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Abstract: Exosomal proteins represent valuable research directions in the liquid biopsy of lung cancer (LC).
Immunoglobulin subtypes, immunoglobulin molecules with different domains in variable regions, are products of B
cell responses to different tumor antigens and are associated with tumor incidence and development. The plasma
of patients with LC should theoretically contain a large number of B cell-derived exosomes that specifically rec-
ognize tumor antigens. This paper intended to assess the value of the proteomic screening of plasma exosomal
immunoglobulin subtypes for diagnosing non-small cell LC (NSCLC). The plasma exosomes of NSCLC patients and
healthy control participants (HCs) were isolated using ultracentrifugation. Label-free proteomics was employed to
assess the differentially expressed proteins (DEPs), while the biological characteristics of the DEPs were analyzed
using GO enrichment. The immunoglobulin content in the top two fold change (FC) values of the DEPs and the im-
munoglobulin with the lowest P-value were verified using an enzyme-linked immunosorbent assay (ELISA). The dif-
ferentially expressed immunoglobulin subtypes verified via ELISA were selected to statistically analyze the receiver
operating characteristic curve (ROC), after which the diagnostic values of the NSCLC immunoglobulin subtypes
were determined via the ROC area under the curve (AUC). The plasma exosomes of the NSCLC patients contained
38 DEPs, of which 23 were immunoglobulin subtypes, accounting for 60.53%. The DEPs were mainly related to
the binding between immune complexes and antigens. The ELISA results showed significant differences between
the immunoglobulin heavy variable 4-4 (IGHV4-4) and immunoglobulin lambda variable 1-40 (IGLV1-40) in the LC
patients and HCs. Compared with the HCs, the AUCs of IGHV4-4, IGLV1-40, and a combination of the two in diagnos-
ing NSCLC were 0.83, 0.88, and 0.93, respectively, while the AUCs for non-metastatic cancer were 0.80, 0.85, and
0.89. Moreover, their diagnostic values for metastatic cancer compared to non-metastatic cancer displayed AUCs
of 0.71, 0.74, and 0.83, respectively. When IGHV4-4 and IGLV1-40 were combined with serum CEA to diagnose LC,
the AUC value increased, exhibiting values of 0.95, 0.89, and 0.91 for the NSCLC, non-metastatic, and metastatic
groups, respectively. Plasma-derived exosomal immunoglobulins containing IGHV4-4 and IGLV 1-40 domains can
provide new biomarkers for diagnosing NSCLC and metastatic patients.

Keywords: Exosome, diagnostic biomarkers, non-small-cell lung cancer, immunoglobulin heavy variable 4-4, im-
munoglobulin lambda variable 1-40

Introduction

As the leading histological lung cancer (LC),
non-small cell lung cancer (NSCLC) accounts
for about 85% of all LC incidences [1] and pro-
duces malignant tumors with the fastest
increase in morbidity and mortality. Early diag-
nosis and treatment are vital for reducing the
LC mortality rate and improving recovery. Early
detection of LC can reportedly reduce the mor-

tality rate 10-50-fold, and patients can even
recover after early surgery [2]. The current
methods for diagnosing LC include lung tissue
biopsies, imaging examination, and classic
serum markers, such as CEA. However, these
tests are either invasive or nonspecific, and
their diagnostic level does not meet the re-
quirements of LC treatment [3]. Consequently,
establishing more sensitive, specific, and non-
invasive methods is crucial for diagnosing the
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occurrence and metastasis of LC and improv-
ing the overall survival rate.

Exosome liquid biopsy is the most valuable
research approach in examining early tumor
diagnostic markers. Exosomes are small vesi-
cles encapsulated by lipid bilayer-secreted
cells, with diameters of about 30-150 nm, con-
taining molecules with original cell information,
such as tumor cell- and B cell-mediated tumor
immunity, including proteins, RNA molecules,
and lipids, displaying significant potential for
early tumor recognition [4]. Under the protec-
tion of the exosomal lipid bilayer membrane,
these protein information molecules can avoid
protease hydrolysis, substantially increasing
their lifespan [5, 6]. Compared with liquid biop-
sy, such as circulating free DNA (cfDNA) and
circulating tumor cells (CTCs), exosomal pro-
teins labeled tumor have more advantages, for
exsample, the concentration of exosomal pro-
teins is higher and easier to be detected [7, 8].
However, existing studies on exosomal tumor
protein markers focus on the protein informa-
tion molecules derived from tumor cells, while
little is known about the exosomal immuno-
globulin derived from B cells that mediate
tumor immunity.

The variable immunoglobulin region is highly
diverse and vital in human health. The high
subtypes and different variable domain of
immunoglobulins in serum give individuals with
a great potential to recognize various antigens
[9, 10]. Some immunoglobulin subtypes, such
as immunoglobulin heavy variable (IGHV) and
immunoglobulin lambda variable (IGLV) genes,
are related to clinical outcomes. For example,
the unfavorable prognosis of follicular lympho-
ma patients [11] is affiliated with the presence
of IGHV5, while autoantigens [12] and com-
mensal bacteria [13] are both related to sys-
temic lupus erythematosus (SLE) [14] and
bound by IGHV4-34. Theoretically, during the
early stage of LC, B lymphocytes that mediate
tumor immunity release exosomes into the
blood, containing immunoglobulin subtypes
that specifically recognize early tumor antigens.
This study screens the differentially expressed
immunoglobulin in the NSCLC plasma exo-
somes using proteomic technology and verifies
whether their subtypes displaying prominent
differential expression can be utilized as mark-
ers for NSCLC diagnosis using an enzyme-
linked immunosorbent assay (ELISA). Further
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examination evaluates their NSCLC and meta-
static diagnostic value using receiver operating
characteristic (ROC) curves to provide a clinical
basis for developing exosomal immunoglobulin
markers for liquid NSCLC biopsy.

Methods and materials
Patients and clinical samples

A total of 121 NSCLC patients (76 males and
45 females; mean age, 61.4 years; range 54 to
73) were enrolled in this study at the Second
Affiliated Hospital of Guizhou University of
Traditional Chinese Medicine (Guiyang, China)
from January 2018 to December 2020. All
patients were pathologically confirmed as hav-
ing NSCLC. None of the patients had received
antitumor treatment before, while those meet-
ing the following criteria were excluded from
this study: 1) preoperative chemotherapy or
radiotherapy; 2) previous or coexistent tuber-
culosis or malignant disease. According to the
tumor and metastasis classification system
[15], 51 of these were metastatic patients, and
70 were non-metastatic. Healthy individuals
(76 males and 45 females; mean age, 46.5
years; range 40 to 51) were recruited from out-
patients, and a general medical examination
showed no immune diseases or tumors. This
study used nine non-metastatic patients and
nine healthy individuals for proteomics re-
search, while 28 patients and 28 healthy indi-
viduals were used to validate the target protein
of the screening. The remaining 84 patients
and 84 healthy individuals were used for ROC
analysis. After admission, blood was collected
from the patients. The blood was centrifuged
for 30 min at 2000 g and 10 min at 1800 g
(4°C) to remove cells and cell debris. Next, the
supernatant was stored at -80°C for down-
stream analyses [16, 17]. This study used
pathologically confirmed patients who had not
undergone chemotherapy or radiotherapy with-
in the previous two months. This research was
authorized by the Ethics Committee of the
Second Affiliated Hospital of Guizhou Univer-
sity of Traditional Chinese Medicine (KYW-
2019002). All participants signed a written
consent form for using their blood samples for
medical research before the examination.

Isolating the exosomes

Ultracentrifugation was employed to isolate the
exosomes in the plasma samples using a proto-
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col adapted from that described by Théry et al.
[18]. All procedures were performed at 4°C
unless otherwise specified. Briefly, the plasma
samples were defrosted on ice, after which
they were centrifugated for 30 min at 2,000 g
and 45 min at 12,000 g to eliminate larger
vesicles. Next, a 0.22-um pore filter was used
for supernatant filtration, after which it was
ultracentrifuged for 120 min at 110,000 g.
After discarding the supernatant and resus-
pending the exosome pellets in 10 ml 1x phos-
phate-buffered saline (PBS), they were ultra-
centrifuged again for 70 min at 110,000 g.
The supernatant was discarded, followed by
exosome pellet resuspension in either 1x PBS
or ice-cold lysis buffer (Beyotime Biotechno-
logy, Shanghai, China) with a protease inhibitor
cocktail (ABclonal, Wuhan, China) for further
experiments.

Determining the protein concentration

A BCA protein assay kit (Boster Biological
Technology, Wuhan, China) was used according
to the instructions of the manufacturer to de-
termine the exosomal protein concentration.
The total proteins of the exosomes were esti-
mated using a multifunctional enzyme-labeling
instrument (Varioskan LUX, Thermo Fisher
Scientific, USA).

Exosomal nanopatrticle tracking assessment

The exosome pellets were examined using
a nano gold system (lzon Science Ltd.,
Christchurch, New Zealand) according to the
instructions of the manufacturer to determine
the sizes and quantities of the isolated
particles.

Transmission electron microscopy (TEM)

The isolated exosomes (10 upL) were added
dropwise to a 100-mesh formvar-coated cop-
per grid for 1 min while the floating liquid was
absorbed using filter paper. Uranyl acetate (10
uL) was then added to the copper net to facili-
tate precipitation for 1 min, using filter paper
for floating liquid absorption. The TEM images
were obtained at 80 kV after the samples were
dried for 5 min to 10 min at room temperature.

Western blot

Here, 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel was used to separate 20 ug
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protein extract, after which a semi-dry transfer
system was employed for relocation to a PVDF
membrane. Next, 5% evaporated skimmed
milk containing TBS-Tween 20 (0.05%) was
used for blocking at room temperature for 2 h,
followed by overnight, 4°C membrane incuba-
tion with the primary antibodies against CD9
(@b92726, Abcam, Cambridge, UK) and TSG-
101 (ab125011, Abcam, Cambridge, UK). Next,
the membranes were incubated for 2 h with
HRP-coupled secondary antibodies (Feiyi Bio-
tech, Wuhan, China). Photographic film and
ECL blotting detection reagents were employ-
ed for protein band visualization (Thermo,
Waltham, MA, USA).

Proteomic assessment

Preparing the samples: The plasma exosom-
es of nine patients were divided into three ran-
dom groups. Each group contained a mixture of
plasma exosomes from three patients labeled
LC1-3, LC4-6, and LC7-9. Similarly, the plasma
exosomes of the nine healthy individuals were
selected and randomly divided into three
groups labeled HC1-3, HC4-6, and HC7-9. The
exosomes were isolated as described above.

SDS-PAGE analysis: Here, 12% Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to separate a 100-ug ali-
quot of extracted proteins, which was stained
with Coomassie G to investigate the changes
in the exosomal protein expression. Then, 1
mm?3 cubes were prepared using the minced
gel fractions, which were reduced with a 5
mmol/L dithiothreitol (DTT) solution, incubated
for 1 h at 37°C, and rehydrated overnight
in a 10 ng/uL trypsin solution at 37°C [19]. A
20-pL 1:1 mixture of 0.1% trifluoroacetic acid
(TFA) and H,O/acetonitrile was used to extract
the digested peptides from the gel pieces for
15 min. Next, the mixture was subjected to
spinning, after which the supernatant was har-
vested, followed by another extraction for 15
min using a 20-uL 1:2 mixture of 0.1% TFA and
H,O/acetonitrile. The accumulated superna-
tants were dried in a SpeedVac for LC-MS/MS
analysis [20].

LC-MS/MS analysis: The freeze-dried powder
was dissolved in 10 pyL of the mobile phase
(100% water and 0.1% formic acid), followed
by 4°C centrifugation for 20 min at 14,000 g,
after which a 1 yg sample of the supernatant
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was inserted into a C18 column. Linear gradi-
ent elution was used to separate the peptides,
which were analyzed using a Q Exactive HF-X
mass spectrometer (Thermo, Waltham, MA,
USA) equipped with a Nanospray Flex™ ion
source (ESI) at a 2.4 kV spray voltage, a 275°C
transport capillary temperature, an m/z 350 to
m/z 1500 full scan range and 120000 resolu-
tion (at m/z 200), a 3x10° automatic gain con-
trol (AGC) target value, and an 80 ms maximum
ion injection time. The 40 precursors denoting
the highest abundance during the full scan
were fragmented via higher-energy collisional
dissociation (HCD) and assessed using MS/
MS at 15000 resolution (at m/z 200), a 5x10*
AGC target value, a 45 ms maximum ion injec-
tion time, and 27% normalized collision energy.
The term “.raw” signified the raw MS detection
data.

Data analysis: The Proteome Discoverer 2.4
software was used to analyze the raw MS data,
which were compared against the Homo sapi-
ens database in the Universal Protein Resource
Knowledge Base (UniProt KB). The initial search
exhibited a 15-ppm precursor mass window,
following the trypsin enzymatic cleavage rule,
which allowed a maximum of 20 ppm mass tol-
erance and two missed cleavage sites for the
fragmentions. Methionine oxidation, N-terminal
acetylation, and methionine oxidation were
regarded as variable alterations, while cysteine
carbamidomethylation was deemed a fixed
modification during the database search.
During the protein identification and peptide-
spectrum match (PSM), the global false discov-
ery rate (FDR) limit was P<0.01. Only proteins
that were consistently recognized by at least
two separate peptides in a minimum of two
sample replicates were considered present
and investigated further.

Data processing and protein quantification:
The label-free quantification (LFQ) of each dis-
covered protein was calculated according to
the peptide signal intensities. The MaxLFQ
algorithm in MaxQuant was used to measure
the protein abundance of the identified pep-
tides. The experimental samples were subject-
ed to match-between-runs to obtain the quanti-
fied information of all replicates. Perseus pro-
vided default distribution parameters for the
low-abundance proteins displaying missing val-
ues. A two-way Student’s t-test was used to
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analyze the statistical significance and quantify
the proteins. Proteins displaying a P<0.05 sig-
nificance value and a >1.5 fold change (FC)
when comparing the two groups were designat-
ed differentially expressed proteins (DEPs),
while log2 (FC) was used for further analysis.

ELISA

The ELISA kits for IGHV4-4, IGLV1-40, and
IGLV3D-20 were personalized by EIAab Science
Co. Ltd. (Wuhan, China). ELISA kits were used
according to the protocol prescribed by the
manufacturer to determine the IGHV4-4, IGLV1-
40, and IGLV3D-20 concentrations.

Serum CEA measurements

The CEA level was tested using an electroche-
miluminescence immunoassay, as well as CEA
Kits and a Roche Cobas E602 immunology ana-
lyzer (Roche Diagnostics, Germany).

Statistical analysis

The differences between the two groups were
assessed using Mann-Whitney tests, indicat-
ing statistical significance at P<0.05. The pre-
dictive value of the tested biomarkers to dis-
criminate between the patients and the HC
group or between non-metastatic and meta-
static patients was determined using the
area under the curve (AUC) for specificity and
sensitivity. A student’s t-test and one-way or
two-way analysis of variance followed by Tukey’s
posthoc test was used to compare the data of
two or multiple groups using the GraphPad
Prism V9 software (San Diego, CA, USA).
P-values below 0.05 were considered statisti-
cally significant.

Results

Isolating the plasma exosomes in the clinical
samples

The flow chart of this study is shown in Figure
1. The exosomes in the plasma samples of the
HC and NSCLC patients were isolated via UC,
as shown in Figure 2A. The exosomes were
identified using TEM, nanoparticle tracking
analysis (NTA), and WB. TEM indicated typical
cup-shaped vesicles (Figure 2B), while NTA
showed that these vesicles were approximately
80 nm in diameter, with a primary peak size of
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Verified target proteins
by ELISA (N=28)

ROC curve analysis

ratio below 0.667 was consid-
ered downregulation. Com-
pared with the HCs, the
NSCLC groups induced 38
DEPs, 32 of which were
upregulated and six downreg-
ulated, as shown in the DEP
clustering heat map (Figure
3C). The top 15 differenti-
ally expressed immunoglobu-
lin subgroups of the exo-
somes of the NSCLC patients
and HCs are shown in Table
1.

GO enrichment assessment
of the DEPs

Figure 1. The flow chart of this study. The exosomes from the NSCLC patients
and HCs were obtained step-by-step according to the flow chart.

110 nm (Figure 2C). Moreover, a BCA protein
assay kit was used to determine the plasma
exosome protein level. The results indicated no
significant differences between the total exo-
somal protein concentrations of the HC partici-
pants and NSCLC patients (Figure 2D). The WB
results indicated significant TSG 101 and CD 9
exosomal marker expression in the exosomal
samples (Figure 2E). These findings demon-
strated that the exosomes were successfully
isolated in the plasma samples of the NSCLC
and HC participants.

Proteomic analysis of the plasma exosomes

The six identified exosomal proteins were ana-
lyzed via principal component analysis (PCA)
to assess the reliability of the data for subse-
quent analysis. The results showed that the
top two PCs accounted for 64.4% of the data
variance, while the HC participants and NSC-
LC patients were clustered into two distinct
groups (Figure 3A), suggesting a pronounced
PCA effect. The label-free proteomic analysis
detected 249 individual exosomal plasma pro-
teins. Of these, 238 and 246 proteins were
detected in the NSCLC and HC groups, respec-
tively (Figure 3B). A quantitative ratio of more
than 1.5 was considered upregulation, while a
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(N=84) The 38 DEPs were subjected
to GO pathway enrichment

Evaluated the diagnostic Evaluated the diagnostic performance analysis using bioinformatics
performance of target proteins of target proteins jointed with CEA | i
. nderstan heir

(AUC, sensitivity, specificity) (AUC, sensitivity, specificity) tools to understand - the
functional significance. This

assessment was divided into
three primary sections: bio-
logical processes (BP), molec-
ular functions (MF), and cellu-
lar components (CC). It showed that a large
number of DEPs in the CC section were mainly
enriched in the term with immunoglobulin
complexes (Figure 4A and 4B; Supplementary
Table 1), while immunoglobulin receptor bind-
ing and antigen binding represented the most
abundant terms of DEPs in the MF section
(Figure 4C and 4D; Supplementary Table 2).
Consequently, these DEPs may be related to
tumor immune response.

The IGLV1-40 and IGHV4-4 immunoglobulin
subgroups can serve as diagnostic markers for
NSCLC

As shown in Figure 5A, besides the HC and
NSCLC comparison (P<0.05), no significant dif-
ferences were evident between the total exo-
somal protein content of the other groups.
Therefore, the proteins displaying significant
FC value changes, such as IGHV4-4 and IGLV1-
40, were investigated. The expression levels of
the IGHV4-4 and IGLV1-40 plasma exosomes
were verified in 56 samples via ELISA. More-
over, the immunoglobulin subtype (IGLV3d-20)
displaying the most significant P-value change
was selected as the control. The detection
results for antibody specificity are shown in
Figure 5B. The anti-IGHV4-4, IGLV1-40, and
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Figure 2. Isolation and characterization of the plasma exosomes. A. A flow chart showing the plasma exosome sepa-
ration via ultracentrifugation. B. The TEM images of the plasma exosomes. Scale bar =100 nm. The red arrows refer
to the exosomes with characteristic cup shapes. C. The plasma exosomal size distribution obtained via NTA. D. The
quantitative results of the total proteins of the NSCLC patients and HCs (n=3, each group). ns: not significant. E. The
WB analysis of the CD9 and TSG101 exosome markers, using plasma without exosomes as a control.

IGLV3d-20 antibodies only recognized their
respective antigenic peptides and did not
cross-react with other antigenic peptides. This
demonstrated that the antibodies from these
kits were only suitable for specifically recogniz-
ing their respective immunoglobulin subtypes,
preventing a rise in the nonspecific detection
level caused by a cross-reaction. The IGLV1-40
test results are shown in Figure 5C, indicating
significantly elevated exosomal IGLV1-40 levels
in the plasma of the NSCLC (P<0.0001) and
non-metastatic groups, compared with the HCs
(P<0.0001), as well as the non-metastatic
group compared with the metastatic patients
(P<0.01). Similarly, significant differences were
apparent between the IGHV4-4 levels of the
NSCLC (P<0.0001) or non-metastatic patients
(P<0.001) and HCs, as well as between the
metastatic and non-metastatic patients (P<
0.01) (Figure 5D). However, no substantial dif-
ferences were evident between the exosomal
IGLV3d-20 levels of the NSCLC or non-meta-
static patients and the HCs, or between the
metastatic and non-metastatic patients (Figure
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5E). The results confirmed that IGLV1-40 and
IGHV4-4 immunoglobulin displayed potential
for NSCLC diagnosis.

Furthermore, the relationships between the
exosomal IGLV1-40 or IGHV4-4 expression and
clinicopathological NSCLC parameters were
also analyzed. The IGLV1-40 and IGHV4-4 lev-
els were considerably lower in the metastatic
than the non-metastatic patients (Table 2).

ROC analysis of the biomarkers

The diagnostic ability of the IGHV4-4 and IGLV1-
40 exosomal protein biomarkers was deter-
mined by calculating the AUC. A comparison
between the NSCLC patients and HCs indicat-
ed that the IGHV4-4 proteins displayed a 0.83
AUC (95% ClI, 0.75-0.91) with a sensitivity of
85.92% and specificity of 70.00% (Figure 6A),
while IGHV1-40 presented a 0.88 AUC (95% Cl,
0.81-0.96) with a sensitivity of 90.14% and
specificity of 80.00% (Figure 6B). Moreover,
combining the two proteins showed better diag-
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nostic capacity, with a 0.93 AUC (95% [Cl],
0.88-0.97), a sensitivity of 88.73%, and a spec-
ificity of 85.00% (Figure 6C). The two proteins
also displayed excellent diagnostic values for
non-metastatic patients and HCs, with AUC val-
ues of 0.80 and 0.85, a sensitivity of 83.71%
and 86.67%, and a specificity of 70.33% and
80.14% specificity, respectively (Figure 6D
and 6E). In addition, the AUC value for com-
bined diagnosis was 0.89, with 86.05% sensi-
tivity and 81.03% specificity (Figure 6F).
Moreover, the diagnostic ability of these two
biomarkers in metastatic patients was also
analyzed. Compared with non-metastatic
patients, IGHV4-4 and IGLV1-40 showed AUCs
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of 0.71 (95% ClI, 0.57-0.84) and 0.74 (95% ClI,
0.62-0.87), with 46.22% and 76.87% sensitivi-
ty and 93.31% and 73.13% specificity, respec-
tively (Figure 6G and 6H). Combining the two
biomarkers produced an AUC of 0.83 (95% Cl,
0.74-0.93) with a sensitivity of 83.34% and
specificity of 77.81% (Figure 6l).

Combining exosomal immunoglobulins and
CEA markers improves the capacity to diag-
nose NSCLC in patients

Combining IGHV4-4 and CEA for NSCLC diagno-
sis produced a 0.87 AUC (95% ClI, 0.81-0.94)
with a sensitivity of 81.67% and specificity
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Table 1. The top 15 differentially expressed immunoglobulins subgroups between the exosomes of
NSCLC patients and HCs

Uniprot accession Gene symbol  Protein name FC P
P01703 IGLV1-40 Immunoglobulin lambda variable 1-40 6.676299 0.010556
AOAO75B6R2 IGHV4-4 Immunoglobulin heavy variable 4-4 4.654506 0.000379
P23083 IGHV1-2 Immunoglobulin heavy variable 1-2 3.900602 0.01815
AOA0JIYX35 IGHV3-64D  Immunoglobulin heavy variable 3-64D 3.790055 0.000229
PO1705 IGLV2-23 Immunoglobulin lambda variable 2-23 3.655951 0.01823
PO1700 IGLV1-47 Immunoglobulin lambda variable 1-47 3.606699 0.021486
AOAO75B6I19 IGLV7-46 Immunoglobulin lambda variable 7-46 2.762598 0.016114
AOAOAOMS14 IGHV1-45 Immunoglobulin heavy variable 1-45 2.607885 0.015263
A2NJV5 IGKV2-29 Immunoglobulin kappa variable 2-29 2.506589 0.033438
AOAOB4J1V2 IGHV2-26 Immunoglobulin heavy variable 2-26 2.463827 0.027487
AOAOC4DH25 IGKV3D-20  Immunoglobulin kappa variable 3D-20 2.43075 0.000181
AOAOC4DH32 IGHV3-20 Immunoglobulin heavy variable 3-20 2.428193 0.015222
P06310 IGKV2-30 Immunoglobulin kappa variable 2-30 2.413879 0.013255
AOAOC4DH67 IGKV1-8 Immunoglobulin kappa variable 1-8 2.290831 0.004608
AOAOC4DH29 IGHV1-3 Immunoglobulin heavy variable 1-3 2.192177 0.026449
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Figure 4. The GO analysis chord plots of the DEPs. The top five enriched terms of the DEP CCs (A) and the top five
enriched terms of the DEP MFs (C). Chord plots are circular dendrograms showing expression profile clustering. The
p-value and enrichment in CC (B) and MF (D). The blue abscissa represents the p-value, while the red represents
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of 77.50%, exceeding that of CEA alone
(AUC=0.78, with a sensitivity of 70.00% and
specificity of 76.67%) (Figure 7A). Consequently,
combining IGLV1-40 and CEA significantly
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improved the diagnostic efficiency (AUC=0.92,
95% CI, 0.86-0.97), with optimal specificity
and sensitivity of 85.00% and 90.00%, respec-
tively (Figure 7B). The diagnostic capacity
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Figure 5. Verification of the plasma exosomal IGHV4-4, IGLV3d-20, and IGLV1-40 protein expression levels in the
NSCLC patients. The Mann-Whitney U-test was employed to compare the group expression levels. ns: not significant.
*P<0.05, ""P<0.01, ""P<0.0001, and *"*P<0.00001. A. The quantitative results of the total proteins in the different
groups. B. The specificity of the three different antigenic peptides identified via the anti-lIGHV4-4, IGLV3d-20, and
IGLV1-40 antibodies, respectively. C. The exosomal IGLV1-40 concentration in the HC (n=28), NSCLC (n=28), non-
metastatic (n=16), and metastatic groups (n=12). D. The exosomal IGHV4-4 concentration in the different groups.
E. The exosomal IGLV3D-20 concentration in the different groups.

increased when IGHV4-4 and IGLV1-40 were
combined with CEA (AUC=0.95, 95% ClI,
0.90-0.99), displaying 90.00% sensitivity and
85.00% specificity (Figure 7C; Supplementary
Table 3).

Similarly, the combined diagnostic ability of
these new markers significantly exceeded that
of CEA alone in non-metastatic patients com-
pared with HCs. The AUC of IGHV4-4 or IGLV1-
40 combined with CEA was 0.84 (95% ClI, 0.75-
0.93) with a sensitivity of 78.95% and specific-
ity of 82.50% (Figure 7D) and 0.86 (95% ClI,
0.77-0.94) with a sensitivity of 73.68% and
specificity of 85.00% (Figure 7E), respectively.
The AUC of IGHV4-4 and IGLV1-40 combined
with CEA was 0.89 (95% Cl, 0.82-0.96), with a
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sensitivity of 76.32% and specificity of 82.50%
(Figure 7F).

Moreover, combining these markers can also
effectively differentiate between metastatic
and non-metastatic patients. The AUC value of
IGHV4-4 was 0.83 (95% ClI, 0.72-0.95) when
combined with CEA, with a sensitivity of 72.73%
and specificity of 86.84% (Figure 7G), while the
IGLV1-40 displayed a 0.87 AUC (95% ClI, 0.79-
0.96) when combined with CEA, with 54.55%
sensitivity and 92.11% specificity (Figure 7H).
IGHV4-4 and IGLV1-40 combined with CEA
showed a higher diagnostic ability, exhibiting a
0.91 AUC (95% ClI, 0.83-0.98), a sensitivity of
72.73%, and specificity of 89.47% (Figure 7I;

Supplementary Table 4).
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Table 2. Relationship between exosomal IGLV1-40 or IGHV4-4 expression and clinicopathological

parameters in NSCLC

Characteristics No. cases - \GLV1-40 - \GHv4-4
Median (ng/mL) P-value Median (ng/mL) P-value
Age (year)
<60 18 1.537 0.271 1.211 0.158
>60 53 1.281 1.534
Sex
Male 51 1.355 0.989 1.531 0.204
Female 20 1.358 1.251
Smoking status
Smoker 38 1.366 0.913 1.372 0.415
Non-smoker 33 1.344 1.344
Histological type
Adenocarcinoma 57 1.374 0.577 1.336 0.407
Squamous cell 14 1.231 1.212
Metastasis
Positive 45 1.073 0.002*" 1.239 0.004*
Negative 26 1.817 1.822

“represents a comparison between metastatic cancer and lung metastatic cancer, P<0.01.

Discussion

Exosome liquid biopsy focuses on diagnostic
tumor markers [21-25]. The current research
involving NSCLC plasma exosomes primarily
concentrates on microRNA. Minimal studies
are available regarding exosome proteins,
especially B-cell-derived exosome immuno-
globulin, that mediate tumor immunity. In this
study, the proteomic analysis indicated that the
plasma exosomes of patients with NSCLC dis-
played various differentially expressed immu-
noglobulin subtypes, compared with the HCs,
which may be ideal biomarkers for NSCLC
diagnosis.

Immunoglobulin subtypes are encoded by
immunoglobulin variable region gene frag-
ments to determine the specific immunoglobu-
lin antigen recognition domain, playing a vital
role in tumor immunity, antiviral activity, auto-
immune diseases, and inflammation [22,
26-30]. Disease susceptibility is related to
germline immunoglobulin heavy-chain (IGHV)
gene variation [31]. Compared with ethnically
matched healthy individuals, systemic lupus
erythematosus (SLE) patients with nephritis
exhibit a 2.8-fold homozygous GHV3-30*01
and IGHV3-30-3 deletion enrichment. Fur-
thermore, SLE patients exhibiting these dele-
tions displayed higher anti-DNA antibody titers
[32, 33]. This deletion is associated with sus-
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ceptibility to chronic idiopathic thrombocy-
topenic purpura [34] and Kawasaki disease
[35]. Multiple sclerosis (MS) susceptibility is
associated with the positive effect of B-cell
depletion therapy and IGHV2 gene polymor-
phism [36, 37]. Furthermore, IGHV gene muta-
tion is closely linked to the efficacy and progno-
sis of chronic lymphocytic leukemia [38, 39].
However, the current research involving immu-
noglobulin subtypes mostly focuses on gene
detection and less on the protein identifica-
tion of immunoglobulin subtypes. This study
selected two immunoglobulin subtypes display-
ing the most significant FC value changes and
one immunoglobulin subtype exhibiting the
lowest P-value for ELISA identification. The
ELISA results showed no significant differenc-
es between the IGLV3d-20 NSCLC and HC
groups. However, the IGLV1-40 and IGHV4-4
levels differed significantly between the NSCLC
and HC groups, the non-metastatic and HC
groups, and the metastatic and non-metastatic
groups. Since immunoglobulin subtypes may
display similar structures, the antibodies
against one subtype may bind to other subtype
molecules to cause cross-reactions. This study
identified the antibody specificity of the three
different immunoglobulin subtypes. The re-
sults indicated the antibodies specifically rec-
ognized only the corresponding immunoglobu-
lin subtypes, confirming that using ELISA de-
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Figure 6. The ROC curve analysis of the exosomal IGLV1-40 and IGHV4-4 for NSCLC diagnosis. (A-C) The ROC curves
to distinguish between the NSCLC patients (n=84) and the HCs (n=84). The ROC curves of IGHV4-4 (A), IGLV1-40
(B), and a combination of IGHV4-4 and IGLV 1-40 (C). (D-F) The ROC curves to distinguish between the non-meta-
static patients (n=45) and the HCs. The ROC curves of IGHV4-4 (D), IGLV1-40 (E), and a combination of IGHV4-4 and
IGLV1-40 (F). (G-l) The ROC curves to distinguish between the metastatic (n=39) and non-metastatic groups. The
ROC curves of IGHV4-4 (G), IGLV1-40 (H), and a combination of IGHV4-4 and IGLV1-40 (I).

tection for immunoglobulin subtypes can pre-
vent an increase in the nonspecific detection
level caused by cross-reactions. Therefore,
changes in IGLV1-40 and IGHV4-4 plasma exo-
somes exhibit significant potential for NSCLC
diagnosis.

ROC curve analysis is a commonly used sta-
tistical method during clinical diagnostic tests
[40, 41]. The AUC value can be used to evaluate
the diagnostic ability of test indexes directly. To
clarify the diagnostic value of IGLV1-40 and
IGHV4-4, the NSCLC samples were further
expanded to 71 cases and the HC samples to
40 cases. The AUC values of these two sub-
types were counted using the ROC curve tech-
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nique. Compared with the non-metastatic
group, the IGHV4-4 AUC was 0.71 in the meta-
static group while presenting values of 0.83 in
the NSCLC group and 0.80 in the non-meta-
static group compared with the HCs. Moreover,
IGLV1-40 alone displayed a more significant
AUC value for LC diagnosis. The AUC values
were 0.88 and 0.85, respectively, after com-
paring the NSCLC and non-metastatic groups
with the HC group and 0.74 when comparing
the metastatic and non-metastatic groups.
However, the diagnostic values of these two
molecules alone fail to meet the requirements
for clinical LC diagnosis. This study also evalu-
ated the combined diagnosis values of IGLV1-
40 and IGHV4-4. The AUC values of the NSCLC
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Figure 7. The ROC curve analysis of the combined exosomal IGLV1-40, IGHV4-4, and serum CEA of the NSCLC pa-
tients. (A-C) The ROC curves to distinguish between the NSCLC patients (n=84) and the HCs (n=84). The ROC curves
of the combined IGHV4-4 and CEA (A), combined IGLV1-40 and CEA (B), and combined IGHV4-4, IGLV1-40, and CEA
(C). (D-F) The ROC curves distinguishing between the non-metastatic patients (n=45) and HCs. The ROC curves of
the combined IGHV4-4 and CEA (D), combined IGLV1-40 and CEA (E), and combined IGHV4-4, IGLV1-40, and CEA
(F). (G-1) The ROC curves to distinguish between non-metastatic and metastatic patients (n=39). The ROC curves of
the combined IGHV4-4 and CEA (G), combined IGLV1-40 and CEA (H), and combined IGHV4-4, IGLV1-40, and CEA (l).

and non-metastatic groups were 0.93 and
0.89, respectively, and 0.83 when comparing
the metastatic and non-metastatic groups,
suggesting that combining IGLV1-40 and
IGHV4-4 can significantly improve the ability to
diagnose LC.

Although CEA is a commonly used biomarker
for LC diagnosis, its sensitivity and specificity
are unsatisfactory, and its clinical applicability
is limited. Therefore, it is not generally recom-
mended as a tool for early LC detection [42].
This study indicated that the diagnostic values
when combining IGLV1-40 and IGHV4-4 with
CEA was significantly higher than CEA alone
and could distinguish metastatic from non-
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metastatic cancer. In particular, the IGLV1-40
and CEA combination presented higher diag-
nostic values. The AUC values were 0.92
(90.00% sensitivity and 85.00% specificity)
and 0.86 (73.68% sensitivity and 85.00%
specificity), respectively, in NSCLC and non-
metastatic cancer, compared with the HCs.
Compared with the non-metastatic group, the
AUC value in the metastatic group was 0.87
(54.55% sensitivity and 92.11% specificity).
Moreover, when combined with CEA, the diag-
nostic ability of IGLV1-40 and IGHV4-4 signifi-
cantly exceeded their individual performance.
Compared with the HCs, the NSCLC and non-
metastatic groups displayed AUCs of 0.95
(95.00% sensitivity and 85.00% specificity)
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and 0.89 (76.32% sensitivity and 82.50%
specificity), respectively, and 0.91 (72.73%
sensitivity and 89.47% specificity) when com-
paring the non-metastatic and metastatic
groups. These results indicated that IGLV1-
40 and IGHV4-4 enhanced CEA diagnostic
efficacy.

This study indicates that the plasma exosomes
display a large number of LC-labeled immuno-
globulin subtypes, presenting new ways for
using exosome immunoglobulin subtypes for
LC liquid biopsy. The immunoglobulin subtype
diversity represents the core of the immune
response theory. Its role in disease occurrence
has attracted increasing attention. However,
some questions remain: (1) whether the immu-
noglobulin subtype changes are related to the
progression of LC and clinical parameters, (2)
whether the immunoglobulin subtype content
in patients with NSCLC coincides with clinical
symptoms, and (3) whether the changes in the
immunoglobulin subtypes derived from B cells
in patients with LC are similar to those in serum.
Further examination of the expression charac-
teristics of these immunoglobulin subtypes in
blood or B cells may enhance the understand-
ing of the immunopathological mechanism of
LC, as well as diagnosing and treating this
disease.
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Supplementary Table 1. GO cellular component enrichment analysis of DEPs from the exosomes of
NSCLC patients and HCs (The top 5 terms)

GO ID GO term é\lnur?;:sqre%ft P value Enrichment
G0:0019814 Immunoglobulin complex 18 0.004584 2.338783
G0:0005886 Plasma membrane 26 0.026586 1.575354
G0:0042571 immunoglobulin complex circulating 12 0.032084 1.493708
GO0:0071752 secretory dimeric IgA immunoglobulin complex 2 0.068014 1.167402
G0:0009897 external side of plasma membrane 12 0.106242 0.973705

Supplementary Table 2. GO molecular function enrichment analysis of DEPs from the exosomes of
NSCLC patients and HCs (The top 5)

GO ID GO term Number of enrichment Enrichment P Value

G0:0003823 antigen binding 22 2.72713 0.001874
G0:0034987 immunoglobulin receptor binding 12 1.51937 0.030243
GO0:0071723  lipopeptide binding 1 0.774221 0.168182
GO0:0070891 Lipoteichoic acid binding 1 0.774221 0.168182
G0:0008431 vitamin E binding 1 0.774221 0.168182

Supplementary Table 3. ROC analysis of the exosomal IGHV4-4 and IGLV1-40 protein

Comparison between the Comparison between the Comparison between the metastatic
Protein name NSCLC and HCs non-metastatic patients and HCs and on-metastatic patients
AUC  Sensitivity Specificity AUC  Sensitivity  Specificity AUC Sensitivity Specificity
IGLV1-40 0.88  90.14% 80.00%  0.85 86.67% 80.14% 0.74 76.87% 73.13%
IGHV4-4 0.83  85.92% 70.00%  0.80 83.71% 70.33% 0.71 46.22% 93.31%
IGLV1-40+IGHV4-4 0.93  88.73% 85.00%  0.89 86.05% 81.03% 0.83 83.34% 77.81%

Supplementary Table 4. Diagnostic value of exosomal immunoglobulins with CEA biomarker

Comparison between the Comparison between the non- Comparison between the metastatic

Gene symbol NSCLC and HCs metastatic patients and HCs and on-metastatic patients
AUC Sensitivity Specificity AUC Sensitivity ~Specificity AUC Sensitivity Specificity
CEA 0.78 70.00% 76.67% 0.61 51.32% 60.15% 0.81 80.60% 77.80%
CEA+IGHV4-4 0.87 81.67% 7750% 0.84 78.95% 82.50% 0.83 72.73% 86.84%
CEA+IGLV1-40 0.92 85.00% 90.00% 0.86 73.68% 85.00% 0.87 54.55% 92.11%

CEA+IGHV4-4+IGLV1-40 0.95 90.00% 85.00% 0.89 76.32% 82.50% 0.91 72.73% 89.47%




