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ARTICLE INFO ABSTRACT

Keywords: Background: Gastric cancer (GC) is the third leading cause of cancer-related death worldwide. Sensitive and
Neutrophils accurate biomarkers can greatly aid in early diagnosis and favorable prognosis. Neutrophils are the most
E’f;jg;nes abundant immune cells in human circulation and play a critical role in tumor progression. Neutrophil-derived
ml

exosomes (Neu-Exo) contain abundant bioactive molecules and are critically involved in disease progression.
Methods: We proposed a Dynabeads-based (CD66b antibody-coupled) separation and detection system for Neu-
Exo analysis. Dual antibody-assisted fluorescent Dynabeads was established to detect Neu-Exo abundance.
MiRNA signature of Neu-Exo was identified by RNA sequencing. QRT-PCR and droplet digital PCR (ddPCR) were
used for candidate miRNA detection and the potential of Neu-Exo miRNAs in the diagnosis of gastric cancer was
evaluated.

Results: Dual antibody-assisted fluorescent Dynabeads obtained a detection limit of 7.8 x 10° particles/mL of
Neu-Exo and a recovery rate of 81 % under optimized conditions. ROC curve indicated that the abundance of
CD66b™ Neu-Exo could well distinguish GC patients from healthy controls (HC) (AUC > 0.8). Additionally, miR-
223-3p was found among the top differentially expressed miRNAs in Neu-Exo and presented superior diagnostic
value in gastric cancer. Droplet digital PCR (ddPCR) significantly improved the diagnostic efficiency to differ-
entiate GC patients from HC and benign gastric diseases (BGD) patients (AUC > 0.9).

Conclusion: The Dynabeads-based separation and detection system, assisted with ddPCR analysis, provides a
promising platform to enrich Neu-Exo and analyze miRNA profile for gastric cancer liquid biopsy.

Gastric cancer
Liquid biopsy

1. Introduction recognized as an ideal indicator for liquid biopsy and have been used for
cancer diagnosis, treatment monitoring and prognosis assessment.

Gastric cancer is one of the most common causes of cancer-related Tumor-associated neutrophils (TANs) play important roles in tumor

death [1]. Traditional approaches for cancer diagnosis such as tissue
biopsy and serology biomarker detection undergo the challenges of
invasive-injury, low sensitivity and specificity. Therefore, it’s urgent to
develop reliable biomarkers for gastric cancer diagnosis. Exosomes, lipid
bi-layer membrane vesicles with a diameter ranging from 40 nm to 160
nm, are secreted by almost all cell types and stably circulate in body
fluids [2]. By transporting bioactive molecules such as mRNA [3],
miRNA [4] and proteins [5], exosomes are critically involved in tumor
progression, metastasis, and drug resistance. Exosomes are now being

microenvironment. Increasing studies suggest that TANs have dual roles
in regulating tumor progression. Native neutrophils (N1 type) play an
antitumor role, while N2 TANs promote tumor proliferation, metastasis,
drug resistance and recurrence by releasing proteins [6,7], neutrophil
extracellular traps [8] and lipids [9-11]. It has been reported that an
elevated number of neutrophils and high circulating neutrophil-to-
lymphocyte ratio could predict poor outcomes in many cancers
[10,12]. Moreover, a high density of CD66b™ TANS is frequently asso-
ciated with high-grade tumor and poor survival [13]. Recent studies
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highlight that neutrophil-derived exosomes (Neu-Exo) are involved in
disease progression. For example, IncRNA CRNDE delivered by LPS-
activated Neu-Exo enhances the proliferation and migration of smooth
muscle cells and facilitates the airway remodeling in asthma [14].
Exosomal miR-4466 from nicotine-activated N2 neutrophils promotes
tumor cell stemness and metastasis. The elevated expression of exosomal
miR-4466 is found in the serum/urine of cancer-free subjects with
smoking history, which indicates the potential of miR-4466 as a prog-
nostic biomarker to predict the increased risk of metastatic diseases
among smokers [15]. Moreover, Neu-Exo-derived SPI1 mRNA is deliv-
ered to colon cancer cells, which activates the downstream glycolytic
genes and promotes the glycolysis and metastasis of tumor cells. The up-
regulation of SPI1 mRNA indicates poor prognosis in patients with colon
cancer [16]. Therefore, Neu-Exo participate in the process of tumor
development and progression and may serve as a potential biomarker for
cancer diagnosis and prognosis.

The use of exosomes as biomarkers is severely constrained by the
technical difficulties in isolation and molecular detection. Although
novel technologies such as size-exclusion chromatography [17],
microfluidic chip [18] and thermophoresis [19] have been developed,
ultracentrifugation is still the accepted gold standard for exosome sep-
aration. Traditional exosome detection techniques, such as PCR, western
blot, and ELISA, require lengthy processes and substantial sample vol-
umes, which greatly limits the clinical practical use. Therefore, novel
exosome biomarkers combined with rapid and highly sensitive isolation
and detection platform are essential for cancer liquid biopsy.

In this study, we found that Neu-Exo miRNAs may act as accurate
biomarkers in gastric cancer diagnosis. We proposed a strategy to
separate and analyze Neu-Exo by using CD66b antibody-coupled
Dynabeads. Dual antibody-assisted fluorescent Dynabeads was estab-
lished to detect the abundance of CD66b™ Neu-Exo in human serum. The
potential of CD66b™ Neu-Exo to distinguish GC patients from healthy
individuals was evaluated (Fig. 1A, C). RNA sequencing was then con-
ducted to profile the differentially expressed miRNAs in the serum Neu-
Exo of GC patients. MiR-223-3p was found with high diagnostic value to
identify GC of different stages. In addition, ddPCR was applied for
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miRNA detection, which significantly improved the diagnostic effi-
ciency (Fig. 1B, C). These results suggest that the detection of Neu-Exo
miRNAs may provide an effective tool for the early diagnosis of
gastric cancer.

2. Materials and methods
2.1. Experimental reagents

Dynabeads® antibody coupling kit, 4 pm aldehyde/sulfate latex
beads and Dio cell-labeling solutions were bought from Invitrogen
(USA). Bovine serum albumin (BSA) was purchased from Biofroxx
(German). FITC mouse anti-human CD66b antibody (G10F5) and FITC
mouse IgM isotype control antibody (MM-30) were bought from Bio-
legend (USA). Fetal bovine serum (FBS) and RPMI 1640 were acquired
from Gibco (USA). MiRNeasy Serum/Plasma Kit was obtained from
QIAGEN (German). BCA protein assay kit was acquired from Vazyme
(China). Primers and miRNA qRT-PCR Starter Kit were purchased from
RuiBo Company (China). Sapphire Chips for Naica Crystal ddPCR system
was purchased from STILLA technologies (France).

2.2. Isolation of exosomes from cell culture medium by
ultracentrifugation

Neutrophils were isolated from the peripheral blood of healthy vol-
unteers by using polymorphprep (Axis-Shield Po CAS, Norway) and
identified by Reye’s staining. To evaluate the CD66b expression of
neutrophils, 1 x 10° cells were incubated with 1 pL FITC-labeled mouse
anti-human CD66b antibody in 100 pL PBS (phosphate buffered saline)
at 4 °C for 30 min. FITC mouse IgM-stained cells were set as the isotype
control. After washing with PBS twice, the cells were subjected to flow
cytometry analysis (Fig. 2A).

Neutrophils were cultured in RPMI 1640 containing 10 % of
exosome-free FBS at the conditions of 5 % CO5 and 37 °C, and the cell
culture medium was collected for 24 h. The culture medium of neutro-
phils was sequentially centrifuged at 300 g for 20 min, 2000 g for 20

Fig. 1. Schematic diagram of Dynabeads-based Neu-Exo separation and detection system. (A) Fabrication of CD66b antibody-coupled Dynabeads for Neu-Exo
capture and abundance detection. (B) Neu-Exo separation and RNA Sequencing, followed by candidate miRNA screening and ddPCR detection. (C) Evaluation of
the diagnostic efficiency of Neu-Exo and their derived miRNAs in differentiating healthy control, benign gastric disease, and gastric cancer groups.
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Fig. 2. Identification and characterization of neutrophils, antibody-coupled Dynabeads and exosomes. (A) Neutrophil identification by Reye’s staining and flow
cytometry. (B) Characterization of CD66b antibody-coupled Dynabeads by fluorescence microscope. (C-D) Characterization of (C) Neu-Exo and (D) Serum-Exo by

NTA, TEM and western blot.

min, and 10,000 g for 30 min, and then filtered through 0.22 pm Millex-
GV filter (Merck Millipore) to remove cells, cell debris and large extra-
cellular vesicles. The final supernatants were centrifuged by ultracen-
trifugation at 100,000 g for 70 min twice, and the exosome pellets were
re-suspended with 500 pL PBS and stored at --80 °C until use.

2.3. Sample collection and exosome isolation by ultracentrifugation

Serum samples of GC patients, benign gastric disease (BGD) patients
and healthy controls (HC) were collected from the Affiliated People’s
Hospital of Jiangsu University. Informed consent was obtained from all
the subjects in this study. The inclusion criteria were as follows: (1)
histologically confirmed gastric cancer; (2) primarily diagnosed GC
without surgical treatment, radiotherapy or chemotherapy; (3) clinico-
pathological information is available for collection. The patients with
multiple primary cancers and incomplete clinicopathological data were
excluded. The study was performed in accordance with the clinical study
protocol approved by the Institutional Review Board and approved by
the Medical Ethics Committee of Jiangsu University.

The collected serum samples (500 pL) were first centrifuged at
12,000g for 20 min at 4 °C and then filtered through 0.22 pm filters.
After diluting to 40 mL by PBS, the supernatants were ultracentrifuged
at 100,000g, 4 °C for 2 h, and the exosome pellets were re-suspended in
500 pL PBS and stored at --80 °C.

2.4. Preparation of CD66b antibody-coupled Dynabeads

Due to the high specificity of cell origin and close association with
gastric cancer prognosis [20], CD66b was selected as the exosomal
membrane protein marker for Neu-Exo separation. Following the man-
ufacturer’s instructions, the CD66b capture beads were generated by
coupling 12 ug CD66b antibody (Abcam, ab197678) to 2 mg Dynabeads
(2.8 um in diameter) through the covalently binding of epoxy groups on
the surface of beads and the primary amino groups in antibodies. The
coupling reaction was performed at 37 °C for at least 18 h with gentle
shaking. After removing supernatant by magnetic separator (Merck
Millipore), the retained Dynabeads were resuspended in 200 uL Storage
Buffer for further use.

2.5. Separation of Neu-Exo by CD66b antibody-coupled Dynabeads

To separate Neu-Exo, total exosomes isolated by ultracentrifugation
from culture medium or human serum were mixed with prepared CD66b
antibody-coupled Dynabeads. The mixture was then diluted to 400 pL
with PBS and left at 4 °C with continuous rotation. To verify the best
reaction condition, exosomes from the culture medium of neutrophils
were considered as model samples. Different volumes of Dynabeads
suspension (2 pL to 6 pL) were gently mixed with the same amounts of
exosomes at 4 °C. The certain amounts of beads and exosomes were
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incubated for different times. Exosomes captured by beads (Exos@Dy-
nabeads) were separated by external magnet and subjected for BCA
analysis. The capture efficiency was calculated as the ratio of protein
concentration of captured Neu-Exo to that of original exosomes. Addi-
tionally, the captured Neu-Exo were eluted with 200 pL of glycine-HCl
buffer (pH 2.8) and washed two times with PBS by Amicon Ultra-15
mL (Millipore, US) to obtain the suspension of Neu-Exo.

2.6. Characterization of exosomes and Exos@Dynabeads

Exosomes were characterized by western blot, nanoparticle tracking
analysis (NTA) and transmission electron microscope (TEM) (Fig. 2C,
D). The expression of exosomal CD63 (Abcam, KILL150A), CD9 (CST,
P21926), HSP70 (CST, PODMV8), CD66b (Abcam, EPR25354-2) and
negative control calnexin (Abcam, ab75801) were detected by western
blot. Exosome samples (diluted in 1 mL PBS) were injected into the
chamber for size distribution measurement by NanoSight LM10 system
(NTA, UK). The morphologies of exosomes and Exos@Dynabeads were
characterized by TEM. The samples were suspended in 20 pL PBS and
loaded on copper grids for 5 min fixation. Next, 2 % phosphotungstic
acid (PTA) was added to stain for another 5 min. After washing with
PBS, the samples were dried at room temperature for observation.

2.7. Immunofluorescence

Exosomes were fixed on the poly-L-lysine coated slides at room
temperature for 30 min and incubated with the primary antibodies
against CD66b (1:50, rabbit anti-human, Abcam, ab197678) and CD63
(1:50, mouse anti-human, Abcam, KILL150A) at 4 °C overnight. The
slides were washed with PBS twice to remove the unbound antibodies,
followed by incubation with Cy3-labeled secondary antibody (rabbit)
and FITC-labeled secondary antibody (mouse) for 1 h. After three times
of washing with PBS, the slides were blocked with neutral resin and
examined under laser confocal fluorescence microscope.

2.8. Detection of CD66b" Neu-Exo by flow cytometry (FCM)

A method based on dual antibody-assisted fluorescent Dynabeads
combined with flow cytometry analysis was developed to detect the
abundance of Neu-Exo. CD66b antibody-coupled Dynabeads was
applied for exosome capturing. Anti-CD63 antibody, serving as detective
antibody, was incubated with Exos@Dynabeads suspension (1 pL anti-
body in 25 pL of 2 % BSA/PBS) for 1 h at room temperature. After two
times of washing, Exos@Dynabeads were incubated with FITC-labeled
anti-CD63 secondary antibodies (1 pL antibody in 100 pL of 2 % BSA/
PBS) for 2 h with rotation. Secondary antibody alone was set as control.
Exos@Dynabeads were finally resuspended in 400 pL PBS for FCM
analysis, and the percent of positive beads relative to the total beads
analyzed was defined as the percentage of CD66b" Neu-Exo. For further
verification, we conducted CD63 antibody-coated Dynabeads for exo-
some capturing, and detected with FITC-labeled CD66b antibody. The
same procedure was conducted by flow cytometry.

2.9. MiRNA sequencing and quantification

Neu-Exo separated from serum of gastric cancer patients and healthy
individuals were subjected for miRNA library construction and
sequencing by Shanghai Biotechnology Corporation. The RNA of Neu-
Exo was extracted by MiRNeasy Serum/Plasma Kit, and the purity was
verified by NanoDrop2000 (Thermo Scientific). The total RNA was
reverse transcribed to cDNA via miRNA qRT-PCR Starter Kit and the
expression level of candidate miRNA was quantified by qRT-PCR.

The ddPCR reaction system contains 1 pM of primers, 3.75 pL of
PerfeCTa MultiPlex qPCR Tough Mix, 2 pL of Evagreen, 1 pL of Alexa
Fluor 647, 12.75 pL of Nuclease-free water and 5 pL of cDNA products.
The reaction mix was then loaded into the inlets of Sapphire chip and
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incubated at 95 °C for 10 min, followed by 40 cycles at 95 °C for 2 s,
60 °C for 20 s and 70 °C for 10 s. Finally, the chip was subjected for
reading in the Crystal Reader software. The recombinant plasmids en-
coding miR-223-3p and U6 genes were synthesized by Sangon Biotech
(Shanghai) and served as standards for analytical performance
evaluation.

3. Results
3.1. Characterization and optimization of exosome capture

To evaluate the successful conjugation of CD66b antibody, we used
FITC-labeled goat anti-rabbit secondary antibody to specifically interact
with primary antibody on the surface of Dynabeads. Significantly
enhanced green fluorescence was observed from secondary antibody-
modified beads, which demonstrated that CD66b primary antibody
was successfully decorated (Fig. 2B). For the characterization of exo-
some capturing, model exosome samples were labeled with Dio fluo-
rescence dye. As shown in Fig. 3A, the Dio-labeled exosomes were found
captured by Dynabeads due to the specific immune interaction. TEM
images showed that typical cup-shaped exosomes were attached to the
surface of beads (Fig. 3B). After elution by glycine-HCI, the recovered
exosomes could be clearly viewed by TEM (Fig. 3A, C). NTA results
displayed a unimodal size distribution of recovered exosomes at 160 nm,
which was similar in size to original model exosomes (Fig. 3D). Western
blot showed the high expression of exosomal markers (CD9, CD63,
HSP70) and neutrophil-specific marker (CD66b), while no expression of
calnexin (Fig. 3E). These results suggested that the CD66b antibody-
coupled Dynabeads achieved the enrichment of Neu-Exo with a high-
purity. Moreover, the process of capture and elution did not affect the
morphology and particle size of exosomes.

For the maximum capture efficiency, we optimized the volume of
beads and incubation time. Fig. 4A indicated that the amounts of
captured exosomes were directly proportional to beads volume, and
tended to reach saturation at 5 pL of beads. Incubation time is an
important factor for sufficient and effective exosome capturing. We
found that 12 h was the optimized duration (Fig. 4B). Consequently, the
proposed antibody-modified Dynabeads achieved a capture efficiency of
81 % under optimized conditions (Fig. 4C).

3.2. Performance evaluation of the dual antibody-assisted fluorescent
Dynabeads

Dual antibody-assisted fluorescent Dynabeads were established
based on the colocalization of CD66b and CD63 protein on the mem-
brane of Neu-Exo (Fig. 5A). Model exosome samples were diluted to
various concentrations to investigate the sensitivity of fluorescent
Dynabeads. As presented in Fig. 5B, the relative fluorescence intensity
(RFI) increased linearly with exosome concentration ranging from 1.1 x
10° to 1.1 x 10!! particles/mL with a detection limit of 7.8 x 10° par-
ticles/mL, which has a relatively high sensitivity for further analysis
[21,22]. Lymphocyte-derived exosomes (Lym-Exo), with no expression
of CD66b, were set as negative control for specificity evaluation. Lym-
phocytes and Lym-Exo were characterized by FCM and western blot
(Figure S1 A, B). As demonstrated in Fig. 5C, CD66b positive beads
accounted for 70 % of the total beads analyzed for Neu-Exo, while
almost none of the beads were detected positively in Lym-Exo. In
addition, the RFI of Neu-Exo showed approximately 6 folds higher than
that of Lym-Exo. These results indicate that the dual antibody-assisted
fluorescent Dynabeads enabled specific recognition and sensitive
detection of Neu-Exo.

3.3. Examination of clinical samples

The differential percentage of CD66b™ Neu-Exo in the serum of GC
patients and healthy donors was firstly identified by traditional
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aldehyde/sulfate latex beads (Figure S1D) [5]. Next, the developed dual
antibody-assisted fluorescent Dynabeads were further applied in serum
samples. As shown in Figure S1E and F, a higher percentage of CD66b™
Neu-Exo was detected in GC patients compared to healthy controls. NTA
results demonstrated significantly increased particle concentration of
CD66b" Neu-Exo in GC patients (Figure S1C). The conclusion was
further verified in a larger population containing 27 GC samples and 27
healthy controls (Fig. 5D). ROC curve showed that the area under the
curve (AUC) of CD66b" Neu-Exo to differentiate between GC and HC

groups was 0.809 with a sensitivity of 77.78 % and specificity of 74.07 %
(Fig. 5E). Therefore, CD66b" Neu-Exo may be a promising indicator for
gastric cancer diagnosis.

3.4. Molecular profiling of Neu-Exo from gastric cancer patients

MiRNA sequencing was carried out on 6 serum Neu-Exo samples (3
gastric cancer patients and 3 healthy donors). As a result, we obtained
28 up-regulated miRNAs and 5 down-regulated miRNAs (Fig. 6A). To
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verify the diagnostic value of miRNAs, the expression of up-regulated
miRNAs was detected in neutrophils and Neu-Exo by qRT-PCR
(Fig. 6B, C). Finally, two highly expressed miRNAs (miR-223-3p and
miR-425-5p) were selected as candidate biomarkers for clinical
validation.

3.5. MiRNA quantification and diagnostic value evaluation by qRT-PCR

We next evaluated the diagnostic value of candidate miRNAs in
serum Neu-Exo of 49 healthy controls, 36 BGD patients and 61 GC pa-
tients. As shown in Fig. 6E, miR-223-3p and miR-425-5p were signifi-
cantly up-regulated in Neu-Exo of GC patients compared to HC and BGD
patients. Correlation analysis of clinicopathological features showed
that the expression of miR-223-3p in serum Neu-Exo was significantly
related to distant metastasis of gastric cancer, while that of miR-425-5p
was related to tumor size (Table S1 and S2). ROC curve was used to
assess the diagnostic efficiency of single or combined miRNAs analysis.
The AUC of miR-223-3p was 0.806 in distinguishing GC patients from
healthy controls, while miR-425-5p was 0.744 (Fig. 6F). The combina-
tion of miRNAs showed a higher accuracy of 0.847, with 77.05 % of
sensitivity and 75.51 % of specificity. In addition, we found that these
two miRNAs presented a good differentiation between BGD and GC
groups as well (Fig. 6G). Moreover, as illustrated in Fig. 6H, miR-223-3p

and miR-425-5p displayed differential expression between non-cancer
group (BGD and HC groups) and different stage GC patients. The AUC
of combined miRNAs was 0.747 to identify early-stage GC patients
(stage I and II), and 0.864 to differentiate late-stage GC patients (stage III
and IV) (Fig. 61, J). Notably, the expression of miR-223-3p in Neu-Exo
was found to be significantly higher in gastric cancer patients with
distant metastasis than those without metastasis or with lymph node
metastasis (Fig. 6D). Furthermore, we compared the diagnostic value of
miR-223-3p and miR-425-5p in Neu-Exo and total serum exosomes
(Serum-Exo). It was found that the diagnostic efficiency of miRNA in
Neu-Exo was significantly superior to that in Serum-Exo (Figure S2A-D,
Table S3). Together, these results suggest that miRNAs in serum Neu-
Exo are of great significance in the diagnosis of gastric cancer, and the
combined biomarkers could increase the diagnostic efficiency.

3.6. Optimization and performance evaluation of ddPCR

Droplet digital PCR has the advantage of absolute quantification. We
further detected miR-223-3p in serum Neu-Exo by ddPCR to improve the
diagnostic efficacy. First, we optimized the primer concentrations in a
range of 100-300 nM for better separation. As presented in Fig. 7A, B,
relatively concentrated clusters of droplets were achieved under a con-
dition of 250 nM primer for miR-223-3p and 100 nM primer for U6.
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Fig. 6. MiRNA sequencing and miRNA detection by qRT-PCR and the diagnostic efficiency in gastric cancer. (A) Differentially expressed miRNA in Neu-Exo obtained
by RNA sequencing. (B-C) The detection of up-regulated miRNAs in (B) neutrophils and (C) Neu-Exo. (D) The expression of miR-223-3p was significantly associated
with GC distant metastasis. (E) The expression of miR-223-3p and miR-425-5p in HC, BGD and GC groups (***, P < 0.001). (F-G) ROC curve of miR-223-3p, miR-
425-5p and the combined miRNA in distinguishing between (F) GC patients and healthy controls (G) GC patients and BGD patients. (H) The expression of miR-223-3p
and miR-425-5p in non-cancer group and GC of different stages (***, P < 0.001). (I-J) ROC curve of miR-223-3p, miR-425-5p and the combined miRNA in dis-

tinguishing GC of (I) early stage and (J) late stage from non-cancer group.

Next, miR-223-3p and U6 plasmids with gradient concentrations (from
2 x 107 fg/pL to 2 x 10™ fg/pL, named S1-S12) were measured by
ddPCR and qRT-PCR, respectively. Figure S3A illustrated that the copy
number of detected targets gradually decreased with the increase of
dilution ratio. The linear range of miR-223-3p was estimated from 2 x
105 fg/uL to 2 x 102 fg/uL with a limit of quantitation (LOQ) of 5.39
copies/jL, while U6 achieved a linear range from 2 x 10° fg/uL to 2 x
10°! fg/pL with a LOQ of 12.25 copies/pL (Fig. 7C-D, Table 54). LOQ was
estimated as the lowest concentration in a sample with a coefficient of
variation (CV) < 25 %. Consequently, ddPCR showed wider detection
range and higher sensitivity than qRT-PCR (Figure S3B, C, Table S4). We
then evaluated the specificity of ddPCR by detecting plasmids with
unmatched primers. Fig. 7E showed that clusters of droplets only ob-
tained when the primer specifically targeted to the plasmids encoding
corresponding genes. Overall, these data suggest that ddPCR has
improved sensitivity, specificity, and accuracy than qRT-PCR in
detecting Neu-Exo miRNAs.

3.7. Detection of miRNAs in Neu-Exo for gastric cancer diagnosis by
ddPCR

We next evaluated the diagnostic performance of Neu-Exo miR-223-
3p in 34 healthy individuals, 31 BGD patients and 52 GC patients. The
ratio of absolute copy number of miR-223-3p to U6 was defined as the
relative expression level of miR-223-3p (Figure S3D). As shown in
Fig. 7F, the relative expression level of Neu-Exo miR-223-3p was
significantly increased in GC group compared to HC and BGD groups. In
addition, Neu-Exo miR-223-3p presented gradually increased expression
in GC patients with different stages and showed a higher expression in
early stage GC patients than non-cancer subjects (Fig. 7G). Pearson
correlation analysis showed that the miR-223-3p expression level
detected by ddPCR was highly associated with that measured by qRT-
PCR (r = 0.610, P < 0.0001) (Figure S3E). As illustrated in Fig. 7H
and Table S5, ROC analysis indicated that the AUC of Neu-Exo miR-223-
3p was 0.929 to distinguish GC patients from healthy controls, and
0.926 to differentiate between BGD and GC groups. Moreover, Neu-Exo
miR-223-3p showed high differential performance in non-cancer groups
and GC of different stages (AUC of 0.930 for early stage, AUC of 0.927
for late stage). In summary, compared to qRT-PCR, ddPCR performed
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more sensitive detection of Neu-Exo miRNA and higher diagnostic effi-
ciency of GC.

4. Discussion

In this study, we explored the value of Neu-Exo miRNAs as accurate
biomarkers in gastric cancer diagnosis. Anti-CD66b antibody-coupled
Dynabeads were developed for Neu-Exo separation and a dual antibody-
assisted fluorescent Dynabeads method was established to detect the
abundance of CD66b™ Neu-Exo, which showed significant discrimina-
tion between GC patients and healthy individuals. RNA sequencing
identified that miR-223-3p was highly expressed in Neu-Exo and had a
high diagnostic value in gastric cancer. In addition, ddPCR detection
further improved the performance of miR-223-3p in CD66b" Neu-Exo
for early and differential diagnosis of gastric cancer. These findings
suggest the potential of Neu-Exo in gastric cancer diagnosis, which may
shed light on liquid biopsy for cancer at the early stage.

Currently, immune cell-derived exosomes are demonstrated to be
involved in tumor development and may be biomarkers for cancer
diagnosis and therapy [23,24]. Neutrophils are the most abundant cells
in human peripheral blood and play important roles in tumor progres-
sion [11]. In this study, we explored the clinical significance of Neu-Exo
and their derived miRNAs in gastric cancer liquid biopsy. The antibody

, P < 0.001). (H) ROC curve of miR-223-3p in distinguishing between GC patients, BGD patients and healthy controls, and also GC of different stages.

against neutrophil-specific protein CD66b was coupled with Dynabeads
for Neu-Exo separation, and obtained an increased enrichment of exo-
somes (>80 %) than previous studies [25-27]. Compared to other
exosome separation platforms such as Fe3O4 magnetic beads and
microfluidic chips [21,28], the Dynabeads method exhibits the advan-
tages of low price, superparamagnetic properties and no complicated
fabrication. In addition, a dual antibody-assisted fluorescent Dynabeads
method was developed to detect the abundance of serum CD66b™" Neu-
Exo, which simplifies the procedures for nanoscale particle detection
and achieves sensitive detection of exosomes by common flow cytom-
etry. We found that the concentration of CD66b" Neu-Exo was signifi-
cantly upregulated in the serum of GC patients and could be used as a
promising biomarker for gastric cancer diagnosis.

Meanwhile, we explored the miRNA profile of serum Neu-Exo to
investigate the value of their derived miRNAs in gastric cancer diag-
nosis. MiR-223-3p was found enriched in serum Neu-Exo and elevated in
GC patients compared to benign gastric disease patients and healthy
controls. Previous studies indicate that miR-223 modulates the malig-
nancy of cancer cells via distinct mechanisms [29]. Exosome-derived
miR-223 is associated with tumor progression, metastasis and drug
resistance, and may be potential biomarker for cancer diagnosis and
prognosis [30]. Hence, we compared the expression level of miRNA in
total Serum-Exo and Neu-Exo. MiR-223-3p was upregulated in gastric
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cancer patients both in matched Serum-Exo and Neu-Exo. However,
ROC curve indicated that compared to Serum-Exo, Neu-Exo miR-223-3p
could better distinguish between GC and BGD, GC and HC groups (AUC
> 0.8). Moreover, Neu-Exo showed better performance in the differen-
tiation between different stages of GC group and non-cancer group
(AUC > 0.8). In addition, the expression level of Neu-Exo miR-223-3p
was significantly correlated with distant metastasis of gastric cancer.
Therefore, miR-223-3p of Neu-Exo achieved a superior diagnostic effi-
ciency than that of total Serum-Exo, suggesting that the analysis of Neu-
Exo subsets may reveal the unique molecular profile of neutrophils and
address the challenge of exosome heterogeneity in current studies.

Nowadays, droplet digital PCR has been widely applied to detect rare
sequences due to the advantages of outstanding sensitivity, high speci-
ficity and accuracy [31]. Hence, we used ddPCR to detect the relative
expression level of Neu-Exo miR-223-3p. The optimization of primer
concentrations significantly improved the dispersion of droplet clusters.
Linear range curves indicated that compared to qRT-PCR, ddPCR ob-
tained a wider detection range and lower detection sensitivity, sug-
gesting that ddPCR is more suitable for the detection of low abundance
molecules and early diagnosis of gastric cancer. Moreover, compared
with qRT-PCR, ddPCR exhibited higher diagnostic efficiency to distin-
guish GC patients from BGD and HC groups (AUC > 0.9), as well as
different stages of GC group from non-cancer group (AUC > 0.9).
Therefore, ddPCR shows better detection efficiency than qRT-PCR. We
expect that sensitive and specific exosomal biomarkers combined with
highly-efficient detection methods could provide a new prospect for
cancer liquid biopsy.

5. Conclusion

In summary, we explored the value of Neu-Exo in gastric cancer
diagnosis. Dynabeads-based separation system achieved highly efficient
separation and recovery of Neu-Exo. Dual antibody-assisted fluorescent
Dynabeads enabled sensitive detection of Neu-Exo by simple flow
cytometry analysis. Through RNA sequencing, candidate miRNA bio-
markers from Neu-Exo were identified and validated in clinical samples.
The application of ddPCR further improved the diagnostic efficiency of
Neu-Exo miRNAs in gastric cancer. Therefore, we expect that Neu-Exo
miRNAs may serve as novel and accurate biomarkers for gastric can-
cer diagnosis, and ddPCR could provide a promising tool for their
detection.
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