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Abstract: Autoantibodies against specific lung cancer-associated antigens have been suggested for
the performance of lung cancer diagnosis. This study aimed to evaluate the diagnostic performance
of the antigen—autoantibody immune complex (AIC) against its free antigens for CYFRA21-1, ProGRP,
neutrophil gelatinase-associated lipocalin (NGAL), and neuron-specific enolase (NSE) in non-small
cell lung cancer (NSCLC). In total, 85 patients with NSCLC and 120 healthy controls (HCs) were
examined using a 9-guanine DNA chip method. The ratios of AICs to their antigens and the
combinations of ratios consisting of two to four markers were calculated. The levels of AICs for
CYFRAZ21-1, ProGRP, NGAL, and NSE were higher than those for their free antigens in all participants.
The levels of each free antigens distinguished patients with NSCLC from the HCs. The ratios of
the AIC to its antigen and seven combinations of two to four ratios were significantly higher in
patients with NSCLC than in the HCs. Excellent diagnostic performance was observed for all
combination ratios (C4-1), with 85.9% sensitivity and 86.7% specificity at a 3.51 cut-off. Higher
sensitivity was observed in the early stages (0-I) and adenocarcinoma than in stages II-IV and other
pathological types. Combining all ratios of AICs and their antigens for all four markers was useful
when diagnosing NSCLC.

Keywords: lung cancer; non-small cell lung cancer; autoantibody; biomarker; CYFRA21-1; ProGRP;
NGAL; NSE

1. Introduction

Lung cancer is among the most common and deadliest cancers worldwide. Most
lung cancers are classified into two categories: non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC), with NSCLC accounting for more than 80% of lung cancer
cases. Although recent declines in mortality have been reported, likely due to reductions
in smoking, advances in early detection, and major advances in the treatment of NSCLC,
the 5-year relative survival rate for lung cancer is still dismal at 22% overall [1]. The diag-
nosis of lung cancer is highly dependent on imaging technologies. Lung cancer screening
using low-dose computed tomography (LDCT) has been shown to reduce lung cancer
deaths [2]. Therefore, LDCT is a promising method for diagnosing lung cancer. However,
it has the major disadvantages of high false-positive rates and costs [2,3]. Diagnosis at
early stages (0-I) compared to metastatic stages (III-IV) has great potential to reduce mor-
tality and increase the 5-year survival rate by up to 60% in patients with lung cancer [2,4].
However, only 24% of lung cancers are diagnosed at an early stage because signs and
respiratory symptoms do not usually appear until the cancer advances [1]. Several can-
didates have been reported as cancer-associated biomarkers to detect lung cancer using
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peripheral blood and targeting different sources, such as circulating tumour cells and
genetic, epigenetic, proteomic, and metabolic materials [5-10]. Tumour markers, such
as cytokeratin 19 fragment (CYFRA21-1), carcinoembryonic antigen, neuron-specific
enolase (NSE), squamous cell carcinoma antigen, pro-gastrin-releasing peptide (pro-
GRP), and cancer antigen 125, are currently used in clinical laboratories for the diagnosis
and monitoring of lung cancer, but they are underutilised owing to their unsatisfactory
diagnostic performance, particularly for lung cancer [11].

Autoantibodies are produced and circulated early in the immune systems of pa-
tients after exposure to cancer proteins and have attracted attention as useful markers
for the early detection of cancer [12,13]. Moreover, even if the antigen exists at a low
concentration, autoantibodies are produced at a relatively high concentration and have
a continuous blood concentration and a long half-life owing to limited proteolysis and
removal [14]. However, detecting autoantibodies in the blood of patients with cancer has
been technically challenging. As well as traditional biomarkers, such as p53, CYFRA21-
1, ProGRP, and NSE, several biomarkers associated with lung cancer, such as c-Myrc,
survivin, HER2, NY-ESO-1, and SOX1, have been used in various diagnostic technolo-
gies based on the concept of autoantibodies [4,6,15-17]. In addition, their diagnostic
performance in lung cancer was improved by combining different biomarkers rather
than using a single autoantibody [17-21]. However, the different methods used to detect
these materials have insufficient sensitivity and specificity for use as diagnostic sensors
in clinical laboratories [17-22]. A recent study using the Early-CDT® Lung Kit, which
measures seven autoantibodies against p53, SOX2, CAGE, NY-ESO-1, GBU4-5, MAGE
A4, and HuD, reported a sensitivity of 21% sensitivity for early stage (I-II) and an overall
sensitivity of 33% with a specificity of 88% for lung cancer [23].

A new method that uses a 9-guanine DNA chip to measure the antigen—autoantibody
immune complex (AIC) and its antigen based on the ratio of AIC to its free antigen was
verified for its efficiency in detecting lung cancer [24-26]. Previously, tumour marker-
specific autoantibodies were overexpressed in patients with cancer [27]. However,
the amount and type of tumour-specific proteins that increase in each individual may
differ during cancer development. Therefore, if a specific cut-off is used to discrimi-
nate between patients with cancer and healthy individuals, the overlap with healthy
individuals will result in a lower specificity, which was also observed for AICs and
free antigens separately measured in a previous study using the same method [24-26].
Irrespective of the number of tumour-specific proteins present in each individual, the
ratio of AIC to its free antigen confirmed its potential as a marker to discriminate be-
tween the healthy controls (HCs) and patients with early-stage lung cancer [24,25]. The
clinical usefulness of AIC and its free antigen against CYFRA21-1 has been reported in
the screening of lung cancers, with 76.0% sensitivity and 87.5% specificity [24]. Using
the same method, researchers have attempted to develop immunoassays using sev-
eral candidate markers to improve the diagnostic efficiency of lung cancer detection.
This study investigated possible candidate biomarkers for NSCLC by measuring the
AIC and its free antigen for four proteins (CYFRA21-1, ProGRP, neutrophil gelatinase-
associated lipocalin [NGAL], and NSE), using a 9-guanine DNA chip to detect stage 0
(carcinoma in situ [CIS])-IV NSCLC.

2. Materials and Methods
2.1. Study Participants

Clinical samples derived from patients with NSCLC (n = 85) and HCs (n = 120)
were collected and tested in 2019 at the Korea Cancer Central Hospital. We retro-
spectively reviewed patients” electronic medical records. All patients with NSCLC
were screened using chest radiography and LDCT, followed by a biopsy of individ-
uals with abnormal LDCT findings. Pathologically, the patient was not diagnosed
with a subtype of NSCLC and was classified into other types. Two patients with CIS
diagnosed with adenocarcinoma in situ were classified as having adenocarcinoma.
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The two cases of bronchoalveolar carcinomas were reclassified as adenocarcinomas
(Table 1). All HCs were screened for lung cancer using chest radiography. Patients
with a history of cancer were excluded through a questionnaire administered during
the annual health check-up program. Patients with infectious diseases at the time of
evaluation were excluded. Blood samples from patients with NSCLC were collected
before treatment, such as surgery, chemotherapy, and radiotherapy. K2 ethylenedi-
aminetetraacetic acid (EDTA)-anticoagulated remnant blood specimens were obtained
from all participants after a complete blood cell count test. All samples were stored
at 4 °C before centrifugation for 10 min at 2000x g at 4 °C. Plasma samples were then
archived in the biobank at —70 °C. Samples used in this study were obtained from the
Korea Institute of Radiological and Medical Sciences (KIRAMS) Radiation Biobank
(KRB-2019-1006). We selected eight candidate markers of four proteins (CYFRA21-1,
ProGRP, NGAL, and NSE) that have been reported to be useful in the detection of lung
cancer in previous studies [28-33]. Eight markers were measured in plasma samples
from all participants: CYFRA21-1-anti-CYFRA21-1 AIC (CIC), CYFRA21-1 antigen,
ProGRP-anti-ProGRP AIC (PrGIC), ProGRP antigen, NGAL-anti-NGAL AIC (NGIC),
NGAL antigen, NSE-anti-NSE AIC (NSIC), and NSE. This study was approved by the
Institutional Review Board of the Korea Institute of Radiological and Medical Sciences
(KIRAMS) (IRB#-2019-07-009-001).

Table 1. Characteristics of the study’s participants (1 = 205).

Characteristic Patients with Healthy Controls
NSCLC (n = 85) (n =120)

Age, years (median, range) 66 (39-82) 42 (25-66)
Male gender, n (%) 70 (82.35%) 60 (50%)
Stage -
-CIS (0) 2 (2.35%)
-1 39 (45.88%)
-II 16 (18.82%)
-1 24 (28.24%)
-Iv 4 (4.71%)
Pathologic diagnosis
-Adenocarcinoma 39 (45.88%)
-Squamous cell carcinoma 38 (44.71%)
-Other types 8(9.41%)

Pleomorphic carcinoma 4 (4.71%)

Adenosquamous carcinoma 1 (1.18%)

High-grade mucoepidermoid carcinoma 1 (1.18%)

Mucinous carcinoma 1(1.18%)

Non-small cell carcinoma * 1 (1.18%)

Abbreviations: NSCLC, non-small cell lung cancer; CIS, carcinoma in situ. * This case was not determined with
a subtype.

2.2. Methods

Based on previous studies, bioconjugates were prepared using six types of syntheses—
marker protein-capture antibody (cAb)-DNA, anti-mouse IgG-Cy5, anti-human IgG-Cy5,
marker protein-detection Ab (dAb)-fluorescent beads (FB), anti-human-IgG-FB, and anti-
human-IgG-FB—and Cy5-DNA for four protein markers, including CYFRA21-1, ProGRP,
NGAL, and NSE [24,26]. The lateral flow strip membranes (LFSM) were also prepared to
detect the eight markers (CIC, CYFRA21-1, PrGIC, ProGRP, NGIC, NGAL, NSIC, and NSE).
The LFSM was manufactured based on the 9-guanine DNA membranes. The 9-guanine
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DNA membranes were lined with 18 pmol/L solutions of oligonucleotide Probe 1-Probe
8 appended with nine consecutive guanines (9G) corresponding to the test line and the
hybridisation control line and allowed to immobilise. After immobilisation, the membranes
were soaked in a blocking solution and dried.

The measurements of CIC, CYFRA21-1, PrGIC, ProGRP, NGIC, NGAL, NSIC, and
NSE in plasma samples derived from HCs and patients with NSCLC were performed
using a sandwich immunoassay DNA-guided method based on a 9-guanine DNA chip
(Biometrix Technology Inc., Chuncheon, Republic of Korea). The 9-guanine DNA chip
quantified the plasma levels of all markers in 30 min at 25 °C: for free antigen (or AIC)
detection, a 20-microlitre plasma sample was incubated with 100 pL of the solution
containing a marker protein-cAb-DNA conjugate (10 fmol/mL), a marker protein-d Ab-FB
conjugate (or anti-hum-IgG-FB conjugate for AIC detection) (0.07 fmol/mL), and FB-DNA
(10 fmol/mL) in an e-tube and incubated at 25 °C for 10 min in a thermo-controller. After
the incubation step, 60 UL of reaction buffer containing FB-DNA complementary to the
DNA immobilised on the hybridisation control line was added to the reaction tube. The
reaction mixture was then loaded onto the LFSM and hybridised for 10 min at 25 °C.
Highly specific DNA-DNA hybridisation allowed the capture of the marker protein-d Ab-
FB-a marker protein-cAb-DNA for free antigen detection or the anti-human-IgG-FB-AIC-a
marker protein-cAb-DNA for AIC detection, bimolecular complexes, and Cy5-DNA on
the test line and hybridisation control line, respectively. The unbound biomolecular
complexes were then washed away at 25 °C in a washing step that required 10 min to
add 170 mL of the washing solution (0.1% SDS in 4 x SSC, pH 7.4). After washing, the
bound materials of each marker were detected and quantified by scanning the LFSM
using a BMT Membrane Reader™ (Biometrix Technology Inc., Chuncheon, Republic of
Korea). The fluorescence intensity was expressed in arbitrary units according to validated
standard curves [24,26].

The levels of CIC, CYFRA21-1, PrGIC, ProGRP, NGIC, NGAL, NSIC, and NSE in
plasma samples from the HCs and patients with NSCLC were recorded. These levels
were calculated using the ratios of CIC to CYFRA21-1, PrGIC to ProGRP, NGIC to NGAL,
and NSIC to NSE. In particular, CYFRA21-1 was required in the combination equations
because it is the leading marker in the diagnosis of NSCLC with the highest sensitivity,
using either the same or different methods [24,34]. Finally, the combination ratios for two to
four markers, including CIC/CYFRAZ21-1, were determined according to Equations (1)—(7)
and used to discriminate between HCs and patients with NSCLC.

C2-1 = [(CIC/CYFRA21-1) x (PrGIC/ProGRP)] )

C2-2 = [(CIC/CYFRA21-1) x (NGIC/NGAL)] ©)

C2-3 = [(CIC/CYFRA21-1) x (NSIC/NSE)] ®)

C3-1 = [(CIC/CYFRA21-1) x (PrGIC/ProGRP) x (NGIC/NGAL)] 4)
C3-2 = [(CIC/CYFRA21-1) x (PrGIC/ProGRP) x (NGIC/NGAL)] ®)
C3-3 = [(CIC/CYFRA21-1) x (NGIC/NGAL) x (NSIC/NSE)] 6)

C4-1 = [(CIC/CYFRA21-1) x (PrGIC/ProGRP) x (NGIC/NGAL) x (NSIC/NSE)] (7)

Sensitivity and specificity were determined using cut-off levels to distinguish between
the HCs and patients with NSCLCs. Ultimately, the cut-off levels were first aimed at
the area under the curve (AUC), before being aimed at the minimal difference between
sensitivity and specificity [35].



Diagnostics 2023, 13, 2999

50f12

2.3. Statistical Analysis

The data were not normally distributed. Continuous data were expressed as me-
dians with interquartile ranges (IQR). Categorical data were presented as counts and
percentages. The difference between the HCs and patients with NSCLC was calculated
using the Mann-Whitney U test. For all analyses, two-sided p values < 0.05 were consid-
ered to be statistically significant. The receiver operating characteristic (ROC) curve was
used to assess the overall diagnostic performance, and Delong’s method was used to
compare the ROC curves. The optimal cut-off point in the coordinates of the ROC curve
was determined using the closest top-left method. The sensitivity, specificity, accuracy,
positive predictive value (PPV), and negative predictive value (NPV) were calculated at
95% confidence intervals (CI). Statistical analyses were performed using SPSS software
version 22 (IBM Corp., Armonk, NY, USA) and Rex-Pro version 3.6.1.0 (RexSoft Inc.,
Seoul, Republic of Korea).

3. Results
3.1. The Levels of AICs and Their Antigens for CYFRA21-1, ProGRP, NGAL, and NSE

The characteristics of the participants in the NSCLC and the HC groups are shown in
Table 1. The levels of the AICs (CIC, PrGIC, NGIC, and NSIC) were significantly higher
than those of their free antigens (CYFRA21-1, ProGRP, NGAL, and NSE) in all participants
(all p < 0.0001), HCs (p < 0.0001, p = 0.0027, p = 0.0198, and p < 0.0001, respectively) and
patients with NSCLC (all p < 0.0001) (Figure S1).

3.2. Diagnostic Performance

The levels of each free antigen more effectively distinguished patients with NSCLC
from the HCs than the AIC, and their levels in patients with NSCLC were significantly
lower than those in HCs (Figure 1A-D). The ratios of CIC to CYFRA21-1, PrGIC to
ProGRP, NGIC to NGAL, and NSIC to NSE were significantly higher in patients with
NSCLC than in HCs (Figure 1E). Additionally, the combination ratios (C2-1, C2-2, C2-3,
C3-1, C3-2, C3-3, and C4-1) highly discriminated between patients with NSCLC and the
HCs (all p < 0.0001) (Figure 1F and Table S1). The diagnostic performances of the eight
single markers (CIC, CYFRA21-1, PrGIC, ProGRP, NGIC, NGAL, NSIC, and NSE); the
ratios of CIC/CYFRA21-1, PrGIC /ProGRP, NGIC/NGAL, and NSIC/NSE; and the seven
combinations were compared using ROC analyses (Figure 2 and Table 52). Good diagnostic
performance was confirmed based on CIC/CYFRA21-1 among all ratios from the other
ratios for a protein, and better diagnostic performance was achieved using combinations
of C3-1, C4-1, C2-1, C3-2, C2-2, C3-3, and C2-3 in the order of the large AUC of the ROC
(Table S2). Excellent diagnostic performance after applying the optimal cut-off point was
obtained using the combinations of C4-1 and C3-1 at the diagnostic cut-offs of 3.51 and
2.80, respectively, which had 85.9% and 85.9% sensitivity and 86.7% and 85% specificity
with 0.863 and 0.854 AUC, respectively, in terms of discriminating patients with NSCLC
from the HCs (Table 2). However, there was no significant difference between the two ROC
curves (p = 0.4063) (Figure 2C). The sensitivity and specificity of the C4-1 combination were
analysed according to subgroup stages and pathological diagnoses. Higher sensitivity was
observed in the very early stages (0-I) of localised tumours than in stages II-1V, with an
86.7% specificity observed for C4-1 (Tables 3 and S3). Pathological diagnoses were better
distinguished in patients with NSCLCs, with the rate of distinguishment being 89.7%
for adenocarcinoma and 81.6% for squamous cell carcinoma at 86.7% specificity for C4-1
(Tables 4 and S4).



Diagnostics 2023, 13, 2999 60f12

‘ — Healthy Controls * Lung cancer

10 cx 10 rwa 10. r) 10 OE
=0).. =0.001
p=0.3007 p=0.0002 Pr0.2680 pr0.0015
5 7.5 . 7.5 M 75
N p=0.4056 p=0.0105
p=0.7031 p<0.0001 o .
s
. . 4 .
2 g a I o
%“1 g”\) € 50 d . 550 H .
S S
2 2 2 2
. (]
. - .
3| . i .
. s . M
25 . 25 3 5 25
i é; é ! ;
0.0 ; 0.0 ; 0.0 0.0
Cic CYFRA21-1 PrGIC ProGRP NGIC NGAL NSIC NSE
@
807 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001
| r | [ [} r [
p<0.0001 p<0.0001 p<0.0001 p=0.0001 .
| .I_\ 1 [ —

o .
3
N

.
.

Ratio
o
Ratio
.

.
. .

%; %* %; %; -ii' j:} i 4_; %; %;

;l]_p.... .

CIC/CYFRA21-1 PrGIC/ProGRP NGIC/NGAL NSIC/INSE C2-3 C3-1 C3-2 C3-3 Ca-1

Figure 1. Boxplots used to distinguish patients with lung cancer (non-small cell lung cancer) and the
healthy controls using four protein markers, including antigen—autoantibody immune complexes and
their free antigens (A-D), their ratios (E) and combination ratios of two to four markers (F), including
(A) CIC and CYFRA21-1, (B) ProGIC and ProGRP, (C) NGIC and NGAL, and (D) NSIC and NSE. Com-
binations of the ratios (E) CIC/CYFRA21-1, PrGIC/ProGRP, NGIC /NGAL, and NSIC/NSE and (F) C2-1
(CIC/CYFRA21-1 x PrGIC/ProGRP), C2-2 (CIC/CYFRA21-1 x NGIC/NGAL), C2-3 (CIC/CYFRA21-
1 x NSIC/NSE), C3-1 (CIC/CYFRA21-1 x PrGIC/ProGRP x NGIC/NGAL), C3-2 (CIC/CYFRA21-
1 x NGIC/NGAL x NSIC/NSE), C3-3 (CIC/CYFRA21-1 x PrGIC/ProGRP x NSIC/NSE), and C4-1
(CIC/CYFRA21-1 x PrGIC/ProGRP x NGIC/NGAL x NSIC/NSE) (patients with non-small cell lung
cancer, n = 85; healthy controls, n = 120).
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Figure 2. Receiver operating characteristic (ROC) curves: (A) ROC curve analysis with the ratios of
autoantibody immune complexes to their free antigens (CIC/CYFRA21-1, PrGIC/ProGRP, NGIC,
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NGAL, NSIC, and NSE); (B) ROC curve analysis comparing seven combinations comprising two to
four markers, including CIC/CYFRA21-1 (C2-1, C2-2, C2-3, C3-1, C3-2, C3-3, and C4-1); (C) compari-
son of ROC curves for C3-1 and C4-1. Abbreviations: CIC, CYFRA21-1-Anti-CYFRA21-1 autoantibody
immune complex; PrGIC, ProGRP-Anti-ProGRP autoantibody immune complex; NGIC, NGAL-Anti-
NGAL autoantibody immune complex; NSIC, NSE-Anti-NSE autoantibody immune complex.

Table 2. Diagnostic efficiency in terms of sensitivity, specificity, accuracy, PPV, and NPV of the
ratios comprising four protein biomarkers and their combinations from the ratios used to distinguish
patients with NSCLC (n = 85) and the healthy controls (n = 120).

Variable Sensitivity Specificity Accuracy PPV NPV
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
81.2 77.5 79.0 71.9 85.3
CIC/CYFRAZI-L 1 0 688)  (69.0-846)  (72.8-844)  (61.8-80.6)  (77.3-91.4)
67.1 79.2 74.2 69.5 77.2
PrGIC/ProGRP 500 769)  (70.8-86.0)  (67.6-80.0)  (58.4-68.8)  (68.8-84.3)
69.4 70.8 70.2 62.8 76.6
NGIC/NGAL (505 790)  (61.8-788)  (635-764)  (522-725)  (67.6-841)
63.5 60.8 62.0 535 70.2
NSIC/NSE (524-737)  (51.5-69.6)  (54.9-68.6)  (43.3-635)  (60.4-78.8)
o1 85.9 80.0 82.4 75.3 88.9
(76.6-925)  (71.7-86.8)  (76.5-874)  (65.5-835)  (81.4-94.1)
22 81.9 783 79.5 72.6 85.5
(712-88.8)  (69.9-853)  (73.3-84.8)  (625-81.3)  (77.5-91.5)
23 76.5 76.7 76.6 69.9 82.1
(66.0-85.0)  (68.1-83.9)  (702-822)  (59.5-79.0)  (73.8-88.)
c31 85.9 85.0 85.4 80.2 89.5
(76.6-925)  (77.3-909)  (79.8-89.9)  (70.6-87.8)  (82.3-94.4)
3 84.7 77.5 80.5 72.7 87.7
(753-91.6)  (69.0-84.6)  (744-857)  (62.9-81.2)  (80.0-93.3)
33 75.2 76.7 76.1 69.6 814
(64.8-84.0)  (68.1-839)  (69.7-81.8)  (59.1-78.7)  (73.0-88.1)
cad 85.9 86.7 86.3 82.0 89.7

(76.6-925)  (79.3-922)  (80.9-90.7)  (72.5-89.4)  (82.6-94.5)

Abbreviations: CIC, CYFRA21-1-Anti-CYFRA21-1 autoantibody immune complex; PrGIC, ProGRP-Anti-
ProGRP autoantibody immune complex; NGIC, NGAL-Anti-NGAL autoantibody immune complex; NSIC,
NSE-Anti-NSE autoantibody immune complex; PPV, positive predictive value; NPV, negative predictive value;
CI, confidence interval.

Table 3. The diagnostic efficiency of the C4-1 according to stages in patients with NSCLC.

Sensitivity Specificity PPV NPV
Stage (Number) (95% CI) (95% CI) (95% CI) (95% CI)
100 11.1 100
CIS (n=2) (19.8-100) (1.9-36.1) (95.6-100)
89.7 86.7 68.6 9.3
Stage I (n =39) (74.8-96.7) (79.3-92.2) (54.0-80.5) (90.2-98.8)
62.5 38.5 94.5
Stage Il (n = 16) (35.9-83.7) (20.9-59.3) (88.0-97.8)
91.7 57.9 98.1
Stage IIT (n = 24) (71.5-98.5) (40.9-73.2) (92.7-99.7)
100 20.0 100
Stage IV (n = 4) (39.6-100) (6.6-44.3) (55.7-93.4)
Very early stage CIS 90.2 86.7 69.8 96.3
(0)-1 (n = 41) (75.9-96.8) (79.3.92.2) (55.5-81.3) (90.2-98.8)
Stage ILIV (n = 44) 81.8 s 69.2 92.9
& = (64.2-89.7) (54.7-80.9) (86.0-96.6)

Abbreviations: CIS, carcinoma in situ; PPV, positive predictive value; NPV, negative predictive value; CI, confi-
dence interval.
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Table 4. The diagnostic efficiency of C4-1 according to pathologic diagnosis in patients with NSCLC.

Type Sensitivity Specificity PPV NPV
(Number) (95% CI) (95% CI) (95% CI) (95% CI)
NSCLC 85.9 82.0 89.7
(n = 85) (76.6-92.5) (72.5-89.4) (82.6-94.5)
Adenocarcinoma 89.7 86.7 68.6 96.3
(n=39,25/4/9/1%) (74.8-96.6) (79.3-92.2)  (540-80.5) (90.2-98.8)
Squamous cell carcinoma 81.6 66.0 93.7
(n=38,14/10/12/2 %) (65.1-91.7) (50.6-78.7) (87.0-97.2)
Other NSCLCs 87.5 304 99.0
(n=8,2/2/3/1%) (46.7-99.3) (14.1-53.0) (94.0-100.0)

* Total number of each pathologic type and the number divided into patients with stages 0-1/11/111/IV. Abbrevia-
tions: PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval.

4. Discussion

Early screening reduces lung cancer-related deaths by approximately 80% [4]. Sev-
eral issues related to cost-effectiveness and overdiagnosis due to high false-positive
rates have been raised regarding LDCT-dependent diagnostic tools used in lung cancer
screening. After confirming that autoantibodies were produced during the early stages
of tumorigenesis, their use as diagnostic markers was suggested [36,37]. Studies of
autoantibody biomarkers of tumour-associated antigens have been conducted using
various methods. However, methods that use blood samples have not been widely
adopted in clinical practice because of their low sensitivity and specificity. Moreover,
the technical issues involved in measuring autoantibodies can be challenging.

A recent method using a 9-guanine DNA chip with high affinity to AIC and its free
antigen proved to have good clinical applicability [24-26]. This study aimed to explore
biomarkers used in the diagnosis of NSCLC using a combination of the ratios of AIC to
its free antigen for four well-known lung cancer-associated protein markers, including
CYFRAZ21-1, which is one of the most effective discriminators of NSCLC [28-30]. Levels
of CYFRA21-1 above 10 ng/mL are thought to indicate malignant lung tumours or
primary lung cancer, but CYFRA21-1 is released by all lung cancers, regardless of
histological type [34]. NGAL is a secreted protein that controls cell proliferation and
survival, and its alteration is associated with various malignant tumours, including
lung cancer [32,38]. NGAL overexpression is associated with lung adenocarcinoma
progression [39]. ProGRP and NSE are diagnostic biomarkers of SCLC with various
sensitivities ranging from 47 to 80% [21,32-34]. Furthermore, a recent study reported
excellent sensitivity and specificity (94.8% and 100%, respectively) for ProGRP in lung
neuroendocrine neoplasms [40]. ProGRP and NSE are mainly released by lung cancers,
while CYFRA21-1 and NGAL are released by various solid cancers [34]. Much lower
levels of free antigens than AICs for the four protein biomarkers were identified in
patients with NSCLC, a result that is consistent with those of a previous study [41].
However, no significant difference in the AIC levels was observed between patients with
NSCLC and the HCs. This finding is inconsistent with previous studies using different
methods that found few tumour-associated autoantibodies in healthy individuals, even
in those at a high risk of developing lung cancer [11,42]. However, our results are
consistent with those of previous studies using the same method; the ratios of antigen-
AICs to their free antigens were more useful than every single marker (AICs and
free antigens) in patients with NSCLC [25,26]. Although relatively low sensitivity
of AIC/free antigen was observed for ProGRP (67.1%) and NSE (63.5%), a higher
sensitivity was observed for the combination of the four fractions (C4-1) for CYFRA21-1,
ProGRP, NGAL, and NSE. Although all patients were diagnosed with NSCLC, it was
detected at stages 0/I-1V with 85.9% sensitivity and 86.7% specificity compared to
other combinations of ratios or a single ratio (Table 3). The diagnostic performance was
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more pronounced in early-stage lung cancer (stage 0/1I) or localised tumours, having
over 90% sensitivity and 86.7% specificity, reflecting the characteristics of tumour-
associated autoantibodies.

This study had several limitations owing to the small number of retrospective cohort
studies included. The levels of AIC, free antigens, and their ratios did not allow us to
assess the differences in sex and age. However, no differences in autoantibodies based on
age, sex, or race were reported in a previous study that used a large cohort [39]. A small
number of participants, especially those with stage 0, II, or IV NSCLC, were included in
this study. Although a significant difference after applying C4-1 was observed between
patients with stage II NSCLC and the HCs, there was lower sensitivity in stage II
than in the other stages (Table 3). Additionally, lower sensitivity was observed in the
regional tumour state, comprising stages IIb and III. Furthermore, 12 of the 16 stage II
patients did not have adenocarcinoma (squamous cell carcinoma, 10; other NSCLCs, 2)
and showed lower sensitivity than for adenocarcinoma (Table 4). Pathologically, the
diagnostic efficiency was higher for adenocarcinoma than for squamous cell carcinoma
or other NSCLCs.

Consistent with previous studies of CYFRA21-1 in lung cancer, squamous cell
carcinoma was well discriminated by the single ratio of CIC/CYFRA21-1, having higher
sensitivity than other pathological types (adenocarcinoma and other NSCLCs) (84.2%
vs. 78.9%, 77.8%, respectively) (Table S5). However, in squamous cell carcinoma, the
AIC/free antigen ratio for proteins, including NGAL and NSE, was less sensitive than
or equal to (ProGRP) other tissue types. Therefore, a low sensitivity may be observed
in stages with a high proportion of squamous cell carcinomas. These results can also
be considered to represent a decrease in the ratio at some intermediate stage (II-III)
due to a simultaneous increase in autoantibodies and tumour antigens. Alternatively,
this outcome could be related to the increasing inaccuracy of staging in higher stages,
which is expected to have lower sensitivity than in early stages [43]. Secondly, clinical
information related to potential risk factors of lung cancer, such as smoking history
or occupations related to carcinogenic exposure of participants, was not provided [1].
This information may help to validate the currently recommended sensitivities used
to identify lung cancer markers. Finally, this study did not evaluate samples with
SCLC or benign states, such as lung nodules or infective lung diseases, which could
be difficult to diagnose using LDCT. Further research using wider cohorts would help
to prove their clinical efficiency in discriminating against lung cancer. It is also worth
investigating its utility as a biomarker for the post-treatment monitoring of patients
with lung cancer.

5. Conclusions

In our study, the ratio of AICs to tumour-associated free antigens was more sensitive
in terms of distinguishing patients with NSCLC than measuring individual proteins
(AICs and free antigens) using the 9-guanine DNA chip method, which has a high affinity
for autoantibodies and antigens present at very low concentrations. Moreover, a combi-
nation of all four AIC ratios to and free antigens for CYFRA21-1, ProGRP, NGAL, and
NSE discriminated between patients with NSCLC and the HCs, with excellent diagnostic
performance. By complementing the imaging-based diagnosis of lung cancer, this test
could help to minimise the risk of lung cancer by screening at-risk populations and
diagnosing NSCLC at an early stage. This method also has great potential to diagnose
NSCLC with clinical efficiency in terms of the accessibility and cost-effectiveness of
liquid biopsy.
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