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Tumor metastasis is a hallmark of colorectal cancer (CRC), in which exosome plays a crucial role with
its function in intercellular communication. Plasma exosomes were collected from healthy control (HC)
donors, localized primary CRC and liver-metastatic CRC patients. We performed proximity barcoding assay
(PBA) for single-exosome analysis, which enabled us to identify the alteration in exosome subpopulations
associated with CRC progression. By in vitro and in vivo experiments, the biological impact of these
subpopulations on cancer proliferation, migration, invasion, and metastasis was investigated. The
potential application of exosomes as diagnostic biomarkers was evaluated in 2 independent validation
cohorts by PBA. Twelve distinct exosome subpopulations were determined. We found 2 distinctly abundant
subpopulations: one ITGB3-positive and the other ITGAM-positive. The ITGB3-positive cluster is rich in
liver-metastatic CRC, compared to both HC group and primary CRC group. On the contrary, ITGAM-
positive exosomes show a large-scale increase in plasma of HC group, compared to both primary CRC and
metastatic CRC groups. Notably, both discovery cohort and validation cohort verified ITGB3+ exosomes as
potential diagnostic biomarker. ITGB3+ exosomes promote proliferation, migration, and invasion capability
of CRC. In contrast, ITGAM+ exosomes suppress CRC development. Moreover, we also provide evidence
that one of the sources of ITGAM+ exosomes is macrophage. ITGB3+ exosomes and ITGAM+ exosomes
are proven 2 potential diagnostic, prognostic, and therapeutic biomarkers for management of CRC.

Citation: Guo W, Cai Y, Liu X, JiV,
Zhang C,Wang L, Liao W, Liu Y,
Cui N, Xiang J, Li Z, Wu D, Li J.
Single-Exosome Profiling Identifies
ITGB3+ and ITGAM+ Exosome
Subpopulations as Promising
Early Diagnostic Biomarkers and
Therapeutic Targets for Colorectal
Cancer. Research 2023;6:Article
0041. https://doi.org/10.34133/
research.0041

Submitted 12 September 2022
Accepted 16 December 2022
Published 30 January 2023

Copyright © 2023 Wei Guo etal.
Exclusive Licensee Science and
Technology Review Publishing House.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License
(CCBY 4.0).

What is already known on this topic?

Previous studies have showed that exosomes play an important
role in regulating proliferation, metastasis, chemoresistance,
and recrudescence of CRC. The main characteristic of exosome
is high degree of heterogeneity in molecular composition due
to different origins. It is of great significance to study exosome
individually because heterogeneity is missing in bulk-level analysis.
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In this study, we utilized proximity barcoding assay, the novel
high-throughput method for single-exosome analysis to study
CRC-related exosome subpopulations.

What this study adds?

We found 2 differentially abundant exosome clusters by single-
exosome analysis: ITGB3-positive and ITGAM-positive exosome
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subpopulation. In vitro and in vivo experiments proved that
ITGB3+ exosomes promote proliferation, migration, and inva-
sion of CRC. In contrast, ITGAM+ exosomes suppress CRC
development. Moreover, we also provide evidence that one of
the sources of ITGAM+ exosomes is macrophage.

How this study might affect research, practice,
or policy?

ITGB3+ exosomes and ITGAM+ exosomes are promising
diagnostic and therapeutic target spots for early CRC manage-
ment. Also, proximity barcoding assay will be a promising tool
for liquid biopsy for all cancer types.

Introduction

Colorectal cancer (CRC) is a common disease with a high inci-
dence all over the world. When diagnosed with CRC, approx-
imately 70.4% of patients have peripheral metastasis, mainly
to lymph node, while 12.5% patients have distant metastasis of
cancer, including liver metastasis. Five-year survival rate is 90%
in localized primary CRC patients but decreased to 71% for
peripheral metastatic CRC patients and 14% for patients with
metastasis in distant organs [1]. CRC metastasis dramatically
reduces postoperative survival rate; however, advanced CRC
screening, diagnosis, and therapeutic methods are still under
investigation [2].

Exosomes have attracted considerable attention from both
research fields and biomedical industries because of the increas-
ingly recognized physical and pathological functions and their
potentials in diagnostic and therapeutic applications [3-5]. An
exosome is a membrane-enveloped extracellular vesicle (EV) whose
diameters ranging from 30 to 150 nm. Cells release exosomes to
transmit biological intercellular information [6]. Exosomes are
reported to play an important role in cancer metastasis and
therefore are potential targets for liquid biopsy [7,8]. Exosomes
are important in regulating CRC proliferation, metastasis,
chemoresistance, and recrudescence in several studies. Exosomes
originated from SW680 or SW640 promote angiogenesis [8].
Moreover, exosomes from CT26 dramatically promoted tumor
proliferation and reduced CRC survival rate [9]. In addition,
serum exosomal miR-203 could induce tumor-associated macro-
phages activation and promote liver metastasis of CRC [10].
Another previous study revealed that cancer-associated fibro-
blasts produce exosomes with high levels of oncogene miR-21,
which led to increases AKT phosphorylation after transferring
to CRC cells and was tightly correlated with chemoresistance to
oxaliplatin [11].

Exosomes are highly heterogeneous in molecular composi-
tion owing to different stimuli from the microenvironment and
cell origins. The membrane proteins of exosomes reflect the
donor cell type, facilitating specific targeting of exosome vesicles
to perform physiological or pathological roles on their recipient
cells [12-16]. When it comes to exosome analysis of body fluids
for the purposes of liquid biopsy or therapeutic applications,
heterogeneity of exosomes is especially critical. It is meaningful
to study exosome individually because heterogeneity is missing
in bulk-level analyses like enzyme-linked immunosorbent assay
or mass spectroscopy. Here, we utilized proximity barcoding
assay (PBA) [17], an innovative and fast high-throughput
method for single-exosome analysis, to simultaneously profile
more than a hundred surface proteins on a single exosome. PBA
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enables us to distinguish exosomes by highly heterogeneous
surface protein compositions and identify exosome subpopu-
lations in human plasma.

In this research, PBA was performed to detect a panel of 115
reported disease biomarkers at single-exosome resolution and
subsequently classified all detected individual exosomes into
12 subpopulations according to their proteomic features. We
examined the alteration of exosome subpopulations in primary
CRC and liver-metastatic CRC groups compared to a healthy
control (HC) group. A cancer-associated subpopulation increasing
with CRC progression and an immune cells-associated sub-
population decreasing with CRC progression were identified,
quantified, and profiled for proteomic features. The potential
application of exosomal biomarkers as liquid biopsy targets was
evaluated via a receiver operating characteristic (ROC) curve
and then confirmed in an independent validation cohort. The
identified critical exosome subpopulations were investigated for
their ability in influencing the progression of CRC both in CRC
cell lines in vitro and CRC mice experimental models in vivo.
Thus, therapeutic interference of these exosome subpopulations
provides an attractive approach for CRC treatment.

Results

Exosome proteomic biomarker analysis on single

exosomes by PBA
The plasma donors enrolled in our study include patients with
localized primary CRC without metastasis (1 = 10), liver-metastatic
CRC (n = 11), and healthy donors without diagnosed malig-
nant disease (HC, n =13). Patients’ information was shown in
Tables S1-S3 in supplementary information (SI). After plasma
collection and exosome purification, PBA assay was performed
in order to analyze the protein expressed on exosomes at single-
exosome resolution. There were 115 biomarkers under
investigation, which were previously reported in literatures,
especially in cancer study (listed in SI [Table S4, detected pro-
teins in PBA]). Figure 1A shows a scheme of the workflow. The
exosomes are first captured onto a streptavidin-coated surface
via biotinylated cholera toxin subunit B (biotin-CTB) through
the interaction between CTB and ganglioside GM1 in lipid rafts
of the vesicle membrane [18]. The captured exosomes are
observed via scanning electron microscopy (SEM) in Fig. 1B.
Then, the antibodies with conjugated oligonucleotides interact
with proteins on exosomes and therefore were brought into
proximity on the same exosome. Subsequently, the oligonucleo-
tides in proximity obtain the same unique exosome barcoding
tag during extension reaction. After library construction and
DNA sequencing, the DNA sequences were used for extraction
of antibody label tags, exosome barcoding tags, and molecule
tags (i.e., unique molecular identifiers). Therefore, the protein
expression for single exosomes was detected in each sample.
From 2 p 1 of plasma samples, exosomes captured on the plate
were detected via PBA. EV's are bound to the plate via affinity
capture. The median number of exosomes detected via PBA,
counted via EV tags, was 1.06 x 10° per sample (Fig. 1C), while
the median number of detected proteins, counted via molecule
tags, were 2.42 x 10° (Fig. 1D). No marked difference between
HC group and CRC groups were observed. On average, 2.4 pro-
teins were detected on each exosome (Fig. 1E). After trimmed mean
of M-values (TMM) normalization, the differential expression
of detected protein was shown in volcano plots (Fig. 1F to H)
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Fig. 1. Proximity barcoding assay (PBA) for exosome proteomic biomarker analysis on single exosomes from the plasma samples of both healthy doners and CRC patients.
(A) The working scheme of PBA. (B) The SEM picture of exosomes captured on the surface for PBA analysis. (C) The number of detected exosomes for each group of plasma
samples. (D) The number of detected proteins for each group of plasma samples. (E) Detected proteins per exosome for each group of plasma samples. (F) Differential protein
expression between primary CRC and HC group shown in the volcano plot. (G) Differential protein expression between live-metastatic CRC and HC group shown in the volcano
plot. (H) Differential protein expression between live-metastatic CRC and primary CRC group shown in the volcano plot. (1) Receiver operating characteristic (ROC) curve of
exosomal diagnostic biomarkers in CRC screening from HC. (J) ROC curve of prognostic biomarkers in distinguishing primary and metastatic CRC. Statistical analyses were
performed using the paired t test. Each experiment was repeated at least 3 times.
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and dot plots (S5, protein expression-tmm in SI). Compared
to the HC group, the exosome-associated expression of epider-
mal growth factor receptor pathway substrate 8, ITGB3, ITGA6,
ADAM metallopeptidase domain 10 (ADAM10), integrin linked
kinase, CD9, CD151, and ribosomal oxygenase 2 increased in
plasma samples from CRC patients. Furthermore, the elevation
of ITGA6,ITGB3, and ADAM10 was correlated with the meta-
stasis of CRC. We also identified proteins that were significantly
decreased in CRC groups, including ITGAM, 5'-nucleotidase
ecto (NT5E), C-C motif chemokine receptor 2 (CCR2), Thy-1
cell surface antigen (THY1), Integrin alpha L (ITGAL), TIMP
metallopeptidase inhibitor 1 (TIMP1), and matrix netallopepti-
dase 2 (MMP2). The data and statistic analysis of protein
expression are shown in S6. differential expression of proteins
in SI. These results show that proteomic features of exosomes
were altered during CRC development.

To further evaluate the diagnostic biomarkers, ROC curves
were plotted in Fig. 1T and J for selected biomarkers. In detail,
to distinguish the CRC group from the HC group, the area
under the curve (AUC) was 0.9158 (95% confidence interval
[CI], 0.7842 to 1) for ITGAM, 0.8681 (95% CI, 0.7448 to
0.9915) for ITGB3, 0.8498 (95% CI, 0.7064 to 0.9932) for EPSS,
and 0.8242 (95% ClI, 0.6753 to 0.9731) for CD9. Meanwhile,
for the prognostic biomarkers to discriminate primary CRC
and metastatic CRC, the AUC was 0.9091 (95% CI, 0.7602 to 1)
for epithelial growth factor, 0.8727 (95% CI, 0.7177 to 1) for
ITGAS6, 0.8636 (95% CI, 0.7012 to 1) for ADAM10, and 0.8545
(95% CI, 0.6878 to 1) for ITGB3, respectively.

Exosome subpopulation alteration in CRC patients
To classify exosomes on the basis of the proteomic character-
istics, an unsupervised machine learning algorithm named
FlowSOM was applied to generate exosome clusters through a
self-organizing map [19]. Exosome subpopulations were then
visualized in t-distributed stochastic neighbor embedding (t-SNE)
plot. PBA tests with an average of 1.06 x 10° detected exosomes
per sample were downsampled to 3,000 exosomes per sample
for t-SNE visualization. The clustering of exosomes from all sam-
ples is shown in the t-SNE plot in Fig. 2A, in which 12 clusters
were identified via FlowSOM. The biomarkers of each cluster
were shown in Fig. 2B and S7.

Next, we analyzed the substantial phenotypic similarity and
differences between CRC and HC groups. The distribution of
exosomes among subpopulations were quantified and shown
in a t-SNE plot for nontumor, primary CRC, and metastatic
CRC groups (Fig. 2C). Comprehensively, exosome subpopu-
lations for individual patient sample were displayed in Fig.
2D, and the statistical analysis of quantification were shown
in SI (S8).

Among all subpopulations, the proportion of cluster 4 in
total exosomes occupied the largest population (32.85% in Fig.
2A) and showed an increasing trend with the higher stage of
CRC from 13.61% in the HC group to 23.03% in primary CRC
and 52.06% in metastatic CRC (Fig. 2C, D, and G). The pro-
teomic profiles of cluster 4 are shown in Fig. 2E, from which
we could compare the expression frequency of each detected
protein. For relatively highly expressed biomarkers, their
expression levels were displayed in Fig. 2F, e.g., ITGA6, ITGB3,
ADAM10, CD151, CD9 and ERBB2, where cluster 4 were color
labeled in a t-SNE plot. Both ITGA6 and ITGB3 are domi-
nantly expressed in cluster 4, and considering that they are
documented as specific cancer markers [20,21], it implied that
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cluster 4 originates from cancer cells. Hereafter, we define clus-
ter 4 as ITGA6/ITGB3 subpopulation.

On the other hand, cluster 11 possessed a comparatively low
population (4.58% in Fig. 2A) and significantly decreased in
the plasma samples of CRC patients, from 13.47% in the HC
group to 1.13% and 1.13% in the primary CRC and metastatic
CRC groups (Fig. 2C, D, and J). After featuring the protein
expression in cluster 11, we found that ITGAM, ITGAL, and
ITGB2 were relatively highly expressed (Fig. 2H and I). Given
that ITGAM and ITGAL are reported as specific markers for
monocyte/macrophages [22,23], our results inferred that clus-
ter 11 originates from monocyte/macrophages. Hereafter, we
define cluster 11 as ITGAM/ITGAL subpopulation.

Malignancy of CRC cell lines were inhibited by
plasma exosomes of healthy donors but promoted

by that of liver-metastatic CRC patients

Then, we investigated the function of HC- and CRC-derived
exosome in vitro. First, we extracted plasma exosomes from
CRC patients and healthy individuals via ultracentrifugation
and subsequently characterized the exosomes by Western blot,
transmission electron microscopy (TEM) and nanoparticle
tracking analysis (NTA) (Fig. 3A). NTA analysis showed plasma
exosome had an average diameter of about 90 nm (Fig. 3A left
panel). In addition, under TEM plasma exosomes of both HC
and CRC groups presented as elliptical or round, double-layer-
membrane vesicles (Fig. 3A middle panel and L). Moreover, in
the Western blot, we also included the proteins extracted from
supernatant of the ultracentrifugation step and from an HCT116
cell pellet as comparison. As shown in Fig. 3A right panel, both
CD81 and TSG101, the exosomal biomarkers, were detected
in the protein extraction of plasma exosomes but barely
expressed in the protein extractions of the supernatant or cells.
Figure 3B shows that calnexin was expressed in cells but not
in exosomes. Subsequently, we examined the ITGAM expres-
sion in plasma exosomes from HC, colonic adenomas, primary
CRC, and CRC with hepatic metastases. ITGAM was expressed
the highest in HC, followed by colonic adenomas, and the lowest
in primary CRC and CRC with hepatic metastases (Fig. 3C).
This correlates with our previous results from the PBA analysis
(Fig. 1F). In addition to samples from CRC patients, samples
from the precursor adenomatous polyp-bearing patients
(patients’ information in S9) had a lower expression of [ITGAM
as well, which collectively suggested that ITGAM-positive
exosomes could be utilized as biomarkers for early diagnosis
of CRC (Fig. 3C).

To further validate the cargo-transporting function of exo-
somes, we performed cellular uptake assays to verify that plasma
exosome could be taken up by cultured CRC cell. Colocalization
of PKH26 stained exosomes and 4',6-diamidino-2-phenylindole
(DAPI)-stained HCT116 cells were observed under laser scan-
ning fluorescent microscopy (Fig. 3D). Moreover, treatment with
healthy human-derived plasma exosomes inhibited the prolif-
eration (Fig. 3E and H and S10), migration (Fig. 3F and I), and
invasion (Fig. 3G and J) of HCT116 and SW480; however, it had
no impact on apoptosis of CRC cells (S11), indicating that
exosomes from HC groups with ITGAM high expression failed
to support malignancy of CRC cell lines.

Next, we extracted exosomes from plasma of CRC patients
with liver metastasis and compared them to exosomes from
primary CRC patients. The expression of ITGA6 and ITGB3
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the t test.
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(E to G) Representative images of colony formation assay, migration assay and invasion assay of HCT116 treated with PBS or plasma exosomes from healthy group and
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means + SD from at least 3 independent experiments. *P < 0.05; *##P < 0.001; **##P < 0.0001.

in plasma exosomes from liver-metastatic CRC patients was
higher than that from primary CRC patients (Fig. 3K), which
was consistent with our previous results of PBA (Fig. 1F).
Furthermore, we analyzed the effects of liver-metastatic CRC
patients-derived plasma exosomes on the invasion and migra-
tion of CRC cell lines including HCT116 and SW480. It
showed that metastatic CRC-derived plasma exosomes signif-
icantly promoted migration (Fig. 3M and O) and invasion
(Fig. 3N and P) of CRC cell lines. In conclusion, the in vitro
studies performed on CRC cell lines suggest that healthy-
donor-derived plasma exosomes with ITGAM-enhanced expres-
sion suppressed migration, invasion, and proliferation of the
CRC cell line, while liver-metastatic CRC patients-derived
plasma exosomes had the opposite effect and promoted the
malignancy.
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Plasma exosomes from healthy donors suppressed
growth of subcutaneous CRC tumor in mouse models,
while plasma exosomes of liver-metastatic CRC

patients promoted metastasis of CRC cells invivo

After revealing their tumor-suppressive function of plasma
exosomes of healthy donors in vitro, we further performed
subcutaneous implantation of CRC tumors in mice model to
explore its therapeutic potential in vivo. Mouse CT26 CRC cells
(1 x 10°) were injected subcutaneously into the right flank of
each mouse at day 1 for both treatment group and control
group. Healthy donor-derived plasma exosomes (hEVs) were
injected at 50-pg protein per dose into the tail vein of each mice
every other day from the day 1 to day 21 as the treatment group
(Fig. 4A). For the control group, phosphate-buffered saline


https://doi.org/10.34133/research.0041

Research

(PBS) was injected in the same procedure. Compared to the
control group, tumor growth was decreased in treatment group
with healthy-donor exosome injection, indicated by 43.4%
decrease in tumor weight (Fig. 4B).

A CRC-metastasis mice model was constructed via intrave-
nous injection of CT26 cells (1 x 10° cells in PBS) to verify the
tumor-promoting effect of plasma exosomes derived from
patients with metastatic CRC. CT26 cancer cell-bearing mice
were treated with liver-metastatic CRC patients-derived plasma
exosomes (mEVs) at 50-pg protein weight per dose for each
mouse every other day from day 1 to day 21 (Fig. 4C). The
average number of lung metastatic foci was about 32.9 in mice
treated with mEVs, while the control group with PBS injection
instead has 7.6 metastatic foci on average (Fig. 4D and E).
Histological analysis additionally validated the metastasis-
promoting effect by plasma exosomes from liver-metastatic
CRC patients.

Therefore, these studies demonstrated that healthy-donor-
derived plasma exosomes inhibited the proliferation of subcu-
taneous tumor in vivo. Our data also proved plasma exosomes
from CRC patients with liver metastasis promoted metastasis
of CRC in vivo.

ITGB3-rich exosomes promote invasion and
migration of CRC cell line

We further evaluated the function of ITGB3-enriched exosomes
in vitro due to the importance of ITGB3 in cancer biology and
its representative role in altered exosome subpopulation in CRC
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groups according to PBA tests (Fig. 1E and F). First, we detected
the expression level of ITGB3 through real-time quantitative
polymerase chain reaction (RT-qPCR) in several CRC cell lines
including SW620, SW480, HCT116, HT29, and Caco-2, in
which Caco-2 and SW620 showed relatively high expression
of ITGB3 (Fig. 5A). ITGB3 is expressed at a low level in HCT116
and HT29. Expression of ITGB3 in SW620 increased by about
8 times compared to SW480 (Fig. 5A). Interestingly, SW480
was collected from a primary tumor in the colon, while SW620
was collected from a metastatic site in a lymph node from the
same patient 1 year later. Hereafter, we overexpressed ITGB3
in SW480 cells via lentiviral transfection (SW480-ITGB3 LV
cells). The mRNA level of ITGB3 was examined in RT-qPCR,
in which significant upregulation of ITGB3 was confirmed in
SW480-ITGB3 LV cells compared to its control cell line SW480-
CONLYV, ie.,, SW480 with control lentiviral transfection (Fig. 5B).
Subsequently, we extracted exosomes from SW480-CON LV
and SW480-ITGB3 LV cell cultures and characterized exosomes
with NTA (Fig. 5C) and TEM (Fig. 5D). The Western blot showed
ITGB3 expression was increased in exosomes of SW480-ITGB3
LV cells (Fig. 5E). Furthermore, we investigated the impacts of
ITGB3-rich exosomes on migration and invasion capability of
CRC cell lines. HCT116 and SW480 cells were treated with
exosomes secreted by ITGB3 overexpressing SW480-ITGB3
LV cells and its control cell line SW480-CON LV, respectively.
It showed that cell migration (Fig. 5F and G) and invasion ability
(Fig. 5H and I) were significantly promoted in ITGB3-rich
exosomes-treated group. In summary, upregulation of ITGB3
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expression in SW480 cells leads to elevation of ITGB3 level in ~ secreted by M1-like, not M2-like, macrophages significantly
secreted exosomes, which could promote migration and inva-  inhibited migration in SW480 (Fig. 6G) and invasion (Fig. 6H
sion of CRC cell lines including HCT116 and SW480. andI) in both HCT116 and SW480 cells. These results revealed

that M1 macrophage-derived ITGAM-rich exosomes played

ITGAM-rich exosomes secreted by M1 macrophages suppressive roles in the invasion and migration of CRC cell lines.

inhibit malignancy of CRC cell lines, tested invitro v o . .
To further investigate the ITGAM-rich exosomes secretion from ITGAM-rich exosomes inhibited the proliferation of

macrophages and their role in cancer progression, we cultured SUbCUta_neous CRC tumor in mouse mOde!S; however,
ahuman monocytic THP-1 cell line and stimulated THP-1 cells ~ ITGB3-rich exosomes promoted metastasis of
with phorbol-12-myristate-13-acetate (PMA) to obtain differ- ~ CRC cells invivo
entiated macrophages [24]. We collected exosomes from both ~ CRC tumors subcutaneous implantation in mice model was
THP-1 and PMA-stimulated THP-1 cells (PMA/THP-1). As  used to explore therapeutic potential of ITGAM-rich exosomes
shown in Western blots, we demonstrated that PMA/THP-1 in vivo. Mouse CT26 CRC cells (1 x 10°) were injected subcu-
cells have higher ITGAM expression in exosomes than THP-1  taneously into the right flank of each mouse at day 1 for both
cells (Fig. 6A). Compared to THP-1 exosomes, PMA/THP-1  treatment group and control group. PMA/THP-1 exosomes
exosomes significantly inhibited cell proliferation, migration, ~ were injected at 50 pg protein per dose into the tail vein of each
and invasion of HCT116 and SW480 cell lines (Fig. 6, Bto D).  mice every other day from the day 1 to day 21 as the treatment
In order to determine the cancer-suppressive effect of  group (Fig. 7A). For the control group, THP-1 exosomes were
exosomes generated by specific types of macrophages, we  injected in the same procedure. Compared with the control
extracted bone marrow-derived macrophages (BMDMs) from  group, decreased tumor growth was observed in the treatment
mice for exosome production. Through stimulation of BMDM  group with PMA/THP-1 exosome injection, indicated by 57.4%
with lipopolysaccharide (LPS) and interleukin-4 (IL-4), we decrease in tumor weight (Fig. 7B).
then successfully obtained M1-like macrophages and M2-like A CRC-metastasis mice model was constructed via intrave-
macrophages, respectively. We collected exosomes from super-  nous injection of CT26 cells (1 x 10° cells in PBS) to verify the
nate of M1 and M2 macrophages. Then, we performed NTAto  tumor-promoting effect of ITGB3-rich exosomes. CT26 cancer
quantify extracted exosomes (Fig. 6E). Our data showed that  cell-bearing mice were treated with exosomes secreted by
both M1- and M2-originated exosomes suppress the migration ~ ITGB3 overexpressing SW480-ITGB3 LV cells and its control
of the HCT116 cell line (Fig. 6F). We demonstrated exosomes  cell line SW480-CON LV at 50-pg protein weight per dose for
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each mouse every other day from day 1 to day 21 (Fig. 7C). The
average number of lung metastatic foci was about 66.7 in mice
treated with SW480-ITGB3 LV cell-derived exosomes, while
the control group with SW480-CON LV cell-derived exosomes
injection instead has 19.2 metastatic foci on average (Fig. 7D
and E). Histological analysis additionally validated the metastasis-
promoting effect by ITGB3-rich exosomes.

These studies demonstrated that ITGAM-rich exosomes
inhibited the proliferation of subcutaneous tumor in vivo. Our
data also showed that ITGB3-rich exosomes promoted meta-
stasis of CRC in vivo.

PBA of external validation cohort confirms the

diagnostic value of exosomal biomarkers in CRC

To further validate the potential of exosomal biomarkers in the
diagnosis and prognosis of CRC, we performed PBA to detect
the biomarkers in an independent cohort of patients as external
validation cohort (30 CRC patients and 58 HC) from Guangdong
Province in southern China, whereas the discovery cohort was
enrolled in Shandong Province in eastern China. As mentioned
in Figs. 1 and 2, EV subpopulations with expression of ITGAS6,
ITGB3, CD9, CD151, and ADAM10 showed significantly dif-
ferential expression and were selected as potential diagnostic
and prognostic biomarkers. In this validation test, the AUC was
0.834 for ITGA6 and 95% CI is (0.7529, 0.9155). The AUC
was 0.856 for ITGB3 and 95% Cl is (0.7779, 0.9336). The AUC was
0.812 for ADAMI10 and 95% CI is (0.7247, 0.8989). The AUC
was 0.8 for CD151 and 95% CI is (0.7092, 0.8908) (Fig. 8).
Additionally, we also observed the elevated ratio of ITGA6-
ITGB3 subpopulation, decreased ratio of CCR2 subpopulation,
and ITGAM-ITGAL-ITGB2 subpopulation in CRC groups, as
shown in S12 and S13, which correlated with our findings in
Figs. 1 and 2.

Exosome profiling of precancerous lesions and stage
I CRC cohorts reveals the potential of exosomal

biomarkers for early screening of CRC

To further verify the potential of exosomal biomarkers in the
early screening of CRC, we performed PBA to profile the plasma
exosomes in precancerous lesions (PreCan) and stage I CRC
(CRC_I) patients (14 PreCan patients, 11 CRC_I patients, and
28 HC) enrolled in Qilu Hospital of Shandong University in
Shandong Province, China. The PBA analysis in this section
utilized an upgraded panel with 200-plex antibodies for detec-
tion of mainly cellular adhesion molecules (panel information
in S14).

As shown in the heatmap of Fig. 8C, after TMM normali-
zation of protein expression data and analysis of variance, we
obtained the differentially expressed exosomal proteins includ-
ing 26 proteins with higher expression and 23 proteins with
lower expression. Expression of proteins in ITGA6-ITGB3
subpopulation and ITGAM-ITGAL-ITGB2 subpopulation
confirmed our findings in our CRC cohort and validation
cohort. ITGA6, ITGB3, ITGAM, ITGAL, and ITGB2 showed
significantly differential expression. To evaluate the diagnostic
value of exosomal proteins as CRC screening biomarkers, we
analyze the differentially expressed proteins with ROC and
calculate the AUC values. In Fig. 8D, we showed results for
distinguishing PreCan group from the HC group. The AUC
was 0.835 (95% CI, 0.678 to 0.992) for ITGA6, 0.783 (95% ClI,
0.582 to0 0.985) for ITGB3, and 0.786 (95% CI, 0.642 to 0.930)
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for ITGAM. In Fig. 8E, we showed ROC analysis for distin-
guishing the CRC_I group from the HC group. The AUC was
0.840 (95% CI, 0.683 t0 0.997) for ITGA®6, 0.784 (95% CI, 0.562
to 1) for ITGB3, and 0.850 (95% CI, 0.709 to 0.990) for ITGB2.

Discussion

The exosome heterogeneity can provide plentiful and valuable
information that cannot be easily obtained by traditional exosome
analysis techniques. In a body fluid sample, the disease-associated
exosomes can be very low in abundance compared to other
exosomes, which obscures their diagnostic potential. We inves-
tigated the surface protein profile of single exosomes using PBA,
anovel method for exosome analysis. We succeeded in identifying
a large quantity of exosomes directly from human plasma and to
profile the combination of proteins on individual exosomes. This
study provides plentiful of not only clinical but also experimental
evidence that cancer cell-derived ITGB3+ exosomes mediated
CRC progression and metastasis and macrophage-derived
ITGAM+ exosomes mediated CRC suppression.

Integrins facilitate adhesions between cell and microenviron-
ment and mediate signal communication through the down-
stream pathways. The aberrant expression and distribution of
ITGB3 is reported to facilatate cancer metastasis [25-27]. It was
reported that an ITGB3 antagonist could inhibit CRC metastasis
in a mouse model [28]. ROS could significantly upregulated
ITGB3 expression and promoted invasiveness and increased
migration and invasion in CRC cell lines [29]. Moreover, it was
reported that miR-30a-5p could suppress the expression of
ITGB3 and thus inhibited CRC metastasis [30]. In our study, we
detected exosomes at single-particle resolution to reveal the
existence of an exosome subpopulation featured expression of
ITGB3, ITGA6, CD151, CD9, and ERBB2. The proportion of
this subpopulation in total plasma exosomes increases with
development of CRC, which makes it a possible target for CRC
screening, diagnosis, and prognosis. We confirmed the cancer-
promoting role of ITGB3 and proved the correlation of ITGB3+
exosomes with CRC progression and metastasis in vitro and
in vivo. Besides diagnostic and prognostic value of ITGB3+
exosome subpopulation, targeting ITGB3 may also serve as a
hopful therapeutic target in CRC management.

Both KRAS-wild type and KRAS-mutant cell lines were used
for in vitro and in vivo experiments. Our results could still pose
a research question of whether the function of ITGB3- and
ITGAM-positive exosomes is associated with RAS signaling.
There is no literature that relates ITGB3 and ITGAM to Kras
so far. Thus, whether these results are subtype nonspecific needs
to be verified by further validation.

Crosstalk between CRC and infiltrating macrophage reedu-
cates macrophage to form the complex tumor microenvironment
[31]. Recent studies have pointed out exosome-mediated intra-
cellular communication [32], in which exosomes can be absorbed
by local tissue or reach the target organs and precondition distant
target organs through endocytosis [33,34]. Depending on the
phenotype, macrophages are a double-edge sword in cancer
development. M1 macrophage is proinflammatory by delivering
Th1 immune responses to inhibit tumorigenesis by secreting of
IFN-y and IL-1. On the other side of the coin, M2 macrophage
functions through secreting IL-8 and IL-4, to form an immune-
suppressive microenvironment to facilitate tumor development
[35]. Macrophages influence CRC cell behaviors by secreting
many soluble molecules [36,37]. Our observation is a potent
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Fig.6.ITGAM-rich exosomes secreted by M1-like macrophages inhibit the ability of colon cancer cell lines to proliferate, migrate, and invade. (A) Immunoblot of ITGAM expression
in exosomes from THP-1 treated with or without PMA. (B to D) Representative images of colony formation assay, migration assay, and invasion assay of HCT116 treated with
exosomes from THP-1 with (S) or without (NS) PMA-stimulated and quantifications. (E) NTA analysis of exosomes from M1-like macrophages and M2-like macrophages.
(F and H) Representative images of migration assay and invasion assay of HCT116 treated with exosomes from indicated groups with quantifications. (G and I) Representative
images of migration assay and invasion assay of SW480 treated with exosomes from indicated groups with quantifications. Statistical analyses were performed using the
paired t test. Data were calculated as means + SD from at least 3 independent experiments. #P < 0.05; *#P < 0.01; *##*P < 0.001; *#**P < 0.000L.

evidence to support that macrophage-derived exosomes deliver With the aid of PBA method, we were able to profile up to
a cancer-suppressive role and inhibit the progression of CRC. 200,000 individual exosomes for each sample and therefore
ITGAM+ exosome subpopulation derived from macrophage  screen CRC biomarkers at the single-exosome level. Like single
could serve as a biomarker for screening and early diagnosis of CRC.  cell analysis, we could perform single-exosome clustering via
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machine learning method and identify exosome subpopulations.
We could observe the alteration of exosome subpopulations during
CRC progression. The disadvantage is that the detection panel
is based on selected antibodies, and it is beneficial if more protein
types could be invesitgated after expansion of the PBA detection
panel. So far, our study contain 3 independent validation cohorts.
In the future, we continue to expand the sample size to validate
the value of the ITGB3+ and ITGAM+ exsome subpopulations
in early CRC screening and early detection of CRC metastasis.
In summary, our study uses a novel method to analyze indi-
vidual exosomes and displays different exosome subpopulation
patterns along CRC development. We provide compelling evidence
that cancer cell-derived ITGA6-ITGB3-positive exosomes facilitate
tumor proliferation and metastasis; however, macrophage-derived
ITGAM-positive exosomes inhibit CRC development and
metastasis. They are promising tissue-specific biomarkers for
liquid biopsy to predict early onset and metastasis of CRC.
Moreover, therapeutic interference of these 2 exosome sub-
populations provide an attractive approach for treating CRC.

Methods

Human blood samples and cell lines

The study was approved by the Medical Ethics Committee of
Qilu Hospital of Shandong University (KYLL-202011-209-01).
The study was conducted according to the principles expressed
in the Declaration of Helsinki. From January 2019 to December

Guo et al. 2023 | https://doi.org/10.34133/research.0041

2020, a total of 10 patients with localized primary CRC and 11
patients with liver-metastatic CRC were enrolled in our study
in Shandong University Qilu Hospital. Six patients with colon
adenomas were enrolled from Qianfoshan Hospital of Shandong
First Medical University. Thirteen healthy volunteers were
enrolled as the HC group. All sample donors signed informed
consent. The study of validation cohort were approved by the
Ethical committee of Shenzhen Sencond People’s Hospital. A
total of 30 CRC patients and 58 healthy donors were enrolled
in the study from July 2019 to June 2020. Another validation
cohort included 28 HC, 14 precancerous lesions of CRC patients,
11 stage I CRC patients, 6 stage II CRC patients, and 5 stage [V
CRC patients. These patients are from Shandong University
Qilu Hospital, from January 2022 to May 2022. All sample
donors signed informed consent.

The intravenous blood was collected from each sample
donor and stored in collective tubes with EDTA-K2 as anti-
coagulants. Plasma sample was prepared via whole-blood cen-
trifugation at 3000 RPM for 15 min. Human monocytic THP-1
cell line, mouse CRC cell line CT26, and human CRC cell lines
HCT116, Caco2, SW480, SW620, HT29 were all purchased from
ATCC. HCT116, Caco2, SW480, HC29, SW620, and THP-1 were
cultured with RPMI 1640 with addition of 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin (PS). Exosome-depleted
FBS was used instead of regular FBS for the exosome produc-
tion. The exosome-depleted FBS was depleted of exosomes by
ultracentrifuging at 100,000xg for 18 h at 4 °C [38].
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Isolation and culture of cells

The isolation and culture of mouse BMDMs were as described
in literature [39]. In short, bone marrow was extracted from
the femur of mice, and red blood cells were lysed. After 7 days
of the bone marrow cells culture, M0 macrophages were
obtained by adding Dulbecco's modified Eagle's medium sup-
plemented with 40% 1929 conditioned medium and 10%
heat-inactivated FBS. For M1-like activation, 0.5 to 0.7 X 10°
macrophages were plated in tissue culture dishes and treated
with LPS (100 ng/ml, Invivogen, America) for 1 d. For M2
polarization, 1 x 10’ macrophages were treated with IL-4
(20 ng/ml, Peprotech,America) for 1 d.

Exosome purification and characterization

Exosomes were isolated by differential centrifugation. In short,
3-step centrifugation at 300 Xg for 10 min, 2000 Xg for 10 min,
and 10,000 Xg for 30 min was performed to remove cells, pos-
sible apoptotic bodies, cell debris, or biomolecule aggregates
from the plasma or cell culture medium. Then, the supernatants
were centrifuged at 100,000 Xg for 70 min (Optima XPN
Ultracentrifuge with 32Ti rotor, Beckman Coulter, Germany)
for pelleting exosomes. After resuspending with PBS, exosomes
were precipitated once more via ultracentrifugation at 100,000
xgfor 70 min. All purified exosomes were resuspended in PBS.
The size distribution and particle concentration of exosome
extractions were characterized by NTA (NanoSight NS300,
Malvern Panalytical, UK). Protein markers CD81 (sc-7637, Santa
Cruz, America) and TSG101 (sc-7964, Santa Cruz, America)
of isolated exosomes were detected by Western blotting. The
purified exosomes were imaged with a transmission electron
microscope (TEM, JEOL JEM-1200EX, JEOL, Japan) with elec-
tron beam at a voltage of 80 KV.

PBA

EV samples from patients’ plasma were analyzed with PBA
according to the protocols in our former study [17]. A panel of
112 antibodies were conjugated with oligonucleotides contain-
ing unique protein tags, unique molecular tags, and also uni-
versal sequence for primer binding. Biomarkers were detected
at the single-exosome level with PBA. Two microliters of
plasma was mixed with 1 pL of PBA buffer and then incubated
with 1 pl of antibody mix (2 pg/ml for each antibody) for 2 h
at room temperature.

To prepare exosome capture plate, biotinylated cholera toxin
subunit B (biotin-CTB, 2.5 pg/ml in PBS, C34779, Thermo-
Fisher Scientific, USA) was added to each well of a 96-well plate
with streptavidin coating (PCROSTF-SA5/100, Biomat, Italy).
The plate was incubated for 20 min at room temperature and
washed 3 times with PBS with Tween 20 (PBST). Plasma/anti-
body mix were diluted to a volume of 20 pl with PBA buffer
and transferred into each well of CTB coated plate for affinity
capture of exosomes through the interaction between CTB and
GM1 enriched in lipid membrane of exosomes. Captured
exosomes were fixed with paraformaldehyde solution (4%) and
imaged with SEM (SU8010, Hitachi, Japan) utilizing 3-kV beam
energy and a secondary electron detector.

The oligonucleotides on the same exosome obtain a unique
exosome tag during the extension reaction after binding of an
exosome tag templates. Sample index and sequencing adapters
was added through designed primers in PCR. The library was
sequenced with Illumina NextSeq (CN500, Illumina, USA)
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utilizing single-end 75-bp sequencing reagent kit (20024906,
Mlumina, USA). After DNA sequencing, data of each sample
was obtained as bcl file. The PBA experiment were performed
in SecreTech (Shenzhen, China) according to the standard
operational procedure provided by Vesicode (Solna, Sweden).

RNA extraction and real-time PCR analysis
EASY spin Plus kit (Aidlab, China) and QuantiTect Rev (Vazyme,
China) were used to obtain RNA from tissues or cells. Trans-
cription Kit (Vazyme, China) was used to synthesize QuantiTect
RevComplementary DNA (cDNA), and cDNA was amplified
by SYBR Green qPCR Mix (Vazyme, China) and analyzed by
RT-PCR.

Primer list used in this study are as follows:

ITGB3 FORWARD:TCATCTGGAAACTCCTCATCAC

ITGB3 REVERSE:GTAGACGTGGCCTCTTTATACA

Western blotting analysis

Total proteins from cells or exosomes were extracted with RIPA
buffer (Beyotime, China) with addition of protease and phos-
phatase inhibitor cocktails (Selleck, China). The protein con-
centrations were quantified with the BCA kit (Beyotime, China),
and Western blot was performed as described previously [40].
Detection and imaging was performed with Gel imager (Pinghao,
Beijing), the chemiluminescent horseradish peroxidase sub-
strate BrightTM ECL (Beyotime, China).

Cell migration and invasion assay

Cell migration and invasion assays were performed in transwell
tests. For cell migration test, 5 X 10° cells in 200 pl of FBS-free
RPMI 1640 was added to upper chamber of transwell inserts
with diameter of 6.5 mm and pore size of 8 pm (Corning, USA).
In the 24-well plate with transwell inserts, 600 pl of RPMI 1640
culture medium containing 10% FBS and 1% PS was added to
the lower part of the chamber. For invasion tests, a Matrigel
layer was prepared on the bottom of the upper chambers before
cell seeding. After incubation at 37 °C, 5% CO, for 24 h, the
upper chamber was cleaned gently with cotton swabs, fixed
with 4% paraformaldehyde, stained with crystal violet staining
(Beyotime, China), and washed 3 times with water. The cells
migrated to the other side of the filter was imaged using an
inverted microscope (Nikon, Shanghai). The quantification of
cells were performed by cell counting from 8 images of the same
transwell test. Duplicate of transwell test were done for each
condition. 10 pg/ml exosomes were used for functional assays.

Colony formation

A total of 5 x 10" treated cells were coated into 6-well plates
with 3 repetitions. After 7-d incubation, these plates were washed
with PBS twice, fixed by methanol for 10 min, and stained with
0.1% crystal violet solution within 10 min for further analysis.
We use 10pg/ml for functional assays.

Imaging of fluorescently labelled exosomes and cells
PKH26 (Sigma-Aldrich, USA) at concentration of 1 pM was
used to label exosomes. The PKH26-labeled exosomes were
incubated with SW480 cells for 20 h, and the cell nuclei were
stained with DAPI (beyotime, Shanghai). The slides were imaged
with a laser scanning confocal microscope Axio-Imager-LSM880
(ZEISS, Germany).

13


https://doi.org/10.34133/research.0041

Research

Tumor mouse model

A subcutaneous tumor mouse model was prepared by subcu-
taneously inoculation of 1 x 10° CT26 mouse colon cancer cells
to 7-week-old BALB/c mice. Colon cancer lung metastasis
model were prepared by injection of 1 x 10° CT26 cells to the
tail vein of 7-week-old BALB/c mice. For exosome injection of
mice model, plasma exosomes from primary CRC or metastatic
CRC patients were injected every other day from day 1 to day
21 through the tail vein. The same procedure of PBS injection
was applied as control. The mice were euthanized at day 21 for
examination of tumor development and metastasis.

Cell lentivirus transfection assay

A recombinant lentivirus containing pUbi-MCS-3FLAG-CBh-
gcGFP-IRES-puromycin was constructed on vector GV492 for
transfection of cells according to the manufacturer's instruc-
tions. The control virus was CON335, and the overexpressed
virus was ITGB3-LV. According to the virus titer in the instruc-
tions, a 6-well plate containing 1 x 10° SW480 cells containing
10 pl per well was given to control virus CON335 and overex-
pressed virus ITGB3-LV, respectively.

Data processing and statistical analysis

The bdl files from DNA fragment sequencing were converted
to fastq file with bcl2fastq software (Illumina). With the aid of
FASTX-Toolkit, the DNA sequences were filtered on the basis
of sequencing quality, i.e., more than 75% base with Phred
Quality Score of 20 or above. Data quality control was per-
formed with FastQC, and clean data were used for further
analysis. DNA sequences were deduplicated according to the
molecule tag in the sequences to obtain unique reads. Unique
exosome tags were extracted and recorded as identifiers for
single exosomes. By mapping of protein tags in the sequences
to the sequences of oligonucleotides conjugated to antibodies,
the protein expression on each single exosome were counted.
The file consists of ID of single exosomes and their protein
expression profiles were obtained for each sample.

The protein expression dataset was obtained by summation
of protein counts in all exosomes in each sample. The TMM
normalization was performed for comparison of protein
expression level. Differential expression analysis was performed
in edgeR. Shapiro-Wilk test was applied to test the normality
of datasets. Student ¢ test was used for normally distributed
dataset with equal variance and Welch’s test for normally dis-
tributed unequal variances. The false discovery rate (FDR) was
controlled with the Benjamini and Hochberg approach. FDR-
adjusted P values < 0.05 were considered significant.

For EV subpopulation analysis, FlowSOM, an unsupervised
machine learning algorithm, and ConsensusClusterPlus was
applied [19]. The clustering of EVs was visualized in t-SNE plot.
The proteomic profiles of each EV subpopulation were plotted
in heat map. The proportion of each subpopulation was quan-
tified for each sample group.

Acknowledgments

Not applicable. Funding: This work was supported in part by
the National Natural Science Foundation of China (82000779,
31971061), and Taishan Pandeng Scholar Program of Shandong
Province (tspd20210321). Author contributions: W.G., Y.C.,
X.L., Y], C.Z.,and L.W. performed the experiments. WL, Y.L,

Guo et al. 2023 | https://doi.org/10.34133/research.0041

N.C, Z.L,].X.,and D.W. analyzed data. W.G. provided the samples
and wrote the paper. ].L. analyzed data and revised the paper.
J.L. commented on the study and revised the paper. W.G. and
J.L. designed the research. Competing interests: The authors
declare that they have no competing interests.

Data Availability

All data generated or analyzed during the current study are
included in this published article (and its supplementary
information files) or available on published datasets (TCGA or
GEO).

Supplementary Materials
Tables S1 to S15

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA
Cancer ] Clin. 2020;70(1):7-30.

2. Ribatti D, Mangialardi G, Vacca A. Stephen Paget and the 'seed
and soil' theory of metastatic dissemination. Clin Exp Med.
2006;6(4):145-149.

3. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A,
Mark MT, Molina H, Kohsaka S, Giannatale AD, Ceder S, et al.
Tumour exosome integrins determine organotropic metastasis.
Nature. 2015;527:329-335.

4. Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang HY,
Thakur BK, Becker A, Hoshino A, Mark MT, Molina H, et al.
Pancreatic cancer exosomes initiate pre-metastatic niche
formation in the liver. Nat Cell Biol. 2015;17:816-826.

5. Kok VC, Yu CC. Cancer-derived exosomes: Their role
in cancer biology and biomarker development. Int
Nanomedicine. 2020;15:8019-8036.

6. TianY, Ma L, Gong ME, Su GQ, Zhu SB, Zhang WQ, Wang S,
Li Z, Chen C, Li L, et al. Protein profiling and sizing of
extracellular vesicles from colorectal cancer patients via flow
cytometry. ACS Nano. 2018;12(1):671-680.

7. Yoshioka Y, Kosaka N, Konishi Y, Ohta H, Okamoto H,
Sonoda H, Nonaka R, Yamamoto H, Ishii H, Mori M, et al.
Ultra-sensitive liquid biopsy of circulating extracellular
vesicles using ExoScreen. Nat Commun. 2014;5:Article 3591.

8. Santiago-Dieppa DR, Steinberg J, Gonda D, Cheung V],
Carter BS, Chen CC. Extracellular vesicles as a platform for
'liquid biopsy' in glioblastoma patients. Expert Rev Mol Diagn.
2014;14(7):819-825.

9. Ruiz-Lopez L, Blancas I, Garrido JM, Mut-Salud N,
Moya-Jodar M, Osuna A, Rodriguez-Serrano E. The role of
exosomes on colorectal cancer: A review. ] Gastroen Hepatol.
2018;33(4):792-799.

10. Xiao YW, Zhong JN, Zhong BY, Huang JY, Jiang LX, Jiang Y,
Yuan J, Sun ], Dai L, Yang C, et al. Exosomes as potential
sources of biomarkers in colorectal cancer. Cancer Lett.
2020;476:13-22.

11. Bhome R, Goh RW, Bullock MD, Pillar N, Thirdborough
SM, Mellone M, Mirnezami R, Galea D, Veselkov K, Gu Q,
et al. Exosomal microRNAs derived from colorectal cancer-
associated fibroblasts: Role in driving cancer progression.
Aging (Albany NY). 2017;9(12):2666-2694.

12. Tauro BJ, Greening DW, Mathias RA, Mathivanan §, Ji H,
Simpson R]. Two distinct populations of exosomes are released

14


https://doi.org/10.34133/research.0041

Research

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

from LIM1863 colon carcinoma cell-derived organoids. Mol
Cell Proteomics. 2013;12(3):587-598.

Larssen P, Wik L, Czarnewski P, Eldh M, Lof L, Ronquist KG,
Dubois L, Freyhult E, Gallant CJ, Oelrich J, et al. Tracing
cellular origin of human exosomes using multiplex proximity
extension assays. Mol Cell Proteomics. 2017;16(3):502-511.
Castillo J, Bernard V, San Lucas FA, Allenson K, Capello M,
Kim DU, Gascoyne P, Mulu FC, Stephens BM, Huang J, et al.
Surfaceome profiling enables isolation of cancer-specific
exosomal cargo in liquid biopsies from pancreatic cancer
patients. Ann Oncol. 2018;29(1):223-229.

Lance RS, Drake RR, Troyer DA. Multiple recognition assay
reveals prostasomes as promising plasma biomarkers for prostate
cancer. Expert Rev Anticancer Ther. 2011;11(9):1341-1343.
Herreros-Villanueva M, Bujanda L. Glypican-1 in exosomes as
biomarker for early detection of pancreatic cancer. Ann Transl
Med. 2016;4(4):64.

Wu D, Yan JH, Shen X, Sun Y, Thulin M, Cai YL, Wik L,

Shen Q, Oelrich ], Qian X, et al. Profiling surface proteins on
individual exosomes using a proximity barcoding assay. Nat
Commun. 2019;10:3854.

Skryabin GO, Komelkov AV, Savelyeva EE, Tchevkina EM.
Lipid rafts in exosome biogenesis. Biochemistry (Mosc).
2020;85(2):177-191.

Van Gassen S, Callebaut B, Van Helden M]J, Lambrecht

BN, Demeester P, Dhaene T, Saeys Y. FlowSOM: Using
self-organizing maps for visualization and interpretation of
cytometry data. Cytometry A. 2015;87(7):636-645.

Brooks DL, Schwab LP, Krutilina R, Parke DN, Sethuraman A,
Hoogewijs D, Schorg A, Gotwald L, Fan M, Wenger RH, et al.
ITGAG is directly regulated by hypoxia-inducible factors and
enriches for cancer stem cell activity and invasion in metastatic
breast cancer models. Mol Cancer. 2016;15:26.

Jiao Y, Li Y, Liu S, Chen Q, Liu Y. ITGA3 serves as a diagnostic
and prognostic biomarker for pancreatic cancer. Onco Targets
Ther. 2019;12:4141-4152.

Solovjov DA, Pluskota E, Plow EF. Distinct roles for the o

and f subunits in the functions of integrin «f,. ] Biol Chem.
2005;280(2):1336-1345.

te Velde AA, Keizer GD, Figdor CG. Differential function

of LFA-1 family molecules (CD11 and CD18) in adhesion

of human monocytes to melanoma and endothelial cells.
Immunology. 1987;61(3):261-267.

Daigneault M, Preston JA, Marriott HM, Whyte MK,
Dockrell DH. The identification of markers of macrophage
differentiation in PMA-stimulated THP-1 cells and monocyte-
derived macrophages. PLoS One. 2010;5(1):Article e8668.
Hood JD, Cheresh DA. Role of integrins in cell invasion and
migration. Nat Rev Cancer. 2002;2(2):91-100.

Guo WJ, Giancotti FG. Integrin signalling during tumour
progression. Nat Rev Mol Cell Bio. 2004;5(10):816-826.
Switala-Jelen K, Dabrowska K, Opolski A, Lipinska L,
Nowaczyk M, Gorski A. The biological functions of 3
integrins. Folia Biol (Praha). 2004;50(5):143-152.

Guo et al. 2023 | https://doi.org/10.34133/research.0041

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Reinmuth N, Liu WB, Ahmad SA, Fan E Stoeltzing O, Parikh AA,
Bucana CD, Gallick GE, Nickols MA, Westlin WE et al.

a, B integrin antagonist $247 decreases colon cancer
metastasis and angiogenesis and improves survival in mice.
Cancer Res. 2003;63(9):2079-2087.

Lei YL, Huang K, Gao C, Lau QC, Pan H, Xie K, Li ], Liu R,
Zhang T, Xie N, et al. Proteomics identification of ITGB3 as

a key regulator in reactive oxygen species-induced migration
and invasion of colorectal cancer cells. Mol Cell Proteomics.
2011;10(10):Article M110.005397.

Dong W. MiR-30a-5p suppresses tumor metastasis of human
colorectal cancer by targeting ITGB3. Cell Physiol Biochem.
2016;39:2099-2100.

Szebeni GJ, Vizler C, Kitajka K, Puskas LG. Inflammation
and cancer: Extra- and intracellular determinants of tumor-
associated macrophages as tumor promoters. Mediat Inflamm.
2017;2017:Article 9294018.

Cocucci E, Racchetti G, Meldolesi J. Shedding
microvesicles: Artefacts no more. Trends Cell Biol.
2009;19(2):43-51.

Simons M, Raposo G. Exosomes - vesicular carriers

for intercellular communication. Curr Opin Cell Biol.
2009;21(4):575-581.

Lan JQ, Sun L, Xu F, Liu L, Hu FQ, Song D, Hou Z, Wu W,
Luo X, Wang J, et al. M2 macrophage-derived exosomes
promote cell migration and invasion in colon cancer. Cancer
Res. 2019;79(1):146-158.

Allavena P, Chieppa M, Bianchi G, Solinas G, Fabbri M,
Laskarin G, Mantovani A. Engagement of the mannose
receptor by Tumoral mucins activates an immune suppressive
phenotype in human tumor-associated macrophages. Clin Dev
Immunol. 2010;2010:Article 547179.

Herrera M, Herrera A, Dominguez G, Silva J, Garcia V, Garcia JM,
Gémez I, Soldevilla B, Munoz C, Provencio M, et al. Cancer-
associated fibroblast and M2 macrophage markers together
predict outcome in colorectal cancer patients. Cancer Sci.
2013;104(4):437-444.

Wang MY, Su ZL, Barnie PA. Crosstalk among colon
cancer-derived exosomes, fibroblast-derived exosomes, and
macrophage phenotypes in colon cancer metastasis. Int
Immunopharmacol. 2020;81:Article 106298.

Tian Y, Gong ME Hu YY, Liu HS, Zhang WQ, Zhang MM,
Hu X, Aubert D, Zhu S, Wu L, et al. Quality and efficiency
assessment of six extracellular vesicle isolation methods by
nano-flow cytometry. J Extracell Vesicles. 2020;9(1): Article
1697028.

Weischenfeldt J, Porse B. Bone Marrow-derived macrophages
(BMM): Isolation and applications. CSH Protoc.

2008;2008: Article pdb.prot5080.

Li PL, Zhang X, Wang HY, Wang LL, Liu T, Du LT, Yang Y,
Wang C. MALAT1 is associated with poor response to
Oxaliplatin-based chemotherapy in colorectal cancer patients
and promotes Chemoresistance through EZH2. Mol Cancer
Ther. 2017;16(4):739-751.

15


https://doi.org/10.34133/research.0041



