (affinity pull-down experiments), ELISA, Meso Scale

Discovery assay and cytometric bead assay, as well as spiking

and blocking experiments (Supplementary Table 1) (Carlsson

http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
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Table 1 e Clinical samples.

Group No of
samples

Gender (M/F) Median
age (range)

Tumor location Stage
groupinga

PDAC 118 76/42 59 (21e83) Head ¼ 69, Body/Tail ¼ 43, Neck ¼ 4,

Neck þ Body ¼ 1, Head þ Tail ¼ 1

Stage I 11 6/5 59 (48e71) Head ¼ 6, Body/Tail ¼ 5 T1/2, N0, M0

Stage II 33 16/17 59 (46e83) Head ¼ 27, Body/Tail ¼ 6 T1-3, N0/1, M0

Stage III 38 28/10 59 (21e75) Head ¼ 22, Body/Tail ¼ 12, Neck ¼ 2, Neck þ Body ¼ 1 T4, any N, M0

Stage IV 36 26/10 59 (38e75) Head ¼ 14, Body/Tail ¼ 20, Neck ¼ 1, Head þ Tail ¼ 1 Any T & N, M1

NC 95 20/75 63 (52e74) N/A

Total 213 96/117 62 (21e83)

a Staging according to the guidelines of the American Cancer Society.

M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 3 0 5e1 3 1 6 1307
et al., 2011b; Dexlin-Mellby et al., 2010; Gustavsson et al., 2011;

Ingvarsson et al., 2007, 2008; Kristensson et al., 2012; Pauly

et al., 2013; Wingren et al., 2007). Despite stringent selection

and validation protocols, one limitation is the lack of informa-

tion on fine specificity concerning proteoforms, translational

modifications and potential complex formations. Eighty-six

antibodies raised against cancer-related proteins as part of

the AFFINOMICS project (Stoevesandt and Taussig, 2012)

were novel to this study, however the on-chip functionality

of the scFv framework used has been demonstrated in an in-

dependent study (S€all et al., in press). All slides used for this

study were printed at a single occasion, shipped to TMUCIH,

and used for analysis within four weeks after printing.

2.3. Antibody microarray analysis

Ten slides (140 individual subarrays) were processed per day

with randomized sample order as described in Supplementary

Methods. Briefly, arrays were blocked with PBSMT, washed

with PBST, and incubated with biotinylated plasma samples

for 2 h at RT. Unbound proteins were washed off, and bound

proteins were detected using 1 mg/mL Alexa Fluor647-

Streptavidin (1 h at RT). Excess reagent was washed off, and

slides were dried and immediately scanned in a LuxScan 10K

Microarray scanner (CapitalBio Corp., Beijing, China) at 10 mm

resolution using the 635 nm and the 532 nm excitation lasers.

2.4. Data acquisition, quality control and pre-processing

Signal intensities were quantified by two trained analysts

(ASG and MN), blinded to patient ID and clinical data, using

the ScanArray Express software version 4.0 (PerkinElmer Life

and Analytical Sciences), with the fixed-circle option. For

each microarray, a grid was positioned using the Alexa

Fluor555 signals from microarray printing, and used to quan-

tify the Alexa Fluor647 signal corresponding to the relative

level of bound protein. Eleven samples (10 PDAC, 1 NC) were

not quantified due to poor quality images resulting from of

high background and/or low overall signals. The excluded

samples were three stage II (two head, one body/tail tumors),

four stage III (head tumors), and three stage IV (body/tail tu-

mors). For quantified arrays, the spot saturation, mean inten-

sity and signal-to-noise ratio of each spot were evaluated.

Fourteen antibodies were excluded because (i) the median

signal intensity was below the cut-off limit, defined as the
background (average PBS signal) þ2 standard deviations

(n ¼ 8), (ii) saturated signal in the lowest scanner intensity

setting in more than 50% of samples (n ¼ 1), or (iii) inadequate

antibody printing (n ¼ 5). Based on the remaining 202 samples

and 336 antibodies, a dataset was assembled using the mean

spot intensity after local background subtraction. Each data

point represented an average of the three replicate spots, un-

less the replicate CV exceeded 15% from the mean value, in

which case it was discarded and the average of the two

remaining replicates was used instead. The average replicate

CV was 7.9% (�4.1%). Applying a cut-off CV of 15%, 79% of

data values were calculated from all three replicates and the

remaining 21% from two replicates. The logged data was

normalized, using the empirical Bayes algorithm ComBat

(Johnson et al., 2007) by applying the ComBat function in the

SVA package for R, to adjust for technical variation, followed

by a linear scaling of data from each array to adjust for varia-

tions in sample background level. The scaling factor was

based on the 20% of antibodies with the lowest standard devi-

ation across all samples andwas calculated by dividing the in-

tensity sumof these antibodies on each arraywith the average

sum across all arrays (Carlsson et al., 2008; Ingvarsson et al.,

2008). The primary data is available from the corresponding

author upon request.
2.5. Data analysis

The sample and variable distribution was analyzed and visual-

izedusing a principal component analysis (PCA) basedprogram

(Qlucore, Lund, Sweden).ANOVAwasapplied for initial filtering

within the PCA analysis for display of data distribution in the

PDAC and NC subgroups. The performance of individual

markerswas evaluated usingWilcoxon t-test, Benjamini Hoch-

berg procedure for false discovery rate control, and fold

changes. Separation of different subgroups was assessed using

support vectormachine (SVM), applyinga linear kernelwith the

cost of constraints set to 1. Initial SVManalyseswereperformed

using a leave-one-out cross validation approach. To minimize

over-interpretation and to demonstrate robustness of the

data, sample data was then randomly divided into training

and test sets, and an SVM-based backward elimination algo-

rithm previously described (Carlsson et al., 2011a) was applied

in the training sets to filter data. The KullbackeLeibler (KeL) er-

ror in the classificationwas plotted against the number of elim-

inated antibodies, and the optimal antibody signature was

http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
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defined as the one applied when the minimum KeL error was

obtained. Consequently, biomarker signatures were generated

in training sets consisting of 2/3 of the total samples from

each subgroup, andmodels basedon the resulting antibody sig-

natureswere evaluated in test sets containing the remaining 1/

3 of samples. Ten different pairs of training and test sets were

created for this purpose, resulting in a consensus list in which

each antibody was given an elimination score corresponding

to its median order of elimination in the ten training sets. The

performance was assessed using receiver operating character-

istics (ROC) curves and reported as area under the curve (AUC)

values. The sensitivity and specificity, positive and negative

predictive values of each signature in its respective test set

were noted for theSVMdecisionvalue threshold corresponding

to the maximum sum of sensitivity and specificity.

To investigate whether bilirubin levels or age were con-

founding factors in the antibody microarray analysis, patients

with jaundice (n¼ 27) were compared to patientswithout jaun-

dice (n¼ 81) and the oldest 50% of the patient was compared to

the youngest 50% of the patients. Similarly, a gender-adjusted

dataset, as well as a gender-matched sub-dataset were gener-

ated to assess whether gender was a confounding factor.
3. Results

3.1. Discrimination between cases and controls

Initially, we assessed whether PDAC cases could be discrimi-

nated from normal controls, using PCA, q-value filtration, and

SVM analysis with leave-one-out cross validation. Principal

component analysis revealed a moderate separation of PDAC

and NC samples (Figure 1A), and differential analysis with a

q-value cut-off of 0.1 resulted in 11 antibodies displaying signif-

icantly different expression levels inPDACvs.NC (Figure1Band

Supplementary Figure 1). Three of these were targeting Apoli-

poprotein A1 (Apo-A1) and showed decreased proteins levels

in PDAC vs. NC. Properdin, C1q, C3, IgM and IL-8 also showed

reduced levels in PDAC, while VEGF, MAPK-8 and CHP-1 were

elevated in the cancer group. Initial SVM analysis with leave-

one-out cross validation using data from all 336 antibodies,
Figure 1 e Discrimination of PDAC vs. NC. (A) Principal component an

q < 0.1 using ANOVA; (B) Relative protein levels demonstrated by the 11

the one in (A). Red [ up-regulated levels, blue [ down-regulated levels in

with leave-one-out cross-validation of PDAC vs. NC based on unfiltered d
demonstrated that PDAC and NC were separated with an

AUC-value of 0.88 (p-value ¼ 6.4 � 10�21, Figure 1C).

Of note, the 25% of patients with jaundice could not be

significantly discriminated from patients without jaundice

(AUC 0.64), although this analysis was hampered by the

more early stage (I/II, 36%) than late stage (III/IV, 16%) patients

presented with jaundice. Similarly, the oldest 50% of the can-

cer patients could not be separated from the youngest 50%

(AUC 0.48). These results indicated that neither age nor hyper-

bilirubinemia were confounding factors in the microarray

analysis. The gender distribution was biased in the cohort,

thus several measures were performed to investigate the ef-

fect of gender on the analysis. A gender-normalized dataset

was generated, showing that PDAC vs. NC was equally well

(AUC 0.89 vs. 0.88) discriminated when the gender factor had

been eliminated. The lists of significant (p < 0.05) antibodies

identified in the original and the gender-normalized data

were also highly similar (Supplementary Table 2). Moreover,

a smaller, completely gender matched dataset of 19 male, 19

female in both the PDAC and the NC group was generated in

which male and female could not be separated (AUC 0.59),

while PDAC and NC were still discriminated with high accu-

racy (AUC 0.84). As a third measure, the PDAC vs. NC compar-

ison was performed in the male and female sample groups

separately, showing that PDAC vs. NC could be discriminated

in both groups (AUC 0.87 in female, AUC 0.83 in male) despite

that these comparisons were affected by skewed PDAC and

NC distribution. Finally, male and female could not be well

separated (AUC 0.62) in early stage (I/II) samples only, the

only subset of samples for which the number of male

(n ¼ 20) and female (n ¼ 21) samples were even. Taken

together, these results pointed to the fact that gender could

not be considered a confounding factor.
3.2. Identification of plasma protein signatures
associated with pancreatic cancer

The high level of differentiation between PDAC and NC based

on unfiltered data (AUC 0.88) motivated in-depth data

filtering for identifying a condensed PDAC-associated protein

signature. To avoid over-fitting the model to the data,
alysis (PCA) of PDAC (red) and NC (blue). The data was filtered to

antibodies that remained after filtering in a PCA plot synchronized to

PDAC vs. NC; (C) ROC-curve with AUC of 0.88 from SVM analysis

ata (using data from all antibodies).

http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
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samples were first separated into training sets for generating

antibody signatures models, which then were evaluated us-

ing separate test sets. In the training sets, antibodies were

filtered using SVM-based backward elimination and the Kull-

backeLeibler (KeL) error in the classification was plotted

against the number of eliminated antibodies. Figure 2A illus-

trates the elimination process in the first training set, in

which a distinct minimum of the error was observed after

313 iterations, corresponding to a 23 antibody signature.

Based on this signature, an SVM model was constructed in

the training set and evaluated in a separate test set, where

it generated an AUC-value of 0.87 (Figure 2B). To test the

robustness of the data set this elimination procedure was

repeated in a total of ten different, randomly generated pairs

of training and test sets, which in term generated ten signa-

tures identified for optimal separation of PDAC vs. NC. The

length of signatures ranged from 17 to 29 antibodies (median

23.5). The AUC-values in the test sets ranged from 0.77 to

0.87, with an average of 0.83 (Figure 2C). The sensitivity and

specificity had average values of 0.77 (ranging 0.56e0.94)

and 0.86 (ranging 0.55e0.97), respectively, with the corre-

sponding average positive predictive value of 0.86 (ranging

0.71e0.97) and average negative predictive value of 0.77

(ranging 0.64e0.89).

Each antibody was scored based on the reverse order of

elimination, with number one being the last antibody to be

eliminated, and ranked in order of their median elimination

score from the ten sequential elimination rounds. Table 2 lists

the 25 highest ranked antibodies, with their p- and q-values,

and the p-value ranking for PDAC vs. NC. The top two anti-

bodies, with median elimination scores of 1 and 2, respec-

tively, were the last eliminated antibodies in 9/10

(Properdin), and the second last eliminated in 8/10 (VEGF)

training sets. The top 25 ranked antibodies together repre-

sented 20 different specificities.

The backward elimination procedure was designed to

identify the optimal combination of antibodies, not taking

into consideration one-dimensional separation of data based

on individual antibodies, and the consensus signature pre-

sented in Table 2 is based solely on the backward elimination

ranking. However, the top two antibodies were also the two

highest ranked on basis of p- and q-values. In fact, the five

highest ranked antibodies all displayed highly significant p-

and q-values for PDAC vs. NC (p < 4.47E-06 and q < 5.00E-

04). The backward elimination rank (BE-score) and the t-test

rank (W-score) for the consensus signature antibodies were

plotted together in Figure 2D. The W-score starts to deviate

from the BE-score after the top five antibodies, and then lost

any correlation. Thus, the five highest ranked antibodies (Pro-

perdin, VEGF, IL-8, C3, and CHP-1)make out a stable core of the

consensus signature, as indicated by both the backward elim-

ination procedure and the univariate differential expression

analysis. However, the current data, consistent with previous

datasets analyzed with similar approaches, shows that the

signature core needs to be supplemented by orthogonal

markers to reach a clinically relevant level of accuracy in

terms of sensitivity and specificity, for discriminating PDAC

vs. NC.
3.3. Discrimination between stages of pancreatic cancer

Discrimination between different stages of PDAC is pertinent

for being able to diagnose PDAC in its non-invasive stages

and the PDAC samples were therefore stratified according to

disease stage. SVM with leave-one-out cross validation

showed that all PDAC stages could be separated from NC

and that classification accuracy increased with disease stage,

with AUC-values of 0.71, 0.86, 0.90 and 0.93 for discriminating

NC from stage I, II, III, and IV, respectively (Figure 3A). The sub-

grouping into stages resulted in smaller sample numbers,

ranging from n ¼ 11 for stage I to n ¼ 34 for stage III patients.

For increased statistical power, a grouping into early confined

disease (stage I/II) and late invasive disease (stage III/IV) was

also performed. These groups were discriminated from NC

with AUC values of 0.80 (early stage) and 0.96 (late stage).

Figure 3B shows all antibodies displaying significant (Wil-

coxon p < 0.05) differential protein levels in at least one of

the stage groups when compared to NC (see Supplementary

Figure 2 for stage-separated dot plots for all patients). Among

the five described core candidate markers (Properdin, VEGF,

IL-8, C3, and CHP-1), Properdin was down-regulated in all

stages, CHP-1 was up-regulated in all stages, and IL-8 was

down-regulated in stage III/IV disease only.

While the vast majority of antibodies of the same speci-

ficity showed a consistent binding pattern, it was observed

that VEGF (clone 3) showed elevated VEGF levels in stages

IIeIV, while VEGF (clone 2) and (clone 4) indicated elevated

levels in stage I patients only. Similarly, C3 (clone 4) and (clone

5) showed down-regulated C3 levels in stage IeIII disease,

while clone 3 and clone 6 showed increased levels in stage

IV. The specificity for some of these clones, including VEGF

(clone 3) which was part of the PDAC vs. NC core signature,

have been validated using mass spectrometry but the precise

epitope specificities are not presently known. Hence, the dif-

ferential stage-associated signals could possibly be explained

by different epitope accessibility due to splicing events, during

disease progression from stage IeIV.

It is noteworthy that in our previous study on serum

markers in stage III/IV Caucasian PDAC patients, C5 was

ranked as the most prominent marker in a backward elimina-

tion filtering analysis, while the current study ranked the

same antibody as number 14 (Table 2). However, when

stage-specific analysis was performed it was evident that C5

was elevated only in late stage disease, which is coherent

with the former study (Wingren et al., 2012). Of note, the

stage-specific analysis pointed out several earlymarker candi-

dates, e.g. elevated levels of BKT, CDK2, MAPK-8, AGAP-2, IL-

13, IL-6, PTPRO, USP-7, MUC-1, and reduced levels of Apo-A1

and C1q, measurable already at stage I/II disease.

3.4. Correlation between markers derived from
Caucasian and Chinese populations

We next assessed the concordance of the plasma protein

signature in the Chinese PDAC subjects with the serum pro-

tein signature previously identified in a late stage PDAC

Caucasian cohort, analyzed in relation to normal controls as

well as to patients with pancreatitis (Wingren et al., 2012). Of

http://dx.doi.org/10.1016/j.molonc.2016.07.001
http://dx.doi.org/10.1016/j.molonc.2016.07.001
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Figure 2 e Identification of plasma protein signatures for PDAC. A training set and a test set was generated by randomized selection of 2/3 of

samples from each group (PDAC and NC) to the training set, and the remaining 1/3 of samples to the test set. The training set was used to define a

condensed signature for discriminating PDAC from NC. (A) Filtering of variables was conducted by a SVM-based stepwise backward elimination

of the antibodies in the training set. In each iterative step, the KullbackeLiebler (KeL) error of the classification was determined and plotted. The

antibodies that remained in the elimination process when the classification error reached its minimum value were used as a unique signature for

constructing a new model in the training set; (B) ROC-curve resulting from the signature model from the training set, “frozen” and directly

applied onto the previously unseen test set samples; (C) The procedure was repeated to a total of ten times, in ten different sets of randomly created

training and test sets. The area under the ROC-curve (AUC values) generated by the frozen biomarker signature models in each corresponding test

set were plotted; (D) The antibody score derived from the overall ranking in the backward elimination (BE) process (open circles) was compared to

the score based on the Wilcoxon (W) test ranking (filled circles).
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note, the antibody microarray content had expanded signifi-

cantly since the former study, limiting measures of correla-

tion of the two studies. The former study contained only

36% of the antibodies currently used and did for example

not include the core marker CHP-1. However, the remaining

four core signature proteins (Properdin, VEGF, IL-8 and C3)

were all part of the previously published serum PDAC signa-

ture. In addition to the core panel, there was a clear overlap

between the two ethnic cohorts when comparing the 25 high-

est ranked antibodies in the two studies (Table 2), indicating

that blood-based proteomics analysis is less affected by the

geneticmake-up of sample donors (Caucasian/Asian), or sam-

ple format (serum/plasma).

In the previous Caucasian cohort it was also shown that

PDAC could be differentiated both from normal controls and
pancreatitis (Wingren et al., 2012). Since our Asian cohort

did not include chronic pancreatitis samples, we instead

compared significant (Wilcoxon p < 0.05) markers present

in this and previous studies (Sandstrom et al., 2012;

Wingren et al., 2012). Five markers (C3, C5, IL-12, IL-8, Pro-

perdin) were commonly expressed in both serum and

plasma PDAC samples, as well as in pancreatitis samples

(Supplementary Figure 3). Despite this overlap, the PDAC-

associated profile was notably different compared to

chronic pancreatitis. Moreover, the current and previous

studies have demonstrated that it is the combination of

markers in a multiplexed signature that will deliver the

most precise accuracy, regardless of whether a subset of

the markers are overlapping with inflammatory or non-

related indications.
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Table 2 e Top 25 signature candidate analytes.

Elimination
rank

Name Median
elimination score

Wilcoxon
p-value

BenjaminieHochberg
q-value

Wilcoxon
rank

Previous elimination
rank (Wingren et al., 2012)

1 Properdin 1 6.18E-15 2.08E-12 1 3

2 VEGF (3) 2 1.84E-08 3.10E-06 2 17

3 IL-8 (3) 11.5 1.99E-03 6.07E-02 11 114

4 C3 (4) 12.5 3.74E-05 3.15E-03 4 N/A

5 CHP-1 (2) 13 4.47E-06 5.00E-04 3 N/A

6 C3 (3) 17 1.31E-01 6.01E-01 72 N/A

7 MAPK-8 (3) 19.5 1.85E-04 7.76E-03 8 N/A

8 MCP-1 (6) 19.5 1.32E-01 6.01E-01 74 N/A

9 IL-7 (2) 23 2.53E-01 7.60E-01 111 21

10 C4 (3) 23.5 2.96E-03 8.29E-02 12 N/A

11 IgM (5) 24.5 5.61E-05 3.77E-03 5 N/A

12 IL-3 (1) 27 7.36E-02 5.72E-01 40 18

13 IL-11 (3) 28 2.17E-02 3.03E-01 24 35

14 C5 (2) 31 1.81E-02 2.84E-01 21 1

15 IL-6 (6) 32 4.95E-01 8.88E-01 187 N/A

16 C3 (6) 35 6.06E-02 5.66E-01 36 N/A

17 ICAM-1 37 7.36E-01 9.37E-01 263 N/A

18 MCP-1 (1) 38.5 1.22E-01 5.89E-01 69 15

19 LDL (1) 39.5 2.33E-01 7.52E-01 104 N/A

20 JAK3 42 1.96E-02 2.86E-01 23 34

21 MAPK-8 (2) 43 6.79E-02 5.72E-01 38 N/A

22 MUC-1 (5) 44.5 1.02E-02 2.29E-01 15 53

23 BTK (3) 44.5 2.06E-01 7.26E-01 93 N/A

24 IL-7 (1) 45 1.61E-01 6.61E-01 82 88

25 LUM 46.5 1.04E-01 5.89E-01 55 N/A
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3.5. Markers associated with tumor location

PDAC tumors located in different parts of the pancreas appear

to have different biology and aggressiveness; hence markers

for discriminating tumor location could be of clinical rele-

vance. Therefore, the samples were also grouped by the pri-

mary tumor location in the pancreas, and plasma from

tumors located in the head of pancreaswas compared to those

located in the body and/or tail of pancreas. Samples with tu-

mors at other locations (neck ¼ 4, neck þ body ¼ 1,

head þ tail ¼ 1) were excluded from this analysis. Applying a

cut-off of Wilcoxon p < 0.05, 37 antibodies showed signifi-

cantly different intensity levels in Head vs. Body/Tail

(Figure 4). The AUC for Head (n ¼ 63) vs. Body/Tail (n ¼ 39)

localized tumors was 0.64 (p ¼ 5.4e-3). Although this modest

AUC value showed that the groups could not be distinctly

separated by SVM analysis, the 37 significant antibodies iden-

tified by univariate analysis overlapped remarkably well with

the signals derived from the same antibodies identified by the

same approach in a previous study (Figure 4), despite differ-

ences in regards to sample format (serum/plasma), ethnicity

(Caucasian/Asian), technical processes (assay protocol and

instrumentation) and data processing (normalization proce-

dures) (Gerdtsson et al., 2015). The only protein not correlating

with the former study was C3, whichwas found to be elevated

in plasma but reduced in serum in Head vs. Body/Tail local-

ized tumors. Complement proteins are, however, sensitive

to serum preparation and their concentrations are known to

differ between serum and plasma, which may explain the

observed discrepancy of C3 in the two studies. Of note, the

proteins that discriminated between Head and Body/Tail
localized tumors (Figure 4) were also distinctly different

from the protein signatures for PDAC vs. NC (Table 2).
4. Discussion

This study describes the use of a recombinant (scFv) antibody

microarray for plasma profiling of immunoregulatory and

cancer-associated proteins in PDAC. The technology has pre-

viously been applied for accurate (AUC > 0.95) prediction of

late (stage III/IV) PDAC vs. NC in serum (Gerdtsson et al.,

2015; Ingvarsson et al., 2008; Wingren et al., 2012). Here, an

updated version of the platformwas applied to a cohort of Chi-

nese PDAC and NC plasma samples. Due to regulatory rea-

sons, the analyses were for the first time conducted in an

external (Chinese) laboratory. Despite the technology transfer

and vast differences in study design, including sample format

(plasma vs. serum), instrumentation (incubators, scanners),

microarray content, layout, and production, as well as data

analyses approaches, several “core” proteins identified here

as potential markers for PDAC vs. NC correlated to findings

in previously analyzed cohorts. Apart from the technology

transfer, this is also the first time this platform has been

used for stage-specific (stage IeIV) analysis of PDAC.

For the identification of a plasma marker signature, two

complementary strategies were used, (i) univariate differen-

tial expression analysis generating a multiple-testing cor-

rected q-value for each antibody in the assay, and (ii) a

backward elimination approach designed to identify the

optimal combination of markers, contributing with orthog-

onal information for discriminating cases and controls

http://dx.doi.org/10.1016/j.molonc.2016.07.001
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(Carlsson et al., 2011a). The two strategies resulted in the iden-

tification of a robust core signature of the five proteins Proper-

din, VEGF, IL-8, C3, and CHP-1. The specificity of the Properdin

antibody has been validated in crude serum samples of known

concentrations (Ingvarsson et al., 2007), and it has been shown

in two previous independent studies that Properdin is strongly

down-regulated in PDAC serum (Wingren et al., 2012) and

plasma (Gerdtsson et al., unpublished observations). VEGF,

associated with the angiogenesis-dependence of tumor

growth, is known to be upregulated inmany cancers including

PDAC (Itakura et al., 1997), and the present VEGF antibody, for

which the specificity has been validated by mass spectrom-

etry, has also in earlier studies demonstrated a significantly

elevated VEGF level in PDAC (Gerdtsson et al., 2015; Wingren

et al., 2012). IL-8 and Complement Factor C3 have also previ-

ously been shown by us and others to be associated with

late stage PDAC (Chen et al., 2013; Shaw et al., 2014; Wingren

et al., 2012). In contrast, CHP-1, Calcineurin Homologous

Protein-1, has not previously been measured by us and we

believe its association with PDAC is novel to this study. CHP-

1 is part of the Ca2þ-binding family, and is a widely expressed

protein localized inmultiple subcellular compartments. Apart

from being involved in trafficking across the plasma mem-

brane, the functions of this presumably pluripotent protein

is largely unknown (Jimenez-Vidal et al., 2010), although its

isoform CHP-2 has been shown to promote tumor growth, in-

vasion and metastasis in ovarian cancer (Jin et al., 2007).

The results showed that the core signature needed to be

supplemented with additional proteins in order to achieve

the highest possible sensitivity and specificity. Here, approxi-

mately 23 markers were shown to deliver an optimal discrim-

ination of PDAC vs. NC. In addition to the five protein core,

several potential markers of interest were identified. Apo-

A1, the major component of high density lipoprotein (HDL),

was one of the strongest differentially expressed proteins, as

shown by all three Apo-A1-specific antibodies (q-values

0.003e0.02), consistent with previous observations in PDAC

plasma (Honda et al., 2012) (Gerdtsson et al., unpublished ob-

servations). Decreased level of HDL is associated with poor

cardiovascular health, and thus may reflect the association

of PDAC with smoking and obesity. C1q was another down-

regulated protein in accordance with our previous study

(Wingren et al., 2012). It is noteworthy that although both

Apo-A1 and C1q were among the top markers based on uni-

variate analysis, they were not included in the consensus

signature derived from the backward elimination analysis,

which only takes into account the performance of the com-

bined signature and not the individual markers therein. In

contrast, MAPK-8, a serine/threonine protein kinase involved

in several cellular processes and signaling pathways, has not

previously been analyzed using this platform, and was
Figure 3 e Discrimination of PDAC stages vs. controls. (A) AUC-

values from SVM analysis with leave-one-out cross validation using

unfiltered data (all antibodies), comparing NC to patients grouped

according to their PDAC stage. (B) Antibodies with Wilcoxon

p < 0.05 in one or more PDAC stages vs NC. Red [ up-regulated,

blue [ down-regulated in PDAC vs NC, white [ no significant

difference.

http://dx.doi.org/10.1016/j.molonc.2016.07.001
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identified as a high scoring marker by both approaches. The

signature of the five core proteins with the supplemental

tentative markers identified in the current study will form

the basis in follow-up analyses, focusing in particular on

analyzing high-risk groups, such as patients with hereditary

pancreatic cancer, chronic pancreatitis and late onset dia-

betes (Pannala et al., 2009).

Since early diagnosis significantly increases the life expec-

tancy of PDAC patients (Furukawa et al., 1996; Shimizu et al.,

2005), the defined markers associated with stage I/II are of

particular importance when designing a clinically relevant

test. Although the discrimination of PDAC vs. NC increased

with PDAC stage, also stage I/II patients could be differentiated

from NC despite limited sample numbers. The stage-specific

signatures presented here were based on univariate analysis

using all data from themicroarray analysis, and could probably

be refined using larger cohorts. Several proteins, including

AGAP-2, BTK, CDK-2, IL-13, IL-6, MUC-1, PTPRO, USP-7, were

shown to have elevated levels in locally confined early stage

cancer specifically. Four of these, AGAP-2, CDK-2, PTPRO, and

USP-7, have not previously been measured in our microarray

assay. CDK-2, or Cyclin-dependent kinase 2, is involved in con-

trolling the cell cycle and the aberrant activation of the CDKs is

a well-known hallmark of many cancers, including PDAC

(Feldmann et al., 2011). The remaining novel markers have

not previously been associated with PDAC specifically,

although they have been identified in other cancers. AGAP-2,

a GTPase-activating protein for ARF1 and ARF5, has been

shown to prevent apoptosis and promote cancer cell invasion

and its cancer-related over-expression has also been demon-

strated previously (Xia et al., 2003). Likewise, PTPRO, or protein

tyrosine phosphatase receptor-type O, has been identified as a

tumor suppressor in a variety of cancers, including hepatocel-

lular, lung and breast cancers (Hou et al., 2013; Huang et al.,

2013; Motiwala et al., 2004). USP-7, or Ubiquitin carboxyl-

terminal hydrolase 7, deubiquitinates several cancer-

associated target proteins, including p53 and PTEN (Song

et al., 2008) and its over-expression has been demonstrated

for several cancers (Zhao et al., 2015). Other markers have

been previously identified in PDAC (Ingvarsson et al., 2008;

Wingren et al., 2012), including MUC-1, which is overexpressed

in 90% of PDAC cases (Winter et al., 2012), IL-6 (Bellone et al.,

2006), and IL-13 (Gabitass et al., 2011), as well as the tyrosine ki-

nase BTK. Albeit of interest, the role of these markers in early

stage PDACneeds to be further analyzed and validated in larger

early-stage patient cohorts.

Differential diagnosis of PDAC vs. pancreatitis is some-

times difficult and addressed by us in a previous study where

late stage PDAC could be discriminated from a combined con-

trol group of different pancreatic inflammatory indications, as

well as healthy individuals (Wingren et al., 2012). Following

this, an additional study was conducted on pancreatitis sub-

types, where we identified protein signatures specific for

acute, chronic and autoimmune pancreatitis (Sandstrom
Figure 4 e Differentiation of primary tumor location and comparison

to a previous study in serum (Gerdtsson et al., 2015). Red [ up-

regulated, blue [ down-regulated in Head vs Body/Tail tumors, N/

A [ antibody not included in study.

http://dx.doi.org/10.1016/j.molonc.2016.07.001
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et al., 2012). The lack of pancreatitis samples is a limitation of

the current study. However, the stage-defined profiles identi-

fied here were significantly different from the inflammation

associated signatures previously presented.

Althoughethnicgeneticdiversityhas, inaddition toenviron-

mental factors,beencoupledto the incidenceandprogressionof

cancer in different parts of theworld (Gupta et al., 2014; Rastogi

et al., 2004), the protein profiles observed in PDAC patients of

Asian and Caucasian origin were similar. While biological het-

erogeneity has been described as a hurdle in the search for

gene biomarkers (Gupta et al., 2014), our findings may indicate

that protein biomarkers could bemore robust and transferrable

betweendifferent ethnicities, potentiallydue to lessdiversityon

a whole protein level as compared to genetic mutations.

The biological diversity of tumors due to localization in the

pancreas has been previously demonstrated (Ling et al., 2013).

Tumors in the body and tail of pancreas are rarer than tumor

in the head of pancreas (77% of PDAC) (Lau et al., 2010).

Because of differences in e.g. blood supply and lymphatic

and venous backflow, there are also differences in the disease

presentation with body and tail tumors causing less jaundice,

more pain, higher albumin and CEA levels and lower CA19-9

levels (Eyigor et al., 2010; Watanabe et al., 2004). Body and

tail tumors are often detected at a later stage and show higher

rate of metastasis than head tumors. As the biological vari-

ances can result in different treatment efficiency (Wu et al.,

2007), markers that can discriminate between these tumors

could be of clinical relevance and aid personalized treatment

strategies. Few differences have been found on a genetic level,

with no significant variation in the overall number of muta-

tions, deletions and amplifications, or in K-ras point muta-

tions (Ling et al., 2013). Although the SVM analysis showed

only moderate discrimination, 37 antibodies were signifi-

cantly differentially expressed in head vs. body/tail tumors,

with a protein expression pattern that correlated well with a

previous study. The strong concordance between the inde-

pendent studies is encouraging for a future development of

a blood protein biomarker signature discriminating body/tail

and head tumors at an early disease stage.

In summary, this study demonstrated the technical trans-

ferability of a recombinant antibody microarray platform.

Resectable (stage I/II) as well as locally advanced (stage III)

and distant metastatic (stage IV) PDAC could be discriminated

from normal controls, prerequisites for a test focusing on

early diagnosis of PDAC. Next, the protein profiles identified

here will be tested for use as biomarker signatures for PDAC

diagnosis in larger cohorts, including relevant risk groups.
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