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INTRODUCTION: Previous studies have demonstrated that autoantibodies against tumor-associated antigens (TAAs) in

patients with cancer can be used as sensitive immunodiagnostic biomarkers for the detection of cancer.

Most of these TAAs are involved in the tumorigenesis pathway. Cancer driver genes with intragenic

mutations canpromote tumorigenesis. This study aims to identify autoantibodiesagainst TAAsencodedby

cancer driver genes in sera as potential immunodiagnostic biomarkers for gastric adenocarcinoma (GAC).

METHODS: Protein arrays based on cancer driver genes were customized for screening candidate TAAs in 100 GAC

sera and 50 normal control (NC) sera. Autoantibodies against candidate TAAs were assessed by

enzyme-linked immunosorbent assay in both training group (205 GAC sera and 205 NC sera) and

independent validation group (126 GAC sera and 126 NC sera). Moreover, the immunodiagnostic

models were respectively established and validated in the training group and validation group.

RESULTS: A panel with 5 autoantibodies including anti-TP53, anti-COPB1, anti-GNAS, anti–serine/arginine-rich

splicing factor 2, andanti-SMARCB1was selectedby the Fisher linear discriminant analysismodel with

an areas under receiver operating characteristic curve (AUC) of 0.928 (95% confidence interval [CI]:

0.888–0.967) in the training cohort and an AUC of 0.885 (95% CI: 0.852–0.918) in the validation

cohort. Besides, the panel with 5 autoantibodies including anti-TP53, anti-COPB1, anti-GNAS, anti-

PBRM1, and anti-ACVR1Bwhich were selected by the binary logistic regressionmodel showed an AUC

of 0.885 (95% CI: 0.852–0.919) in the training cohort and 0.884 (95% CI: 0.842–0.925) in the

validation cohort.

DISCUSSION: Two panels which were selected in this study could boost the detection of anti-TAA autoantibodies in

sera as biomarkers for the detection of GAC.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A471
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INTRODUCTION
Gastric cancer (GC) still remains one of the top 10 cancer types
and the second most leading cause of cancer-related death
worldwide (1). Gastric adenocarcinoma (GAC) including in-
testinal type and diffuse type is themost frequent primary GC (2).
A prospective cohort study from 17 cancer registries in China
showed that the 5-year survival rate ofGC is only 34.4% among all
GC cases (3) and the 5-year survival rate would increase to 59% if

the GCwas diagnosed at early stage (4). However, more than 80%
of GC cases were diagnosed at advanced stage because of the lack
of noninvasive screening tests before the appearance of the spe-
cific clinical symptoms (5).

Nowadays, some serological biomarkers, such as carcinoem-
bryonic antigen and cancer antigen 72-4 used in clinical appli-
cation, present a positive rate of less than 30% as a screening test
for GAC (6). Therefore, it is urgent to explore novel noninvasive
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tests for the detection of GC. Increasing studies have been fo-
cusing on looking for effective screening biomarkers in the
screening of high-risk individuals (7).Meanwhile, autoantibodies
against tumor-associated antigens (TAAs), as the sensitive re-
ports from the host immune system, implied promising bio-
markers for the early detection of cancers because of their early-
stage appearance, stable existence, and easily detection of cancers
(8–12). Our previous studies showed the possibility of serum
autoantibodies as the biomarkers in the detection of the early-
stage GC with the sensitivity of 76.6% and specificity of 72.3%
(13). However, the autoantibodies against TAAs which were
evaluated previously were mostly selected from scatter reporters
from others. Therefore, it is still necessary to explore new serum
anti-TAA autoantibodies with high specificity and sensitivity for
early detection of GAC.

Cancerdriver genes are thosegeneswhosemutations endow the
tumor cell a selective growth advantage andmake contributions to
tumorigenesis (14). A typical tumor usually contains 2–8 of these
“driver” genes mutations which could modulate the signaling
pathways (15,16). Proteome microarray technology has been a
highly efficient and comprehensive tool for identifying new serum
biomarkers for cancers. Based on the evidence above, we proposed
a hypothesis that the autoantibodies against TAAs encoded by
cancer driver genes could be the potential biomarkers for detecting
GAC. In this study, we designed a 2-stage study to explore the
potential biomarkers of anti-TAA autoantibodies for GAC de-
tection. The discovery stage was considered as phase I for the
discovery of candidate TAAs using the focused protein arrays, and
the validation stage was designed as phase II for the validation of
autoantibodies in 2 different cohorts including the training cohort
and validation cohort using enzyme-linked immunosorbent assay
(ELISA) (Figure 1). Then, the optimal prediction models were
constructed and estimated in the training cohort and validation
cohort. Finally, the potential biomarkers of anti-TAA autoanti-
bodies for the detection of GAC were identified and evaluated.

METHODS

Serum samples

Three independent cohorts, including discovery cohort (100
GAC samples and 50 normal control [NC] samples), training
cohort (205 GAC samples and 205 NC samples), and validation
cohort (126 GAC samples and 126 NC samples), were used in
this study (Table 1). In total, 431 GAC samples and 381 cancer-
free healthy NCs were included in this study. All serum samples
were from the sera bank of Tumor Epidemiology Laboratory of
Zhengzhou University (Henan, China). The serum samples of
the discovery cohort were collected fromDecember 2016 toMay
2017, and the serum samples of the training cohort were
recruited from January 2015 to December 2016. Besides, we
recruited another independent validation cohort between Jan-
uary 1, 2017, and December 30, 2017. The NC samples in
training and validation cohorts were matched to GAC samples
by age and sex. The inclusion criteria of samples were as follows:
(a) The patients were diagnosed by pathologists with GAC. (b)
The sera from patients with GAC were collected before anti-
cancer treatment. (c) All healthy controls are cancer-free and
have no evidence of gastric diseases and autoimmune disease.
The informed consent formswere signed by all the subjects. This
study was approved by the Medical Ethics Committee of
Zhengzhou University (Zhengzhou, China).

Design and quality control of the focused protein microarrays

One hundred fifty-four human recombinant proteins provided
by CDI Laboratories (Mayaguez) were used to construct the fo-
cused protein arrays (BC-BIO, Foshan, China). Among them, 143
proteins were encoded by 115 cancer driver genes (58 tumor
suppressor gene and 57 oncogene) (16) and 11 proteins encoded
by 10 genes which were reported to be potential biomarkers by
our previous studies (17,18). The quality control of the focused
protein arrays was described in our previous study (19).

The detection of 154 proteins by protein microarrays

Array cohort (100 GAC and 50 NC) serum samples were profiled
by BC-BIO using the above protein microarrays. Protein micro-
arrays stored at280°Cwere set out at room temperature for half an
hour and then incubated in a blocking buffer (3% bovine serum
albumin in phosphate buffer saline [PBS] buffer with 0.1% Tween
20) at 37°C for 3 hours. Serum samples were diluted 1:50 in PBS
containing 0.1% Tween 20 detergent (PBS-T). A total of 200mL of
the diluted serum sample was overlaid on each subarray and then
incubated at 4°Covernight. The arraywaswashedwith PBS-T, and
the bound autoantibodies were detected by incubating with Alexa
Fluor 532 goat anti-human IgG (Jackson ImmunoResearch, West
Grove, PA), diluted 1:1,000 in PBS-T at room temperature for 1
hour. Arrays were washed with PBS-T and dried by centrifugation
at room temperature. Arrays were scanned in a LuxScan 10K-A
(CapitalBio Corporation, Beijing, China), and the captured fluo-
rescence data were analyzed with GenePix Pro 6.0 software (Mo-
lecular Devices).

Detection of 10 anti-TAA autoantibodies by ELISA

ELISAs were performed to verify the selected candidate TAAs
using commercial recombinant proteins (Cloud-Clone and
CUSABIO) as described in previous study (20). Briefly, 96-well
high-bind ELISA plates (Yunpeng Technology, china) were
coated with proteins at final concentration from 0.125 to 0.500
mg/mL in coating buffer overnight at 4°C. The other detailed
experimental procedures were described in our other studies (13).

To ensure the accuracy and reliability of the results, a positive
control serum, a negative control serum, and 2 blank controls
with antibody dilution buffer were set up in each plate. To ensure
the comparability in different plates, themean value of the 8 fixed
human samples, which were set up on each plate, was used to do
the normalization.

Design of overall study

A2-phase strategy was designed to identify the serum biomarkers
for GAC, and the flow chart was shown in Figure 1. The detailed
process was described in the Supplementary Materials and
Methods 1 (see Supplementary Digital Content 1, http://links.
lww.com/CTG/A471).

Analysis of focused protein arrays

The median values of Fij (foreground) and Bij (background)
intensity of each protein spot on the arrays were extracted
from the software of Genepix Pro6.0. First, themean and SD of
the background values of all samples were calculated. The
corresponding sample would be omitted from the study, if a
background value was higher than the mean 1 2 SD of all
samples. Then, signal-to-noise ratio which was defined as the
ratio of the foreground (Fij) to background (Bij) intensity with
the duplicate on the array of each protein was used in the
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following statistics. The P values were calculated by non-
parametric Mann-Whitney U tests between GAC and NC
groups. The fold change of each protein was used to show the
difference between 2 groups. Areas under receiver operating
characteristic (ROC) curves (AUCs) and P values were used to
compare the superior protein. AUC. 0.5 and P, 0.5 were the
basic criteria for selecting candidate TAAs. The optimal cutoff
value for each candidate biomarker was evaluated when the
difference of positive rate between 2 groups was the biggest
while specificity was higher than 90%. Based on the cutoff
value, the positive rate of cancer and control group was cal-
culated. Based on the criteria (AUC . 0.05, P , 0.05; the
positive rate between 2 groups was not less than 10%, and the
value of signal-to-noise ratio in the GAC group was signifi-
cantly higher than that in the NC group), 35 candidate TAAs
were selected. Then, the top 10 candidate TAAs of AUC values
were further validated by ELISA.

Analysis of ELISA data

The optical density values were obtained by ELISA in cancer
and control cohorts. If the data were normally distributed, the
t test would be used to evaluate the difference of autoanti-
bodies between 2 groups or the Mann-Whitney U test would
be used. Then, the backward stepwise conditional logistic
regression (LR) model and 2-class Fisher linear discriminant
analysis (LDA) model (stepwise method) were constructed
based on the selected candidate autoantibodies in the training
cohort. The AUCs, sensitivity, and the corresponding speci-
ficity of ROC curves were used to estimate the diagnostic value

of the single autoantibody. Besides, the positive predictive
value (PPV), negative predict value (NPV), positive likelihood
ratio (1LR) and negative likelihood ratio (2LR), accuracy,
and kappa were also added to evaluate diagnostic value of the
immunodiagnostic models based on serum autoantibodies by
ELISA and different clinical stages. The sensitivity,1LR, and
2LR were set when the Youden index reached the highest
while specificity is more than 90%. To evaluate the perfor-
mance of models, leave-one-out cross-validation (LOOCV)
was used for the internal validation and the other independent
cohort was used for the external validation.

All P values ,0.05 (2-sided) were considered statistical dif-
ference. All statistical analyses were performed by IBM SPSS
Statistical 21.0, GraphPad Prism 5, and R studio (version 3.3.3; R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

The serum samples and study design

In phase I, the focused protein microarrays including 154
proteins were used to identify the serological biomarkers for
GAC detection by the discovery cohort including 100 patients
with GAC and 50 healthy controls (Table 1). No significant
difference were found in the distribution of age and sex be-
tween 2 groups (P. 0.05). First, based on the standards (AUC
. 0.5, P, 0.05 and the difference of positive rate was not less
than 10%), 56 TAAs were selected as the candidate TAAs.
Finally, among the 56 TAAs, the top 10 candidate TAAs (GNA11,
GNAS, FGFR2, PBRM1, TP53, COPB1, SRSF2, ACVR1B, PIK3CA,

Figure 1. The overall study for identifying new GC biomarkers and prediction models. ELISA, enzyme-linked immunosorbent assay; GC, gastric cancer;
NC, normal control; TAA, tumor-associated antigen.
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and SETBP1) of AUC values were selected as the serological
biomarkers by the focused protein arrays (Figure 2).

In phase II, a total of 662 serum samples (410 in the
training cohort and 252 in the validation cohort) were col-
lected for validating the serological biomarkers in phase I by
ELISA. In the training cohort, serum samples were collected
from 205 patients with GAC (80 in stage I/II, 108 in stage III/
IV, and 222 with no data available) and 205 NCs matched by
age and sex. Age, sex, smoking, and drinking were not ob-
served significantly difference between 2 groups (Table 1). To
further validate the diagnostic ability of the anti-TAA auto-
antibodies, another independent validation cohort including
126 patients with GAC and 126 NCs normal matched by age
and sex was recruited in this study. There was no significantly
statistical difference in the distribution of drinking history
between 2 groups (P . 0.05). However, the percentage of the

smokers in the GAC group was significantly higher than that

in the control group (P , 0.05).

The results of single autoantibody in GC by ELISA

Finally, 10 anti-TAAs were selected as the biomarkers by the
focused protein microarrays. Except SETBP1 recombinant
protein which was not commercially available, the selected
recombinant TAA proteins (GNA11, GNAS, FGFR2,
PBRM1, TP53, PIK3CA, COPB1, SRSF2, and ACVR1B) were
used as coating antigens to detect the corresponding auto-
antibodies in sera in the training cohort. The results showed
that the level of all anti-TAA autoantibodies in GAC were
significantly higher in the GAC group compared with the NC
cohort except anti-PIK3CA (Figure 3). The AUC of the
single anti-TAA autoantibody ranged from 0.558 to 0.706.
The AUC of TP53 autoantibody was the highest (AUC:
0.706, 95% confidence interval [CI]: 0.666–0.756), and the

Table 1. Characteristics of patients with GC and control in 3 different cohorts

Characteristics Array cohort Training cohort Validation cohort

Variable GC (n 5 100) NC (n5 50) P a GC (n5 205) NC (n5 205) P a GC (n 5 126) NC (n5 126) P a

Age 0.001

Mean (SD) 60.0 (10.5) 40.0 (13.0) 58.4 (12.3) 58.6 (11.8) 0.837 62.9 (10.5) 62.9 (9.7) 0.455

Range 27–86 20–71 23–89 23–88 35–90 35–89

Sex (%) 0.001 1.000 1.000

Male 74 (74.0) 23 (46.0) 154 (75.1) 154 (75.1) 90 (71.4) 90 (71.4)

Female 26 (26.0) 27 (54.0) 51 (24.9) 51 (24.9) 36 (28.6) 36 (28.6)

Smoking (%) 0.309 0.037

No 71 (71.0) 36 (72.0) 0.850 132 (64.4) 122 (59.5) 87 (69.0) 71 (56.3)

Yes 29 (29.0) 14 (28.0) 73 (35.6) 83 (40.5) 39 (31.0) 55 (43.7)

Drinking (%) 0.071 1.000

No 79 (79.0) 38 (76.0) 0.591 159 (77.6) 140 (69.7) 94 (74.6) 94 (74.6)

Yes 21 (21.0) 12 (24.0) 46 (22.4) 61 (30.3) 32 (25.4) 32 (25.4)

Stage

I 71 (71.0) 38 (9.3) 15 (11.9)

II 7 (7.0) 42 (10.2) 15 (11.9)

III 11 (11.0) 75 (18.3) 27 (21.4)

IV 11 (11.0) 33 (8.0) 7 (5.5)

NA 0 (0.0) 222 (54.2) 62 (49.2)

Family history of GC (%) 0.017 0.054

No 80 (80.0) 166 (81.0) 164 (80.0) 102 (81.0) 98 (77.8)

Yes 20 (20.0) 39 (19.0) 19 (9.3) 24 (19.0) 11 (8.7)

NA 0 (0.0) 0 (0.0) 22 (10.7) 0 (0.0) 17 (13.5)

Tumor diameter (%)

,5 cm 39 (39.0) 87 (42.4) 24 (19.0)

$5 cm 22 (22.0) 42 (20.5) 27 (21.4)

NA 39 (39.0) 76 (37.1) 75 (59.5)

GC, gastric cancer; NA, not available; NC, normal control.
aP calculated by the x2 test.
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GNAS autoantibody was lowest (AUC: 0.558, 95% CI:
0.503–0.614) in the training cohort. Then, we further verified
the 9 anti-TAA autoantibodies in the validation group by
ELISA, and similar results were found in the validation
group (Figure 4).

Building different immunodiagnostic models to distinguish GC

from GC-free patients and the internal validation

To select the panels of autoantibodies based on the training
cohort for distinguishing GAC and NC, the LR model and
LDA model were constructed. The independent variables

Figure 2. The levels by the SNR of 10 TAAs in patients with gastric cancer and normal individuals. The line and whiskers within a boxmark themedian and
5–95 percentiles, respectively. C (N5 100); N (N5 50). P, 0.05 (Mann-Whitney U test) showed that the median SNR value was significantly higher in
gastric cancer sera than in normal controls. C, cancer; N, normal; SNR, single-to-noise ratio; TAA, tumor-associated antigen.

Figure 3. (a) Serum levels (optical density, OD) of 9 autoantibodies in patients with gastric cancer and normal individuals in the training cohort. The line and
whiskers within a box marks the median and 5–95 percentiles, respectively. C (N5 205); N (N5 205). P, 0.05 (Mann-Whitney U test) showed that the
median OD value was significantly higher in gastric cancer sera than that in normal controls. (b) Receiver operating characteristic curves of gastric cancer
versus normal controls for 8 significant TAAs using ELISA OD. C, cancer; CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; N, normal;
TAA, tumor-associated antigen.
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were the optical density values of 8 significant TAA autoan-
tibodies (GNA11, GNAS, FGFR2, PBRM1, TP53, COPB1,
SRSF2, and ACVR1B), and the dependent variable was
whether the participant was GAC or not. The result showed
that 5 anti-TAAs (GNAS, PBRM1, TP53, COPB1, and
ACVR1B) were included in the LRmodel and themodel was as
follows: PRE (P5 GC)5 1/{11 EXP (2[211.129 PBRM11
3.076 TP53 1 9.463 COPB1 1 9.147 ACVR1B 1 6.678
GNA11 2 6.737])}. Furthermore, 5 TAA autoantibodies
(TP53, SMARCB1, COPB1, SRSF2, and GNAS) were included
in the LDA model (stepwise method) to distinguish GAC and
NC. The Fisher discriminant model was as follows: Cf 5
16.319 TP53 1 5.423 SMARCB1 2 4.542 COPB1 2 5.843
SRSF22 6.252 GNAS1 0.811 (canonical correlation5 0.718,
P , 0.001), and the Bayes discriminant models were as fol-
lows: Cf (1) 5 87.164 COPB1 1 16.934 SMARCB1 1 97.433
SRSF2 1 42.712 TP53 2 1.517 GNAS 2 46.501 and Cf (0) 5
97.486 COPB11 4.610 SMARCB11 110.712 SRSF21 5.625
TP53 1 12.690 GNAS 2 47.237.

As shown in Table 2, a sensitivity of 79.3%, a specificity of
94.6%, 1LR of 17.5, a PPV of 85.5%, an NPV of 91.9%, an
accuracy of 90.2%, and a kappa value of 75.6% were all higher in
the LDA model than those of the LR model in the training
cohort. The LDA model showed an AUC of 0.928 (95% CI:
0.888–0.967), and the LR model showed an AUC of 0.885 (95%
CI: 0.852–0.919) (Table 2 and Figure 5). In addition, to explore
the performance of the 2 models, LOOCV were also used in 2
models. As shown in Table 3, the results showed the LDAmodel
with a higher kappa value of 73.7% than that in the LR model of
61.0%. Also, the results validated the ability of the 2 immuno-
diagnostic models to distinguish patients with GAC fromNC by
the LOOCV.

The external validation of the immunodiagnostic models

To estimate the classification performance of the LDA model
and LRmodel for distinguishing GAC and NC, the models were
further assessed in the independent validation cohort (126 GAC
and 126 NC) as an external validation. The ability of the

Figure 4. (a) Serum levels (optical density, OD) of 9 autoantibodies in patients with gastric cancer and normal individuals in the validation cohort. The line
andwhiskerswithin a boxmarks themedianand5–95percentiles, respectively. C (N5126);N (N5126).P,0.05 (Mann-WhitneyU test) showed that the
medianODvaluewas significantly higher in gastric cancer sera than in normal controls. (b) Receiver operating characteristic curves of gastric cancer versus
normal controls for 8 significant TAAs using ELISA OD in the validation cohort. C, cancer; CI, confidence interval; ELISA, enzyme-linked immunosorbent
assay; N, normal; TAA, tumor-associated antigen.

Table 2. Performance of the immunodiagnostic models with anti-TAA autoantibody panels in different cohorts

Group AUC Se (%) Sp (%) 1LR 2LR PPV (%) NPV (%) Accuracy (%) Kappa (%)

Training cohort

Model 1 0.928 79.3 94.6 17.5 0.2 85.5 91.9 90.2 75.6

Model 2 0.885 70.8 90.3 7.3 0.3 80.2 81.4 80.9 61.6

Validation cohort

Model 1 0.885 70.3 91.3 4.9 0.2 83.1 82.0 82.5 65.1

Model 2 0.884 65.9 90.5 4.2 0.3 80.8 80.3 80.6 61.1

Model 1: the LDA model with 5 anti-TAAs (TP53, SMARCB1, COPB1, SRSF2, and GNAS) entering the model.
Model 2: the LR model with 5 anti-TAAs (GNAS, PBRM1, TP53, COPB1, and ACVR1B) entering the model.
LDA, Fisher linear discriminant analysis; LR, logistic regression;1LR, positive likelihood ratio;2LR, negative likelihood ratio; NPV, negative predictive value; PPV, positive
predictive value; Se, sensitivity; Sp, specificity; TAA, tumor-associated antigen.
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autoantibody panels selected by the 2 models to distinguish
GAC fromNCwas both confirmed in the validation cohort. The
discrimination ability of the LDA model showed an AUC of
0.88, a sensitivity of 70.3%, a specificity of 91.3%, a PPV of
83.1%, an NPV of 82.0%, and a kappa of 65.1% in the validation
group, and the LR model showed an AUC of 0.884, a sensitivity
of 65.9%, a specificity of 90.5%, a PPV of 80.8%, an NPV of
80.3%, and a kappa of 61.1% in the validation group (Table 2 and
Figure 5).

The diagnostic values of the immunodiagnostic models in

different clinical stage

When patients with GAC were classified as early stage (I and
II) and late stage (stage III and IV), the discriminant ability of
the 2 immunodiagnostic models was significantly different in
different clinical stages of GAC (Table 4). In the training co-
hort, the LDA model showed an AUC of 0.885 (95% CI:
0.845–0.926), a sensitivity of 66.7%, a specificity of 94.6%, a
1LR of 12.4, a2LR of 0.4, a PPV of 64.5%, an NPV of 95.1%,

an accuracy of 91.1%, and a kappa of 0.604 in the early stage
(stage I1 II). Meanwhile, the LR model presented an AUC of
0.869 (95% CI: 0.824–0.906), a higher sensitivity of 74.7%, a
lower specificity of 90.3%, a lower1LR of 7.3, a lower2LR of
0.3, a PPV of 79.8%, an NPV of 91.9%, an accuracy of 81.5%,
and a kappa of 51.5% compared with the LDA model. In the
late stage (stage III 1 IV), the LDA model with 5 anti-TAAs
presented an AUC of 0.874 (95% CI: 0.821–0.927), a sensi-
tivity of 88.1%, a specificity of 97.1%, a1LR of 30.1, a2LR of
0.1, a PPV of 77.1%, an NPV of 97.5%, an agreement of 93.5%,
and a kappa of 78.3%. Compared with the LDA model, the LR
model showed a higher AUC of 0.890 (95% CI: 0.850–0.923), a
lower sensitivity of 70.8%, a lower specificity of 90.3%, a lower
1LR of 7.7, a higher 2LR of 0.3, a higher PPV of 79.2%, a
lower NPV of 90.0% and a lower accuracy of 81.7%, and a
lower kappa of 61.3%. In the validation cohort, the similar
results were observed. The LDA model and LR model, re-
spectively, showed AUC of 0.821 and 0.876 in early-stage
GAC and the AUC of 0.889 and 0.900 in late-stage GAC.

Figure 5. Performance of the immunodiagnostic models with panels to detect gastric cancer. (a) Receiver operating characteristic curves for the training
cohort by the LDAmodel and LRmodel. (b) Receiver operating characteristic curves for the validation cohort by the LDAmodel and LRmodel. aThe Fisher
linear discriminant analysis (LDA) model with 5 anti-TAAs (TP53, SMARCB1, COPB1, SRSF2, and GNAS) entering the model. bThe backward stepwise
conditional LR model with 5 anti-TAAs (GNAS, PBRM1, TP53, COPB1, and ACVR1B) entering the model. CI, confidence interval; LR, logistic regression;
TAA, tumor-associated antigen.
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Detecting anti-TAA autoantibody levels in serial sera before and

after cancer resection

Twenty-three patients with GAC without metastasis were fol-
lowed up for 10 months. In total, 64 serial serum samples were
collected before and after surgery and/or chemotherapy in dif-
ferent time points to study the changing of these autoantibodies.
Figure 6 showed the changes of 8 autoantibodies in 9 patients
with GAC who had donated more than 2 sera. Figure 7 showed
the levels of 2 autoantibodies, including TP53 and GNAS, were
significantly higher after cancer resection in patients with GAC
by the paired Wilcoxon test (P , 0.05). The autoantibodies
against ACVR1B, COPB1, FGFR2, PBRM1, SMARCB1, and

SRSF2 did not show significant increase after cancer resection in
1 month (P . 0.05).

DISCUSSION
This study has several novel features. We have discovered and
validated 2 anti-TAA autoantibody panels by 2 different experi-
mental methods for the detection of GAC in 3 independent co-
horts. This design displayed several strengths. First, the design of
our study showed a new clue for identifying new serum anti-TAA
autoantibodies which meant screening TAAs with focused pro-
tein microarrays based on cancer driver genes and validating
autoantibodies against selected TAAs by ELISA. On one hand,

Table 3. LOOCV results predicted by the 2 immunodiagnostic models of GC in the training cohort

Characteristics

LR model LDA model

Predicted GC Predicted NC Predicted GC Predicted NC

GC (n5 205) 159 46 165 40

NC (n5 205) 34 171 14 191

Se (%) 77.6 80.5

Sp (%) 83.4 93.2

PPV (%) 82.4 92.2

NPV (%) 78.8 82.7

Accuracy (%) 80.5 86.8

Kappa (%) 61.0 73.7

GC, gastric cancer; LDA, Fisher linear discriminant analysis; LOOCV, leave-one-out cross-validation; LR, logistic regression; NC, normal control; NPV, negative prediction
value; PPV, positive prediction value; Se, sensitivity; Sp, specificity.

Table 4. Diagnostic value of immunological prediction models different clinical stages of gastric cancer

Group AUC (95% CI) P a P b Se (%) Sp (%) 1LR 2LR PPV (%) NPV (%) Accuracy (%) Kappa (%)

Training cohort

Model 1c

Early stage (I 1 II) 0.885 (0.845–0.926) ,0.001 66.7 94.6 12.4 0.4 64.5 95.1 91.1 60.4

Late stage (III 1 IV) 0.874 (0.821–0.927) ,0.001 88.1 97.1 30.1 0.1 77.1 97.5 93.5 78.3

Model 2d 0.012

Early stage (I 1 II) 0.869 (0.824–0.906) ,0.001 74.7 90.3 7.3 0.3 79.8 91.9 81.5 51.5

Late stage (III 1 IV) 0.890 (0.850–0.923) ,0.001 70.8 90.3 7.7 0.3 79.2 90.0 81.7 61.3

Validation cohort

Model 1c

Early stage (I 1 II) 0.821 (0.752–0.878) ,0.001 76.7 83.3 4.6 0.3 52.3 93.7 82.1 50.9

Late stage (III 1 IV) 0.889 (0.829–0.933) ,0.001 88.2 83.3 5.3 0.1 58.8 96.3 84.4 60.5

Model 2d 0.002

Early stage (I 1 II) 0.876 (0.813–0.923) ,0.001 76.7 80.9 6.8 0.4 79.7 93.6 80.3 47.4

Late stage (III 1 IV) 0.900 (0.843–0.942) ,0.001 70.6 90.0 7.1 0.3 85.2 90.0 81.8 62.8

AUC, area under the curve; CI, confidence interval; LDA, Fisher linear discriminant analysis; LR, logistic regression;1LR, positive likelihood ratio;2LR: negative likelihood
ratio; NPV: negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity; TAA, tumor-associated antigen.
aP values mean comparison between early stage and late stage with the method of De Long et al. (1989).
bP values are relative to normal controls.
cThe LDA model with 5 anti-TAAs (TP53, SMARCB1, COPB1, SRSF2, and GNAS) entering the model.
dThe LR model with 5 anti-TAAs (GNAS, PBRM1, TP53, COPB1, and ACVR1B) entering the model.
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this studymade use of the highly effectivemethod, human protein
microarrays, for discovering the new biomarkers in a short time
in the current study. On the other hand, ELISA, as one of the
preferred methods, was used to validate the discovered bio-
markers in the training and validation cohorts. Besides, previous
studies usually screened small number of TAAs in small sample
size or without external validation cohort or with only 1 model
establishment (21,22). But, this study identified robust GAC
biomarkers with a large sample size that included 3 different
samples cohorts (431 patients with GAC at different clinical
stages and 381 cancer-free NC) and attained 2 combination
panels of autoantibodies which can significantly discriminate
GAC from normal individuals whether in early stage or late stage
for GAC.

Inphase I, this design allowedus to rapidly discover 10potential
TAAs as GAC biomarkers from 154 proteins by the focused pro-
tein microarrays in a short time, namely GNA11, GNAS, FGFR2,
PBRM1, TP53, PIK3CA, COPB1, SRSF2, ACVR1B, and SETBP1.
The function and detailed description of the proteins encoded by

cancer driver genes are summarized byVogelstein et al. (16). Some
studies showed that the TAAs were the products of the genetic
mutation and the corresponding autoantibodies were the potential
biomarkers for early cancer detection (23). For example, serum
TP53 autoantibody was extensively evaluated as a potential di-
agnostic biomarker for early-stage GC (22), lung cancer (24), and
many other cancers (25–27). GNA11, as 1 member of G proteins,
was found to be modulators in various signaling pathways, in-
dicating that GNA11 may be also used as a biomarker of cancers
(28). Up to now, GNA11 autoantibody has not been reported as a
diagnostic and prognostic biomarker. Our current study may be
the first study to report that GNA11 autoantibody may be a bio-
marker for the detection of GAC. SRSF2 is necessary for the
splicing of pre-mRNA and participates in the cellular apoptosis as
one of the oncogenes (29,30). It was reported that GNAS was an
oncogene and participated in several pathways, such as APC and
PI3K (31). FGFR2 may involve in many signaling pathways, such
as MAPK1/ERK2 and MAPK3/ERK1 (32). A multicultural South
African cohort study on serological biomarkers showed that

Figure 6. Levels of autoantibodies against 9 tumor-associated antigens in serial serum samples before and after cancer resection. 1a: 1month after cancer
resection. 1b: 1 month before cancer resection.
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FGFR2 protein could be the antigen biomarker of cancer survival
(33). In addition, FGFR2 single-chain variable antibody fragment
may be a potentialmolecular treatment for gastrointestinal cancers
(34). The alterations of PBRM1, a negative regulator of cell pro-
liferation, were likely to be a biomarker of renal cell carcinoma
(35,36). PIK3CA was one of the oncogenes regulating the AKT1
pathway and was reported to be associated with many types of
tumorigenesis (37), but no difference of the anti-PIK3CA level
between GAC and group was found. Moreover, this study may be
the first report that autoantibodies to GNAS, PBRM1, COPB1,
SRSF2, ACVR1B, and SETBP1 can be used as diagnostic bio-
markers for GAC. Although the specific mechanism is not com-
pletely clear, it implies that these TAAs may be associated with
carcinogenesis.

For the construction of the immunodiagnostic models in
our study, 10 potential biomarkers were screened from 154
candidate proteins by the focused protein microarrays in the
discovery cohort. The AUCs and positive rates were mainly
used to select the optimally potential candidate biomarkers.
Then, we validated the selected candidate predictors by ELISA
with statistical analysis of ROC, LR, and LDA model method.

These methods not only provide the method of exploring the
single autoantibody based on the results of ELISA but also
enable us to select the optimal panels of the autoantibodies
and establish the immunological models for predicting the
probability for diagnosing GAC. Besides, to control the se-
lection bias, the autoantibodies were detected in different
cohorts. Among the final selected 9 anti-TAA autoantibodies
for ELISA, 8 anti-TAAs (GNA11, GNAS, FGFR2, PBRM1,
TP53, COPB1, SRSF2, and ACVR1B) were significantly in-
creased in GAC cohorts compared with NC cohorts in both
training and validation cohorts. However, the sensitivity and
specificity of single anti-TAA in patients with cancer were low
to serve as the independent diagnostic biomarker in terms of
the diagnostic ability. Integrating multiple autoantibodies
into 1 model would substantially improve diagnostic ability
compared with only 1 autoantibody (12,38). In this study,
compared with 1 single autoantibody, the combined panel
(GNAS, PBRM1, TP53, COPB1, and ACVR1B) selected by the
LRmodel and the combined panel (TP53, SMARCB1, COPB1,
SRSF2, and GNAS) selected by the LDA model showed a
higher AUC, sensitivity, and specificity. This phenomenon

Figure 7. Comparison of autoantibody serum levels to 9 tumor-associated antigens in serum samples before and after resection for patients with gastric
carcinoma in 2 weeks. P value was calculated by the paired Wilcoxon test. *P,0.05
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was found in many other studies, such as the autoantibody
biomarkers and miRNA biomarkers for the detection of
cancers (13,39).

To further explore and compare the diagnostic perfor-
mance of the 2 immunodiagnostic models in different clinical
stages for GAC, the GAC patients of the training cohort and
the validation cohort were divided into the early (stage I and
II) and late (III and IV) stage. Both of the 2 immunodiagnostic
models showed a good performance for the detection of GAC
that the accuracy was higher than 80.0% and the kappa value
was higher than 0.4 in both training and validation cohorts in
early stage (stage I and II). In addition, the diagnostic value of
the LDA model was higher than that in the LR model, in-
dicating that different models should be established for ex-
ploring a better model rather than establishing only 1 model
by comparing the diagnostic ability in different immunodi-
agnostic models.

The autoantibody panels for the diagnosis of GAC identified
in this study showed a better performance than those in the
previous studies (38,40). Besides, the biological function of the
proteins encoded by cancer driver genes had been reported in a
previous study (16). Specific anti-TAA autoantibodies are usually
not only associated with the detection of cancers, but also have
some sensitivity in the prognosis of tumor patients. One study
showed that patients with GC had a worse prognosis if they were
positive for more than 2 antibodies in the panel of TP53, heat
shock protein 70, p90, HCC-22-5, KM-HN-1, and peroxiredoxin
VI (38). Another study showed that high levels of antibodies
against TRP1/TYRP1, TRP2/TYRP2, gp100, andMelan/MART1
may be useful metastatic biomarkers for melanoma (41). There-
fore, the serial serum samples from 23 patients with GAC were
detected to investigate the temporal changes of these autoanti-
bodies in this study. Some patients showed an increase in anti-
body levels after resection, and thismay imply that the individuals
may have a poor prognosis (17). At the same time, our results
showed that anti-TP53 and anti-GNAS antibody significantly
increased inGC sera after cancer resection, which was similar to a
previous study (42). The specific mechanism of the increasing
antibody trend in sera after resection is not completely known. A
few studies also showed the similar results (17,42).

However, there are some limitations that can not be ignored.
First, the novel autoantibodies in this study have not been ex-
plored in other tumors; therefore, the specificity for these bio-
markers remained to be further verified in other tumors, and
more studies should be further explored. Besides, only a few early-
stage cancers in this study were evaluated to confirm the useful-
ness of the panels because it was difficult for us to collect enough
serum samples for stage I GC owing to no effective early di-
agnostic test for GC. Thus, more serum samples of stage I of GC
are required to evaluate the diagnostic value of the panels in this
study. Finally, more detailed histopathological features, such as
the intestinal type or diffuse type, may be preferred for the further
application of the autoantibodies identified in this study.

In summary, the findings in our study has demonstrated that 2
selected panels of serum anti-TAA autoantibodies based on the
immunodiagnostic models may be effective biomarkers for the
detection of GAC. Besides, this study has also provided a new
design modality for identifying biomarkers based on protein
microarrays with a large cohort of subjects. Thus, this study
maybe the first time to offer 2 potential immunodiagnostic
models for the detection of GAC.
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