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Purpose: Chronic gastroesophageal reflux disease (GERD) causes the abnormal reflux of acid and bile salts, which would induce
Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC). EGFR, as one of main components of the exosome, plays an
important role in cancer progression. Here, we investigated the role of acidic bile salts (ABS)-induced exosomal EGFR in EAC cell
proliferation.

Methods: Electronic microscopic examination and Western blot were used to identify exosomes. Western blot, siRNA transfection,
enzyme-linked immunosorbent assay, qRT-PCR, cell viability detection, mouse xenograft tumor models, and immunohistochemical
staining were performed to study the function of ABS-induced exosomal EGFR in cell proliferation.

Results: We found that ABS improved the exosomal EGFR level of normal human esophageal epithelial cells, BE cells, and BE-
associated adenocarcinoma cells. The results were confirmed in the serum-derived exosomes from healthy persons and patients
suffering from GERD, BE with or without GERD, and EAC with or without GERD. Moreover, cell line-derived exosomal EGFR was
found to promote macrophage M2 polarization through the PI3K-AKT pathway. The co-incubation medium of macrophages and
exosomes improved cell proliferation and tumor growth, which depended on the exosomal EGFR level. CCL18 was identified as the
most effective component of the co-incubation medium to promote EAC cell proliferation by binding to its receptor PITPNM3 in vitro
and in vivo.

Conclusion: Our findings demonstrate that ABS-induced exosomal EGFR regulates macrophage M2 polarization to promote EAC
proliferation. This study provides an important insight into the role of ABS in EAC development.
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Introduction

Esophageal cancer is highly lethal, leading to more than half a million deaths yearly. It has two main histological
subtypes: esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC). Although EAC only
accounts for 20% of EC cases, its survival rate is very low. The incidence has increased rapidly in the past 40 years.'
Barrett’s esophagus (BE) is one of the main risk factors for EAC, characterized by columnar metaplasia in the distal
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esophagus, and is a well-established precancerous state of EAC.> As one of the main risk factors of BE, chronic
gastroesophageal reflux disease (GERD) causes the abnormal reflux of acid and bile salts into the esophagus, which can
regulate oncogenic signaling pathways to promote the progression of BE and EAC.>”> Nevertheless, the detailed
underlying mechanism is still elusive.

Exosomes (~100nm on average), a subset of extracellular vesicles, are secreted by cells and mediate signaling
transduction between neighboring or distant cells. Exosomes contain many cellular constituents, including membrane
proteins, cytosolic and nuclear proteins, metabolites, and nucleic acids.® There is emerging evidence that cancer-derived
exosomes are closely related to the tumor microenvironment (TME). The exosomal components can be delivered to
recipient cells to regulate immune response and cancer progression.”® Epidermal growth factor receptor (EGFR), as
a membrane protein, is one of the main components of the exosome. It is a potential cancer biomarker” and is well known
to play a dominant role in the pathogenesis and development of various cancers.'® For instance, gastric cancer cells can
secret exosomes containing EGFR, which can be delivered into the liver stromal cells and regulate the liver micro-
environment to promote metastatic cancer cells landing and proliferation by activating hepatocyte growth factor.'
Human papillomavirus can enhance the expression of EGFR in exosomes, which is involved in the epithelial-
mesenchymal transition (EMT) of lung cancer cells.'” In lung cancer, EGFR-containing exosomes can also regulate
the function of T cells."*> Moreover, EGFR in breast cancer cell-derived exosomes can activate the mitogen-activated
protein kinase (MAPK) survival pathway and stimulate monocyte survival.'"* However, the role of EGFR-containing
exosomes from EAC is still unclear.

Within the TME, the most prominent immune cell is tumor-associated macrophages (TAMs). TAMs may produce
a variety of cytokines to influence cancer development and progression.'> Macrophages are divided into M1 and M2
phenotypes that define the possible extremes of in vitro- or in vivo-polarized cells.'® The two phenotypes can be induced
to transform each other under different conditions and have opposite functions in tumor growth and metastasis.
M1-TAMs produce antitumor immunity-related factors (eg, IL-1, IL-12, and CXCL10) to inhibit tumor proliferation,
invasion, metastasis, and angiogenesis; however, M2-TAMs secrete tumor promotion-related factors (eg, IL-10 and
VEGF) to play a prompting role in tumor progression.'”'® In breast cancer cells, glycyrrhetinic acids were found to
strongly suppress M2 macrophage-induced cell proliferation and migration, which was mediated by the JNK signaling
pathway.'® M2 macrophages can lead to the accumulation of leukemia blast cells with low calreticulin.?® Compared to
other cancers, studies on esophageal cancer are very limited. A meta-analysis showed M2 macrophage infiltration was
associated with poor overall survival of ESCC.?' M2 macrophage infiltration following M1 macrophage infiltration can
promote the development of esophageal cancer.”” In one study, EAC cells were found to polarize THP-1 cells into M2
macrophages, promoting EAC cell migration and invasion.”> However, the functions of TAMs, especially macrophage
polarization, in EAC progression have been largely unknown.

This study found that acidic bile salts (ABS) upregulate exosomal EGFR levels of normal human esophageal cells,
BE, and EAC cells. We further investigated the roles of exosome-delivered EGFR inTAMs polarization and EAC cell
proliferation in vitro and in vivo. Our results provide a new perspective regarding the molecular mechanism for acid and

bile salts’ role in EAC occurrence and progression.

Materials and Methods

Cells Culture

Normal human esophageal epithelial cell line HEEC was obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, PR China), BE cell line CPB was obtained from American Type Culture Collection, and
BE-associated adenocarcinoma cell line OE33 were obtained from Sigma-Aldrich (St. Louis, MO, USA). OE33 cell
lines stably expressing EGFR shRNA, PITPNM3 shRNA, or scrambled shRNA were purchased from ViewSolid Biotech
(Beijing, China). Cells were cultured using RPMI 1640 (Invitrogen, USA) with 10% exosomes-free fetal bovine serum
(Gibco, USA), streptomycin (100 pg/mL), and penicillin (100 U/mL) at 37°C with 5% CO,.
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Serum Samples, Reagents, and Antibodies

From September 2021 to June 2022, serum samples were collected from healthy adults, patients suffering from BE with
or without GERD, and patients suffering from EAC with or without GERD (n=25) in Tianjin Medical University Cancer
Institute and Hospital. All patients with GERD were identified to have reflux of gastric acid and bile. All serum donors
signed informed consent. Our study complies with the Declaration of Helsinki. The samples were immediately processed
for subsequent exosomes isolation. The ABS cocktail consists of an equimolar mixture of sodium salts of glycocholic
acid, taurocholic acid, glycodeoxycholic acid, deoxycholic acid (CALBIOCHEM, La Jolla, CA, USA), and glycoche-
nodeoxycholic acid (Sigma-Aldrich, Germany), which was used to mimic the mixture of bile acids in the distal
esophagus during GERD.>* We used a final concentration of 100 uM of the ABS cocktail in all experiments.
LY294002 (an inhibitor of the PI3K/AKT signaling pathway) was obtained from Abcam (Britain). CCL18recombinant
protein (MBS553104) was purchased from MyBioSource (USA). Antibodies used in this study are shown in Table 1.

Exosomes Isolation and ldentification

HEEC, CPB or OE33 cells were cultured for 48 h. Cell culture media were collected by centrifuging at 5000rpm for 10
min. Serum was extracted by centrifugation of peripheral blood samples at 4000 rpm (4 °C for 10 min) and then at
12,000 rpm (4 °C for 20 min). Exosomes were isolated using Exosome Purification Kit (57600, NorgenBiotek, Canada)
according to the instructions. Briefly, cell culture media or serum was added with a series of reagents and centrifuged,
and then the final obtained supernatant was transferred to a filter spin column to obtain the purified exosomes. The
vesicles were identified by transmission electron microscopic examination and exosome markers (TSG101, Annexin, and

CD?9). The concentrations of exosomes were determined by Zetaview (Particle Metrix, Germany).

Table | Discription of Antibodies Used in the Study

Destination Cat. No. Discription Applications Source
EGFR ab52897 Rabbit monoclonal Western blot Abcam
CcDh9 ab236630 Rabbit monoclonal Western blot Abcam
TSGIOI ab133586 Rabbit monoclonal Western blot Abcam
Annexin-2 ab189473 Rabbit monoclonal Western blot Abcam
Calnexin ab133615 Rabbit monoclonal Western blot Abcam
GAPDH ab8245 Rabbit monoclonal Western blot Abcam
CDé68 ab955 Mouse monoclonal Western blot Abcam
CDl63 ab 182422 Rabbit monoclonal Western blot Abcam
CD206 ab64693 Rabbit polyclonal Western blot Abcam
Argl MA5-45034 Rabbit monoclonal Western blot Invitrogen
iNOS PA3-030A Rabbit polyclonal Western blot Invitrogen
p-PI3K MBS624519 Rabbit monoclonal Western blot MyBiosource
PI3K MBS820754 Rabbit polyclonal Western blot MyBiosource
p-AKT #4060 Rabbit Western blot Cell Signaling
AKT #469 Rabbit Western blot Cell Signaling
PITPNM3 MBS85844 | Rabbit polyclonal Western blot MyBiosource
CCR8 ab8019 Rabbit polyclonal Western blot Abcam
B-actin sc-47778 Mouse monoclonal Western blot Santa-Cruz
IgG ZB-2301 HRP-conjugated Western blot ZSGB-BIO
goat anti-rabbit
1gG ZB-2305 HRP-conjugated Western blot ZSGB-BIO
goat anti-mouse
Kié7 SAB4501880 Rabbit polyclonal Immunohistochemistry Sigma
PITPNM3 HPA022432 Rabbit polyclonal Immunohistochemistry Sigma
Anti-CCL18 ab9849 Rabbit polyclonal Neutralising Abcam
IgG isotype control ab199376 Rabbit Neutralising Abcam
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Preparation of Co-Culture Medium

Human THP-1 monocytes were grown in six-well plates and treated with 100 ng/mL phorbol myristate acetate (PMA)
for 24h to differentiate into adherent MO macrophages. MO macrophages were incubated with different cell-derived
exosomes (25 pg/mL) for 24 h. The co-culture medium was collected by centrifuging at 10,000 g for 5 min and then
partitioned and stored at —20°C for use.

Western Blot

Total protein from cells or exosomes was extracted with RIPA Lysis Buffer (Beyotime, Shanghai, China) and quantified
via bicinchoninic acid (BCA) (Pierce, Waltham, MA, USA) way. A certain amount of protein was loaded for electro-
phoresis, and then the protein was shifted to a PVDF (Beyotime, Shanghai, China). The membranes were soaked in 5%
skim milk for about 2h, and were immersed in primary antibodies at 4°C overnight and then were incubated with
secondary antibodies for 2-3h at room temperature. Protein bands were visualized by enhanced chemiluminescence
(ECL) and calculated by ImageJ2x Software.

siRNA Transfection

siRNA oligonucleotides were synthesized by ViewSolid Biotech (Beijing, China) and were transfected into cells according to
the instruction of Lipofectamine 3000 (Invitrogen, USA). siRNA sequences are shown in the following: EGFR siRNA
sequence: EGFR siRNA sequence: 5’-UAAUUCCUCUGCACAUAGGUA-3’. PITPNM3 siRNA sequence:5’- CGCG
CAUGAUCCUGCGCAATT-3’. Scramble siRNA sequence: 5’- GACGUCCAGUCACTUGTCGCA-3’.

Enzyme-Linked Immunosorbent Assay (ELISA)

EGFR ELISA kit (RAB0160), IL-10 ELISA kit (RAB0244), TGF-B ELISA kit (RAB0460), IL-1p ELISA kit
(RAB0273), and CCL18 ELISA kit (RAB0051) were from Sigma-Aldrich (Germany). The protein level in the cell
culture supernatant was detected according to the manufacturer’s protocol.

RNA Isolation and Quantitative Reverse-Transcription Polymerase Chain Reaction

(qQRT-PCR)

Total cellular RNA was extracted by TRIzol (Beyotime, China). qRT-PCR assay was performed with QuantiTect SYBR
Green PCR Kit (Qiagen, Germany) on Stepone Real-Time PCR System (Applied Biosystems, USA). The primer
sequences are presented in Table 2, which were synthesized from Genewiz (Genewiz, Tianjin, China). The data were

analyzed by the 2744

method (Biorad CFX manager software 3.1).

Cell Viability Detection

Cell viability was measured by a CCKS8 kit (Abcam, Britain). Briefly, 3000 cells per well were seeded in a 96-well plate
(Corning, USA). After incubation, the culture solution was discarded, and 10 pL. CCK-8 solution was added to each well.
Then cells were protected from light for 1 h at 37°C during incubation, and cellular proliferation was estimated by
a microplate reader (Bio-Tek, USA).

Animal Experiments

Animal experiments were approved by the Institutional Animal Care and Use Committee of Beijing Viewsolid Biotechnology
Co., LTD and followed the Laboratory Animal—Guideline for Ethical Review of Animal Welfare (GB/T 35892-2018). The
xenograft mouse model of esophageal cancer was developed to observe tumor growth in vivo. NOD-SCID mice (female, six-
week-old) were used in all animal experiments. For detecting the effect of the co-culture medium of macrophages and exosomes
on tumor growth, the mice were randomly divided into four groups (n=4). All mice were injected subcutaneously with 2x10° wild
OE233 cells in the flank region. From the following day, the control group was injected with 100 uLL RPMI 1640 medium, and the
other three groups were injected with 100 pL different co-culture medium daily. To verify the effects of CCL18 and PITPNM3 on
tumor growth, the mice were randomly divided into three groups (n=4). Firstly, the group 1 and group 2 were injected with OE33
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Table 2 Primer Sequences

Gene Primer Sequence
CDé68 Forward (5’-3’): CTTCTCTCATTCCCCTATGGACA
Reverse (5’-3"): GAAGGACACATTGTACTCCACC
CD206 Forward (5’-3’): CTACAAGGGATCGGGTTTATGGA
Reverse (5’-3’): TTGGCATTGCCTAGTAGCGTA
CDI163 Forward (5’-3"): TGTGGCCTGCATAGAGAGTG
Reverse (5’-3’): TTCCCCAAAATGAGCAGAAC
Argl Forward (5’-3’): GGAATCTGCATGGGCAACCTGTGT
Reverse (5’-3"): AGGGTCTACGTCTCGCAAGCCA
IL-10 Forward (5°-3’): CCTGGAGGAGGTGATGCCCCA
Reverse (5’-3’): CCTGCTCCACGGCCTTGCTC
TGF-B Forward (5’-3’): CTCGCCAGAGTGGTTATCTT
Reverse (5’-3"): AGTGTGTTATCCCTGCTGTCA
iNOS Forward (5°-3’): CGGTGCTGTATTTCCTTACGAGGCGAAGAAGG
Reverse (5’-3"): GGTGCTGCTTGTTAGGAGGTCAAGTAAAGGGC
IL-1B Forward (5°-3’): ATGATGGCTTATTACAGTGGCAA
Reverse (5’-3"): GTCGGAGATTCGTAGCTGGA
VEGF Forward (5’-3"): GAACCAGACCTCTCACCGGAA
Reverse (5’-3'): ACCCAAAGTGCTCCTCGAAG
CCLI Forward (5°-3’): AGGCCTCTTTGCCTCTCTTC
Reverse (5°-3"): ATGCAGATCATCACCACAGC
CCLI3 Forward (5°-3’): TCAGCCAGATGCACTCAACG
Reverse (5'-3'): AAGGGGGCTTAGAGACAGCA
CCLI6 Forward (5°-3’): ACAGAAAGGCCCTCAACTGTC
Reverse (5°-3"): TCCTTGATGTACTCTTGGACCC
CCLI7 Forward (5°-3’): TGTTCGGACCCCAACAACAA
Reverse (5°-3"): TAGTCCCGGGAGACAGTCAG
CCLI8 Forward (5°-3’): TCAGCGACCTGAAGCTGAAT
Reverse (5'-3'): TGGGCATAGCAGATGGGACT
CCL22 Forward (5’-3’): GAGATCTGTGCCGATCCCAG
Reverse (5°-3"): AGGGCCAGGGGACATCTAAT
CCL24 Forward (5’-3’): CCCTGTTACCTCCGGGTCC
Reverse (5'-3'): ACATCCCTGGAGAGTGTTGC
B-actin Forward (5°-3’): CCACTGGCATCGTGATGGA
Reverse (5°-3"): CGCTCGGTGAGGATCTTCAT

cells stably expressing scrambled ShRNA (2 x 10° cells in 200 L PBS per group), and the group 3 was injected with OE33 cells
stably expressing PITPNM3 shRNA (2 x 10° cells in 200 uL PBS). From the following day, the group 1 was injected
intravenously with 100 ulL PBS, and the group 2 and group 3 were injected with CCL18 recombinant protein solution (50 pg/
kg) daily. Tumor volumes were measured weekly. After 4 weeks, the tumors were excised. Tumor volume was calculated using
this formula: tumor volume = 0.5 x width®>x length.

Immunohistochemical Staining

Tumor tissues were collected and fixed in 10% phosphate-buffered formalin, paraffin-embedded, and sectioned. After
a series of treatments, sections were blocked with 5% BSA, incubated with anti-Ki67 antibody or anti-PITPNM3
antibody for 3h, and then incubated with the HRP-conjugated secondary antibody for 3h at room temperature. Finally,
counterstaining was performed with hematoxylin. Images were taken using a light microscope.

Statistical Analysis
Data are expressed as the mean+tstandard deviation (SD) from at least three independent experiments. Statistical analysis
for the data was performed with GraphPad Prism 9.3.0. A normal distribution test was first conducted, and the Levene
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method was used to test the uniformity of square difference. The one-way analysis of variance and the Student’s unpaired
t-test were used to compare the difference between multiple groups and two groups, respectively. The F-value was
calculated. A p<0.05 suggested a significant difference.

Results
ABS Improve the Exosome-Delivered EGFR of Normal Esophageal Epithelial Cell, BE
Cell, and EACcell

Firstly, we detected the EGFR level in the whole cell lysates and exosomes of normal esophageal epithelial cell line
HEEC, BE cell line CPB, and EAC cell line OE33, respectively. Figure la shows a cell line-derived exosome
representative electron microscopy picture. For western-blot experiments, TSG101, Annexin, and CD9 were used to
be positive markers of the exosomes, and calnexin was used to be a negative marker. As shown in Figure 1b—d, the
EGFR level increased gradually with an increasing degree of cell malignancy in both cell lysate and exosome. Afterward,
we treated HECC, CPB, and OE33 cells with an ABS cocktail (100 uM, pH 4) for 36h. The result indicated that ABS
significantly improved EGFR expression in the exosomes from different cell lines (Figure le and f).

Consequently, we extracted the exosomes from the serum collected from healthy adults and patients suffering from
GERD, BE with or without GERD, and EAC with or without GERD, respectively. Figure 1g shows a representative
electron microscopy picture of the serum-derived exosome. As shown in Figure 1h and i, the expression of exosome-
delivered EGFR increased as increasing disease severity. We found that in BE or EAC patients, the expression of EGFR
in patients with GERD was higher than that in patients without GERD. The results are consistent with our results from
cell lines, which indicates that gastroesophageal reflux fluid (acidic bile salts are the main components) maybe a vital
factor for increasing the exosome-delivered EGFR and further aggravating disease progression.

Exosomes from ABS-Treated Cells Promote the M2 Polarization of Macrophages by

Increasing Exosome-Delivered EGFR Levels
Next, we detected the effect of exosomes from the normal esophageal epithelial cell, Barrett’s esophageal cell, or
esophageal adenocarcinoma cell on the proliferation of their corresponding cells. Nevertheless, no significant results
were observed (data not shown). Then, we wanted to determine whether the exosomes could regulate the function of
other cells in TME. It is well known that TAMs, as the main cellular components of the TME, play essential roles in
tumor progression.'> Therefore, we investigated whether exosomes could regulate macrophage polarity. At first, resting
macrophages (M0) were achieved by treating human THP-1 monocytes with 100 ng/mL PMA, which was demonstrated
by the increased macrophage marker CD68 (Figure 2a and b). Then, we used the exosomes from different cell lines to
treat MO macrophages. After that, the markers of M1 macrophage including iNOS and interleukin-1beta (IL-1f), and the
markers of M2 macrophage including CD206, CD163, arginase-1 (Argl), interleukin-10 (IL-10) and transforming
growth factor (TGF-B) were measured. The results showed that the expression of M2 macrophage markers in both
mRNA (Figure 2c¢) and protein (Figure 2d—g) levels were improved with increasing degree of cell malignancy and was
further promoted by the exosomes from the cells treated with ABS; meanwhile, the expression level of M1 macrophage
markers did not change. In addition, the exosome from HEEC did not affect the M2 polarization of macrophages.
From the above results, the M2 polarization trend was consistent with the level of EGFR in the exosome, so we
speculated that EGFR might be involved in regulating M2 polarization, and the enhancement effect of ABS might depend
on exosome-derived EGFR level. Therefore, we decreased EGFR expression of HEEC, CPB, and OE33 cell lines by
siRNA transfection to demonstrate the effect of EGFR expression induced by ABS on macrophage M2 polarization. As
shown in Figure 2h, the results indicated that the expression of EGFR induced by ABS in exosomes from HEEC was
decreased by EGFR knockdown. In Figure 2i-k, the knockdown of EGFR remarkably reduced macrophage M2
polarization induced by exosomes from ABS-treated HEEC cells. Similarly, EGFR knockdown also decreased macro-
phage M2 polarization induced by the exosome from ABS-treated CPB (Figure 2i—0) and OE33 cells (Figure 2p—s),
respectively. These results indicate that ABS improve exosome-delivered EGFR in all cell lines, further promoting the
M2 polarization of macrophage.
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Figure |1 ABS improve the exosome-delivered EGFR of normal esophageal epithelial Cell, BE cell, and EAC cell. (a) A cell line-derived exosome representative electron
microscopy picture is shown. Scale bar, 100 nm. (b) Western blot analysis of EGFR expression in cell lines and their corresponding exosomes is shown. (c) cell lysate, (e)
exosome. (c and d) The statistical analysis of relative gray values of EGFR is shown. (e) Western blot analysis of EGFR expression in exosomes from HEEC, CPB, and OE33 cell
lines with or without ABS cocktail (100 uM) treatment for 36 h. (f) The statistical analysis of relative gray values of EGFR is shown. (g) A serum-derived exosome representative
electron microscopy picture is shown. Scale bar, 100 nm. (h) A representative picture of Western blot analysis of EGFR expression in serum-derived exosomes from healthy
persons and patients is shown. (i) The ELISA analysis of EGFR in serum-derived exosomes from healthy persons and patients (n=25) was performed. Data are represented as
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Figure 2 Exosomes from ABS-treated cells promote the M2 polarization of macrophages by increasing exosome-delivered EGFR levels. MO macrophage was achieved by
treating the THP-1 cell line with 100 ng/mL PMA and demonstrated by macrophage protein marker CD68 at both mRNA (a) and protein (b) levels. The macrophages were
treated with different cell-derived exosomes (25 pg/mL) for 24 h, and the analysis of mMRNA (c) and protein (d—g) expression of M| and M2 macrophage molecular markers
was performed. HEEC, CPB, and OE33 cell lines were transfected with siControl or siEGFR and then treated with ABS (100 M) for 24 h. (h) The expression of exosome-
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Abbreviation: Exo, exosome.
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Exosome-Delivered EGFR Regulates Macrophage M2 Polarization by PI3K/AKT
Pathway

Furthermore, the detailed mechanism of exosome-delivered EGFR regulating macrophage M2 polarization was inves-
tigated. It has been known that EGFR/PI3K/AKT signaling pathway is involved in regulating various cellular functions,
including cell proliferation,” M2 polarization,?® and other cell processes. As shown in Figure 3a—c, compared with the
exosomes from non-ABS-treated cells, we found that the exosomes from ABS-treated HEEC, CPB, and OE33further
promoted the phosphorylation of PI3K and AKT in macrophages; however, EGFR knockdown in HEEC, CPB, and OE33
inhibited this process. These results demonstrate that ABS treatment promotes the activation of macrophage PI3K/AKT
pathway by increasing exosome-delivered EGFR. To further verify whether this signaling pathway induces M2
polarization of macrophages, we used LY294002 (a PI3K/AKTpathway inhibitor) to treat macrophages. As shown in
Figure 3d-1, we found thatL'Y294002 effectively suppressed the phosphorylation of AKT and the expression of M2
macrophage markers induced by the exosome from ABS-treated HEEC, CPB, and OE33, respectively. The results
indicate that exosome-delivered EGFR improves M2 polarization of macrophage by PI3K/AKT pathway.
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Figure 3 Exosome-delivered EGFR regulates macrophage M2 polarization by PI3K/AKT pathway. HEEC, CPB, and OE33 cell lines were transfected with siControl or
siEGFR and then treated with ABS cocktail (100 uM) for 24 h. Next, the exosomes of all cell lines were extracted and added to macrophages, respectively. After 24
h incubation, Western blot analysis of PI3K/AKT signaling pathway in macrophages was performed ((a) HEEC cell line, (b) CPB cell line, (c) OE33 cell line). Macrophages
were divided into four groups: one was incubated with PBS, one was incubated with the exosomes from cell lines without any treatment, one was incubated with the
exosomes from ABS (100 pM)-treated cell lines, and one was incubated with LY294002 (10 uM) and the exosomes from ABS (100 uM)-treated cell lines. Then, the
expression of AKT phosphorylation and M2 macrophage molecular markers in the treated macrophages was detected by western-blot ((d) HEEC cell line, (e) CPB cell line,
(f) OE33 cell line) and ELISA ((g and h) HEEC cell line, (i and j) CPB cell line, (k and I) OE33 cell line). Data are represented as the mean+SD (n=3), and 3 independent
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Abbreviation: Exo, exosome.
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The Co-Culture Medium of Macrophage and Exosomes Promotes the Proliferation of
the Normal Esophageal Epithelial Cell, BE Cell and EAC Cell

To further study whether macrophage M2 polarization can affect cell proliferation, we collected the co-culture medium of
macrophages and exosomes from different cells (cells transfected with siControl, cells transfected with siControl and treated
with ABS, and cells transfected with siEGFR and treated with ABS, respectively), and add them into HEEC, CPB and
OE33 cells, respectively. A culture medium of macrophages cultured alone was used as a negative control. After incubation
for the indicated time, the cell viability was measured. As presented in Figure 4a, HEEC cell proliferation was increased by
the co-culture medium of macrophages and the exosome from HEEC pretreated by ABS, which was suppressed by
exosome-delivered EGFR knockdown. The proliferation of CPB (Figure 4b) and OE33 cells (Figure 4c) showed similar
results. Nevertheless, unlike the HEEC cell, the co-culture medium of macrophage and the exosome from CPB and OE33

HEEC cPB OE33
a 1.0- b 1.21 ¢ 1.8
— x
I Hkk *k I L T ] ) 1L| r—|**
S os — 2 3
g > o8 > 12
a a 5% 8
S 08 S S
z z £
2 4l = z
s 8 o4 g os
> > >
3 0.2 ° 3
8 8 8
0.0- 0.0- 0.0
PP K RO I € & L&
& X N N & & & 3 [ N\ N 2
& & & vﬁb@ ¢ & P ¢ & F P
o & o o o o o
B & N & 3 &N X
PN R ;,(‘9 & Q‘bxg & x“‘é\“’o S $ S a\é’ S
@@ (,’t“’\ («,Ox © 2 & \OQ' '5”9\ o
& & L & P
& Ra \ & ©
< ccm CCM N ccM
d Control e 2.07 o control

i (OE33+siControl)-Exo+M
4 (OE33+siControl+ABS)-Exo+M

1.5 ¥ (OE33+siEGFR+ABS)-Exo+M
(OE33+siControl) -Exo+M e
S %
g 1-0- ek
CCM| (OE33+siControl+ABS)-Exo+M %
>
0.5

(OE33+siEGFR+ABS)-Exo+M

Il
o

CCM

f I 1

(OE33+siControl+ABS)-Exo+M (OE33+siEGFR+ABS)-Exo+M

Ki67

Figure 4 The co-culture medium of macrophage and exosomes promotes the proliferation of normal esophageal epithelial cell, BE cell, and EAC cell. HEEC, CPB, and OE33
cell lines were transfected with siControl or siEGFR and then treated with or without ABS (100 uM) for 24 h. Next, the exosomes of all cell lines were extracted and added
into macrophages for 24 h incubation, respectively. After that, the co-culture medium was collected and added to all cell lines for incubation. After incubation for 72 h, the
cell viability of HEEC (a), CPB (b), and OE33 (c) was detected by the CCK8 kit. Xenograft mouse models were established. The mice were injected daily with RPMI 1640
medium (the control group) or the above co-culture media for 28 days. (d) A representative image of xenograft tumors from control mice and different co-culture medium-
treated mice was shown. (e) The statistical analysis of tumor volume was performed. (f) Presentative pictures of immunohistochemistry staining for Ki67 were shown
(magnification:x200). Data are represented as the mean*SD (n=3), and 3 independent experiments were performed. *p< 0.05, **p< 0.01, ***p<0.001, compared with
control or between two groups.

Abbreviations: Exo, exosome; M, macrophages; CCM, co-culture medium.
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cell also improved cell proliferation without ABS treatment. Subsequently, a murine tumor xenograft model was used to
validate the co-culture medium’s effect on EAC tumor growth in vivo. The result indicated that the tumor growth was
increased by the co-culture medium of macrophages and the exosome from OE33, which was further improved by ABS
treatment. At the same time, the decreased exosome-delivered EGFR reduced tumor growth (Figure 4d and e). Ki67
staining of tumor sections also showed the similar results (Figure 4f).

M2 Macrophage Improving the Proliferation of EAC Cells by Releasing CCLI8

Isexosome-Delivered EGFR Dependent

From the above results, the co-culture medium of macrophages with exosomes could strengthen the proliferation of
normal esophageal epithelial cells, BE cells, orEAC cells, which suggested that macrophages may release some factors
into the co-culture medium. Therefore, M2 macrophage-related cytokines were examined after macrophage incubation
with exosome. The following experiments focused on the EAC cell lineOE33. As shown in Figure S5a, after the
macrophage was incubated with exosome from OE33, the expressions of all cytokines were increased to different
extents, including IL-10, TGF-B, vascular endothelial-derived growth factor (VEGF), Argl, CCL1, CCL13, CCLI16,
CCL17, CCL18, CCL22, and CCL24. Among them, the mRNA expression of CCL18 was the most notably upregulated.
Compared with exosomes from non-ABS treatment OE33 cells, the promotion effect of exosomes from ABS-treated
OE33 cells on cytokines release was more potent. We further detected CCL18 concentration in the co-culture medium of
macrophages with exosomes by ELISA. As shown in Figure 5b, compared with the PBS control group, the CCL18 level
was elevated in the OE33-exosome treatment group, and the ABS treatment improved the effect. These results suggested
that CCL18 may play a vital role in EAC cell proliferation. From the former results, we know that ABS could improve
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exosomes from OE33 cells with or without ABS treatment (100 pM). Then, analysis of the relative mRNA expression of macrophage cytokines was performed by RT-PCR.
(b) Analysis of CCLI8 released by macrophages was performed by ELISA. OE33 cell line was transfected with siControl or siEGFR and then treated with or without ABS
(100 uM) for 24 h. Next, the exosomes of all cell lines were extracted and added into macrophages for 24 h incubation, respectively (PBS served as a control). (c) The
CCLI8 level in macrophages was detected by ELISA. Subsequently, the OE33 cell line was treated with or without ABS (100 uM). Exosomes were extracted from the OE33
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Abbreviations: Exo, exosome; M, macrophages; CCM, co-culture medium.
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exosome-derived EGFR. To clarify the role of exosome-delivered EGFR in this process, we down-regulated EGFR
expression in OE33 and found the CCL18 release reduced (Figure 5c). Consequently, the effect of CCL18 on EAC cell
proliferation was investigated. After the co-culture medium of macrophages with exosomes was added into OE33, the
viability of OE33 was examined. The result in Figure 5d indicated that the macrophage co-culture medium with exosome
from OE33 improved the cell viability, and the exosome from ABS treatment OE33 showed a more substantial
facilitation effect. However, CCL18 neutralizing antibody inhibited the effect of the co-culture medium. To further
demonstrate the role of CCL18 in cell proliferation, we added CCL18 recombination protein into the co-culture medium,
which rescued the decrease of OE33 cell proliferation induced by EGFR knockdown (Figure 5e).

CCLI8 Promotes EAC Cell Proliferation and Tumor Growth by PITPNM3

It has been known that the receptor of CCL18 includes PITPNM3, CCRS8, and GPR30, in which PITPNM3 is
demonstrated as the most common one. To clarify the receptor of CCL18, we detected the expression of PITPNM3,
CCR&, and GPR30 in EAC cell line OE33. As shown in Figure 6a and b, only PITPNM3 expression was determined in
the OE33 cell line, and CCL18 binding could not change its expression level, which indicated that the OE33 cell
constitutively expressed PITPNM3. We further investigated if PITPNM3 could mediate the function of CCL18 improv-
ing EAC cell growth. As presented in Figure 6¢, PITPNM3 knockdown suppressed the increase of OE33 cell viability
induced by CCLI18. Finally, we constructed a murine xenograft tumor model by injection of OE33 cells transfected with
PITPNM3 shRNA or shControl. As indicated in Figure 6d and e, the CCL18 recombination protein noticeably facilitated
tumor growth. However, PITPNM3 knockdown inhibited the effect of CCL18. The result of Figure 6f further confirmed
that CCL18 improved tumor growth via binding to PITPNM3.

Discussion

It is well known that GERD is an important risk factor for BE, and BE is a very significant link between GERD and
EAC.?"*® Up to now, the specific mechanism behind this is still unclear. In this study, EGFR expression was found in cell
lines (HEEC, CPB, and OE33), cell-derived exosomes, and serum-derived exosomes. The expression of EGFR increased
gradually with an increasing degree of cell malignancy or increasing disease severity. EGFR plays a critical role in the
homeostatic regulation of normal cells and the development of epithelial malignancies. It is a biomarker for cancer
diagnosis and a therapeutic target in cancer therapy.” > The functions of EGFR in cancer cells have been well studied,
but the roles of exosome-derived EGFR are less understood, especially in esophageal cancer. Here, our results indicated
that higher EGFR expression was found in exosomes from cell lines with high EGFR expression. Figueroa et al found
that cerebrospinal fluid-derived extracellular vesicles had significantly more EGFR expression in EGFR-positive
glioblastomas,®* which is in line with our result. In this study, the EGFR content in a normal esophageal epithelial
cell line or healthy person serum-derived exosome is low. Kharmate et al reported that exosome-delivered EGFR from
healthy persons was relatively low,** which is consistent with our results. In addition, it has been reported that the serum
level of EGFR in non-small cell lung cancer patients is elevated and positively correlated with tumor progression.*
Interestingly, our results found a similar trend: the EGFR contents of serum-derived exosomes gradually increased from
healthy persons to EAC patients. Moreover, we found that the ABS cocktail could improve the EGFR expression in all
cell lines and cell-line-derived exosomes. GERD also further facilitated serum-derived exosomal EGFR expression of BE
and EAC patients. Next, we wondered about the roles these exosomes can play. We first investigated the direct effect of
exosomes on the proliferation of HEEC, CPB, and OE33 cell lines. However, no significant results were observed (data
not shown). Then, we considered whether exosomes indirectly affect cellular functions through other manners, such as
paracrine.

TAMs, as central components of TME, play crucial roles in regulating cancer initiation and development. There are
many studies on tumor cell-derived exosomes promoting cancer progression by regulating the M1/M2 polarization of
TAMs. For instance, highly accumulated circVCP in exosomes from the plasma of colorectal cancer (CRC) patients and
CRC cells promotes the proliferation, migration, and invasion of cancer cells, stimulating macrophage M2 polarization.>*
Besides, lung adenocarcinoma (LUAD) cell-derived exosomes induce M2 macrophage polarization by activating the
JNK signaling pathway and further promoting LUAD progression.” However, there are few studies on the roles of
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esophageal cancer-derived exosomes in TAMs polarization and cancer progression. Only one article showed that
exosome-delivered miR-301a-3p from ESCC cells induced macrophage M2 polarization by activating PI3K/AKT
signaling pathway to promote angiogenesis.>® The roles of EAC-derived exosomes in regulating ATMs functions during
cancer progression are still unknown. In this study, the exosomes from BE and EAC cells induced the M2 polarization of
macrophages, and ABS further improved the effect. However, the exosomes from the normal esophageal epithelial cell
cannot induce macrophage M2 polarization, possibly due to EGFR’s low expression in exosomes. ABS treatment
increased the exosomal EGFR levels of normal esophageal epithelial cell and further improved macrophage M2
polarization. A previous study reported that EGFR was abundantly expressed in cancer cell-delivered exosomes,
which promoted the survival of monocytes (the precursors of ATMs) by activating the MAPK pathway,'* suggesting
that the expression level of exosomal EGFR may be tightly associated with the function of ATMs. PI3K/AKT is the main
downstream signaling pathway of EGFR. The exosomal EGFR in NSCLC activates PI3K/AKT signaling pathway and
induced osimertinib resistance.>* ESCC cell-derived exosomes induce macrophage M2 polarization by activating PI3K/
AKT signaling pathway.*® Here, OE33-derived exosomes activated PI3K/AKT pathway to improve the M2 polarization
of macrophages. ABS cocktail further improved the effect by increasing exosomal EGFR expression.

Subsequently, we found that the co-culture medium of macrophage and exosomes promoted the proliferation of
HEEC, CPB, and OE33 cell lines. ABS cocktail treatment further enhanced the proliferation, which was prevented by
EGFR knockdown. The tumor growth showed a similar result in a murine tumor xenograft model. The results suggested
that macrophages may secret some factors into the cell culture medium after co-culture with exosomes, and this secretion
might be related with exosomal EGFR expression induced by the ABS cocktail. It has been known that M2 macrophages
can release various cytokines under different conditions to regulate TME and play essential roles in cancer initiation and
progression.*® For instance, CCL22 and IL-1p released from M2 macrophages can improve ESCC cell migration and
invasion.*! In TAM samples isolated from breast carcinomas patients, CCL18 is the most abundantly expressed cytokines
and correlated with larger tumor size, higher grade, and lymph node or distal metastasis.*> Moreover, CCL18 is
expressed at high levels in ESCC tissues, which is related to worse survival of ESCC patients, and CCL18 can also
improve the invasive ability of ESCC cells in a dose-dependent manner.* Therefore, after the macrophages were treated
by OE33 cell line-derived exosome, we detected the expressions of several most common M2 macrophage related-
cytokines. We were surprised to find that the mRNA expression of CCL18 was upregulated with the most significant fold
change and remarkably higher than other cytokines. Next, more results indicated that the increase of CCL18 was
dependent on exosome-delivered EGFR induced by the ABS cocktail, and CCL18 was also demonstrated to be the major
component in promoting cell proliferation. PITPNM3 is the most common receptor of CCL18. CCL18 promotes the cell
migration, invasion, and EMT of PITPNM3-positive hepatocellular carcinoma cells.** In addition, PITPNM3 silence
reverses the effect of CCL18 on the proliferation, migration, and invasion of intrahepatic cholangiocarcinoma.*
However, in esophageal cancer, the roles of CCL18 and PITPNM3 in cancer progression are unknown. Here, the
PITPNM3 is determined to be the receptor of CCL18 in the OE33 cell line. It is constitutively expressed in the OE33 cell
line and mediates the cell proliferation and xenografted tumor growth induced by CCL18. CCR8 and GPR30, the other
two receptors of CCL18, are not detected in OE33 cells. In the future, the downstream signaling pathway of CCL18
regulating EAC proliferation via PITPNM3 should be investigated. The effect of ABS on EAC invasion and metastasis
also needs to study. Moreover, this study is mainly focused on the effect of the cytokine released by M2 macrophage on
the EAC proliferation and xenografted tumor growth. But, the details of the interaction between M2 macrophage and
normal human esophageal epithelial cell or BE cell are still unknown. This question merits further investigation.

Conclusions

In summary, our study indicates that ABS improve exosome-delivered EGFR, which induces macrophage M2 polariza-
tion by activating the PI3K/AKT signaling pathway. CCL18 released from the M2 macrophage binds to PITPNM3 and
promotes EAC cell proliferation. These findings provide new evidence to understand the roles of ABS in EAC
progression.
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