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Abstract

Background: Colorectal cancer (CRC) is one of the most common forms of cancer worldwide. The tumor
microenvironment plays a key role in promoting the occurrence of chemoresistance in solid cancers. Effective
targets to overcome resistance are necessary to improve the survival and prognosis of CRC patients. This study
aimed to evaluate the molecular mechanisms of the tumor microenvironment that might be involved in
chemoresistance in patients with CRC.

Methods: We evaluated the effects of CCL20 on chemoresistance of CRC by recruitment of regulatory T cells
(Tregs) in vitro and in vivo.

Results: We found that the level of CCL20 derived from tumor cells was significantly higher in Folfox-resistant
patients than in Folfox-sensitive patients. The high level of CCL20 was closely associated with chemoresistance and
poor survival in CRC patients. Among the drugs in Folfox chemotherapy, we confirmed that 5-FU increased the
expression of CCL20 in CRC. Moreover, CCL20 derived from 5-FU-resistant CRC cells promoted recruitment of Tregs.
Tregs further enhanced the chemoresistance of CRC cells to 5-FU. FOXO1/CEBPB/NF-kB signaling was activated in

CRC cells after 5-FU treatment and was required for CCL20 upregulation mediated by 5-FU. Furthermore, CCL20
blockade suppressed tumor progression and restored 5-FU sensitivity in CRC. Lastly, the expression of these
signaling molecules mediating chemoresistance was closely correlated with poor survival of CRC patients.

Conclusions: CRC cell-secreted CCL20 can recruit Tregs to promote chemoresistance via FOXO1/CEBPB/NF-kB
signaling, indicating that the FOXO1/CEBPB/NF-kB/CCL20 axis might provide a promising target for CRC treatment.
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Introduction

Colorectal cancer (CRC) is one of the most common
forms of cancer worldwide [1]. Recurrence, metastasis,
and drug resistance in the course of chemotherapy pose
a great threat to CRC patients [2], especially as chemore-
sistance limits the effectiveness of chemotherapeutic
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agents to a large extent [3]. Although the mechanisms of
anticancer drug resistance have been broadly investi-
gated, they are not completely understood.

Recently, it is becoming increasingly apparent that the
tumor microenvironment plays a crucial role in promot-
ing tumor resistance to chemotherapy in solid cancers
[4, 5]. Therefore, effective targets to overcome resistance
are necessary to improve the survival and prognosis of
tumor patients.

Many factors including immunosuppressive cells, cyto-
kines and chemokines contribute to drug resistance in the
tumor microenvironment [6, 7]. Higher infiltration of

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

yBLAdoD Ag pa1oaloid 1sanb AQ 2zZ0z ‘2 UdJel\l uo jwod g ouly:dny woly papeojumoq "6T0Z 1ISNBNY 8 Uo 2-T0L0-6T0-SZr0rS/98TT 0T Se paysignd 1siy) Jsoued Jayjountiw| ¢


http://crossmark.crossref.org/dialog/?doi=10.1186/s40425-019-0701-2&domain=pdf
http://orcid.org/0000-0001-9861-4681
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:yizhang@zzu.edu.cn
http://jitc.bmj.com/

Wang et al. Journal for ImmunoTherapy of Cancer (2019) 7:215

regulatory T cells (Tregs) could be significantly correlated
with resistance to antiangiogenic therapy in metastatic
renal cell carcinoma [8]. Inducible nitric oxide synthase
derived from tumor-associated macrophages protects gli-
oma cells from chemotherapeutic drug-induced apoptosis
[9]. Furthermore, CXCL12 or stromal cell-derived factor 1
is considered one of the most significant chemokines to
promote drug resistance in various cancers [10-12]. Anti-
apoptotic molecules such as IL-6, IL-10 and TNF« are im-
plicated in drug resistance in non-Hodgkin’s lymphoma,
breast cancer, and glioma [13-16]. Our previous study
demonstrated the important role of CXCR?7 in the control
of chemoresistance induced by IL-6 in esophageal squa-
mous cell carcinoma [17].

Therefore, the molecular mechanisms underlying the
regulation of drug resistance by the tumor microenvir-
onment could provide potential targets to overcome the
chemoresistance of CRC. In this study, we found that
colorectal cancer cell-derived chemokine (C-C motif)
ligand 20 (CCL20) induced recruitment of Tregs via
FOXO1/CEBPB/NF-kB signaling, and that Tregs further
promoted chemoresistance of CRC. This study demon-
strated the important role of CCL20 in regulating
chemoresistance induced by FOXO1/CEBPB/NF-«B sig-
naling in CRC. Thus, the FOXO1/CEBPB/NF-kB/CCL20
axis might provide a potential molecular target for CRC
therapy.

Materials and methods

Patients and tumor samples

Serum samples from 87 CRC patients who underwent
traditional chemotherapy (Folfox therapy), 55 tumor
tissues from CRC patients who underwent neoadjuvant
chemotherapy (Folfox therapy), and 104 tumor tissues
from CRC patients who did not undergo chemotherapy
were obtained from The First Affiliated Hospital of
Zhengzhou University from the year 2011 to 2015.
Patients were divided into two groups according to the
RECIST 1.1 criteria as sensitive patients including
‘Complete Response, ‘Partial Response, and ‘Stable
Disease, and resistant patients including ‘Progressive
Disease’. The patients were staged according to the
UICC-TNM classification and all the samples were con-
firmed by pathological analysis. These patients were
subjected to diagnosis using conventional histology.
The clinical data of the patients are shown in Table 1.
All patients signed written informed consent in accord-
ance with the standards defined by the Institutional Re-
view Board of the hospital (Ethics approval number:
Science-2010-LW-1213).

Multiplex assay
A multiplex assay was carried out to identify which fac-
tor plays a key role in determining and maintaining the
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chemoresistant properties of CRC cells. The levels of
cytokines and chemokines in the serum of chemoresis-
tant and chemosensitive CRC patients were analyzed
using a multi-analyte flow assay kit (Biolegend, USA) in-
cluding 13 human cytokines and 13 human chemokines,
according to the manufacturer’s instructions.

ELISA

The CCL20 concentration in the serum of chemoresis-
tant and chemosensitive CRC patients, and in the super-
natants of different conditional CRC cell lines was
measured by ELISA (R&D Systems Inc., USA) as de-
scribed previously [18].

Immunohistochemistry and immunofluorescence staining
The protocols used for immunohistochemistry and
immunofluorescence are described elsewhere [18]. Anti-
CCL20, anti-CD326, anti-FOXP3 (1:300; Abcam, USA),
anti-P-P65, anti-FOXO1, and anti-CEBPB (1:300; Cell
Signaling Technology, USA) were used as primary anti-
bodies. For immunohistochemistry, three fields of view
per sample were imaged. The intensity of immunostain-
ing was considered when analyzing the data. The per-
centage scoring of immunoreactive tumor cells was as
follows: 0 (<10%), 1 (10-40%), 2 (40-70%), and 3 (>
70%). Staining intensity was visually scored and stratified
as follows: 0 (negative), 1 (yellowish), 2 (light brown),
and 3 (dark brown). Immunoreactivity scores (IRS) were
obtained by multiplying the two items to a total score
and ranged from O to 9. Protein expression levels were
further analyzed by classifying IRS values as low (based
on an IRS value <5) and as high (based on an IRS value
> 5). For immunofluorescence, the sections were treated
with 1% Triton X100 in 0.01 M PBS. Cy3- and FITC-
conjugated secondary antibodies (1:500; BioLegend,
USA) were used to detect the primary antibodies.
Nuclear staining was performed with DAPI (11,000
Solarbio, China). The samples were visualized using a
fluorescence microscope (Olympus, IX71, Japan).

RNA extraction and qPCR

Total RNA was extracted from cells and tissues with
TRIzol reagent (Invitrogen Corporation, USA) according
to the manufacturer’s instructions. The concentration
and purity of RNA were detected using Nano Drop 2000
(Thermo Scientific, USA). First-strand cDNA was syn-
thesized from 1 pg of total RNA using the Prime Script
RT reagent Kit With gDNA Eraser (TaKaRa, Japan).
qPCR was performed using SYBR Premix Ex Taq II
(TaKaRa, Japan) on AgilentMx3005P. GAPDH was used
as an endogenous control for normalization.
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Table 1 Characteristics of CRC patients
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Characteristics CRC patients with traditional Folfox

CRC patients with neoadjuvant Folfox

CRC patients without Folfox

Number % Number % Number %

Gender

Male 46 528 31 564 51 49.0

Female 41 47.1 24 231 53 510
Age (years)

<60 44 506 29 52.7 57 54.8

260 43 494 26 473 47 452
Location

Colon 56 64.4 36 65.5 61 587

Rectum 31 356 19 345 43 413
Tumor size

<40mm 50 575 33 60.0 60 57.7

240mm 37 425 22 40.0 44 423
Pathological type

Adenocarcinoma 77 88.5 45 81.8 94 90.3

Others 10 1.5 10 182 10 9.6
Lymph node metastasis

Yes 41 47.1 25 455 53 51.0

No 46 529 30 54.5 51 490
Distant metastasis

Yes 34 39.1 27 49.0 23 22.1

No 53 60.9 28 50.9 81 779
TNM Stage

| 5 5.7 5 9.0 12 1.5

Il 36 414 18 327 39 375

Il 25 28.7 6 109 30 288

% 21 241 27 49.0 23 221
Differentiation

Low 5 5.7 7 12.7 6 57

Low-moderate 15 17.2 10 18.2 18 17.3

Moderate 67 77.0 38 69.1 80 748

Isolation of lymphocytes

Human CD4 magnetic beads (Miltenyi Biotec) were used
for the isolation of CD4" T cells from peripheral blood
mononuclear cells (PBMCs) according to the manufac-
turer’s instructions. CD4'CD25" Tregs [19] and
CD4"CD25™ cells were sorted from the PBMCs of
healthy donors and CRC patients using the MoFlo XDP
cytometer (Beckman Coulter). The positive rate of cells
after purification was more than 90%.

Flow cytometric evaluation of apoptosis

Cells were harvested and washed twice with ice-cold
PBS. The cells were then suspended in Annexin V-bind-
ing buffer to a final concentration of 10° cells/ml.

Thereafter, cells were incubated with AlexaFluor 647
Annexin V (Biolegend, USA) for 15min at 4°C in the
dark, and PI (Sigma, USA) was added. Samples were im-
mediately analyzed by flow cytometry (FACSCanto II,
BD, USA).

Migration assay

A 5-pm pore diameter chamber (Corning, USA) was
used in a Transwell assay, wherein 1x10° purified
CD4'CD25" Tregs from the peripheral blood mono-
nuclear cells (PBMCs) of healthy donors were seeded in
the upper chamber, and 600 uL. of SW620 cell super-
natant was co-cultured in the bottom chamber. Recom-
binant human CCL20 (10 ng/ml; Peprotech, USA) and
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anti-CCL20 antibody (15ng/ml; Abcam, USA) were
added to these cells. The cells were incubated at 37 °C
with 5% CO, for 48 h.

In another migration assay, 1 x 10° PBMCs or 1 x 10°
Tregs were seeded in the upper chamber with 5-pm
diameter pores (Corning, USA). Then, 600 pL of SW620
cell supernatant treated with 5-FU (10 pg/ml; Sigma,
USA) for 48 h was co-cultured in the bottom chamber.
Anti-CCL20 antibody (15 ng/ml) or QNZ (10 nM; Sell-
eck, China) was added to these cells. After incubation
for 24 h, the migrated cells were stained with 0.1% crys-
tal violet and counted. All experiments were repeated
three times independently.

Cell viability assay

Cell proliferation rate was determined using the CCK
assay (Dojindo, Japan) according to the manufacturer’s
protocol. Cells were seeded in 5 replicates in a 96-well
plate at a density of 5000 cells per well and were cul-
tured with 100 pL DMEM containing 10% FBS. Cells
were incubated with 10 pL. of CCK-8 for 4h at 37°C.
Cell viability was determined every day by measuring the
absorbance at 450 nm with a plate reader (MULTI-
SKANMKS3, Thermo Scientific, USA).

Dual-luciferase reporter assay

SW620 cells were cultured at a concentration of 3000 cells
per well in 96-well plates. After 24 h, the cells were trans-
fected with the expression vector (0.01 pg/well, CCL20
construct) and 0.5 pg of the reporter plus the pcDNA3.1
expression vector. The PRL-TK vector constitutively ex-
presses Renilla luciferase and thus served as an indicator
for estimating the transfection efficiency. Luciferase assays
were conducted according to the manufacturer’s instruc-
tions using a Dual Luciferase Reporter System (Promega
Benelux, Leiden, Netherlands) to measure luciferase activ-
ity, measured with a Lumimark luminometer (Bio-Rad La-
boratories, Hercules, CA, USA).

Lentiviral generation and cell sorting

SW620 cells were stably transfected with a vector con-
taining a FOXO1-specific small hairpin RNA (shRNA)
or CEBPB-specific shRNA to knockdown FOXO1 or
CEBPB expression. All inserted sequences were con-
firmed by DNA sequencing. After vector transfection,
the transfected cells were sorted by flow cytometry
(Beckman MoFlo XDP, USA) according to the expres-
sion of green fluorescent protein (GFP). The decreased
expression of FOXO1 or CEBPB in SW620 cells was
confirmed by qRT-PCR.

Western blotting analysis
Cells were extracted into cold lysis buffer containing 50
mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1

Page 4 of 15

mM MgCl,, 0.5% Triton X-100, phosphatase inhibitor
mix, and protease inhibitor mix. Protein concentration
was determined using the BCA method (Biyuntian,
China). The following primary antibodies were used: anti-
FOXO1, anti-CEBPB, anti-phospho-P65, and anti-B-actin
(1:1000; Cell Signaling Technology, USA) as the control.
These primary antibodies were detected with a goat poly-
clonal secondary antibody to rat (1:1000; BioLegend,
USA). The band images were digitally captured and quan-
tified with a Fluor Chem FC2 imaging system (Alpha
Innotech, USA).

Animal model
In one set of experiments, 10 female NOD SCID mice
(Beijing Vital River Laboratory Animal Technology Co.
Ltd., China) aged 6 weeks were randomly divided into
two groups (five mice/group). Both groups received
hypodermic injections of 5x 10® HCT116 cells (D-7).
Mice were inspected and tumor growth was evaluated
by measuring the length and width of the tumor mass
using calipers. When tumor volumes reached 250 mm?®
(D0), 5-FU (10 mg/kg/day, i.p.; Sigma, USA) treatment
was started. Two days before the mice were sacrificed,
CD4" cells (5 x 10° cells) from peripheral blood in CRC
patients were transplanted through the caudal vein (D2).
In the CCL20 blockade assay, 5x 10° HCT116 cells
were injected subcutaneously into the mice (D-7). Seven
days after cell implantation, anti-CCL20 antibody (1 mg/
kg; Abcam, USA) or DMSO as a control was adminis-
tered locally to the mice every 2 days for 2 weeks (DO, 2,
4, 6, 8, 10, 12). At day 6—12 after anti-CCL20 antibody
administration, mice were subjected to 5-FU (10 mg/kg/
day, i.p.) treatment. At day 14 after anti-CCL20 antibody
usage, CD4*CD25" Tregs (5 x 10° cells) from peripheral
blood in CRC patients were transplanted through the
caudal vein (D14). Seventeen days later, the mice were
sacrificed by cervical dislocation and the tumors were
isolated for further analysis. All animal procedures were
conducted in accordance with the Guide for the Care
and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use committee of the
First Affiliated Hospital of Zhengzhou University.

Public clinical datasets

We obtained the raw gene expression of 640 CRC cases
in The Cancer Genome Atlas (TCGA) using cBioPortal
for Cancer Genomics (www.cbioportal.org) to evaluate
the correlation between FOXP3 and BCL2, WNT]I,
ATP8A2, and VIM expression. In addition, correlations
in FOXO1, CEBPB, RELA (P65), and FOXP3 expression
levels were determined using Pearson correlation
coefficients.
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Statistical analysis

Data of different groups were compared using Student’s
t-test, chi-squared test, or one-way ANOVA. Overall
survival curves were plotted according to the Kaplan-
Meier method. Spearman correlation analysis was also
performed. Statistical analyses were performed using
Graph Pad Prism 5 software (Graph Pad Software, La
Jolla, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

CCL20 levels are increased in chemoresistant CRC

patients

To determine the key immune-related factors that play in-
duce chemoresistance in CRC patients, the expression
levels of multiple chemokines and cytokines in the serum
of Folfox-sensitive and Folfox-resistant patients were de-
tected by multiplex assay. We found that the level of
CCL20 was significantly higher in the serum of Folfox-
resistant patients than in the serum of Folfox-sensitive
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patients (Fig. 1a, Additional file 1: Figure S1). For confirm-
ation, we further determined the protein expression of
CCL20 in the serum of CRC patients by ELISA. Similarly,
the protein level of CCL20 in the serum of Folfox-resistant
patients was significantly higher than that in the serum of
Folfox-sensitive patients (Fig. 1b). The percentage of
Folfox-resistant patients with a high level of CCL20 in all
Folfox-resistant patients was significantly increased com-
pared to that in Folfox-sensitive patients (Fig. 1c). More-
over, the CCL20 level in the serum of Folfox-resistant
patients was significantly higher than that in the serum of
Folfox-sensitive patients in a time-dependent fashion (Fig.
1d). Immunohistochemistry results showed that CCL20
expression in tumor tissues was obviously higher than that
in peritumor tissues (P<0.001, Fig. le), and similarly
higher levels were observed in tumor tissues from Folfox-
resistant patients who received neoadjuvant chemotherapy
(Fig. 1e). To identify whether CCL20 was produced by
colorectal cancer cells, immunofluorescence was per-
formed to co-stain CCL20 and CD326 in tumor tissues.
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The result showed that CCL20 was indeed derived from
CD326" cancer cells (Fig. 1f). In addition, the patients
with low levels of CCL20 showed good overall survival
(Fig. 1g). Therefore, these results suggest that the level of
CCL20 is increased in chemoresistant CRC patients, and
that CCL20 is a prognostic indicator in CRC patients.

5-FU increases the expression of CCL20 in CRC

To identify which drug in Folfox chemotherapy was re-
sponsible for inducing the high level of CCL20 in CRC,
we investigated the effect of different drugs in Folfox (5-
FU, L-OHP, 5-FU + L-OHP) on the changes in chemo-
kine expression. We found that CCL20 expression was
significantly increased by 5-FU alone than by L-OHP
alone or by the combination therapy of 5-FU and L-
OHP (Fig. 2a). Multiplex assay results showed that 5-FU
remarkably enhanced CCL20 expression in SW620 cells
compared to the control (Fig. 2b). Clinically, after treat-
ment with Folfox, CCL20 expression in the serum of
CRC patients was obviously increased (Fig. 2c). Based on
the above results, CCL20 was found to be the key dom-
inant factor in the changes in chemokine expression be-
fore and after chemotherapy, especially 5-FU treatment
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(Fig. 2d). To further evaluate the effect of 5-FU on
CCL20 expression in cancer cells, we determined the
mRNA expression of CCL20 in SW620 and DLD-1 cells
after treatment with 5-FU, and found that CCL20 was
significantly increased especially at 48h, in a dose-
dependent manner (Fig. 2e). Furthermore, the level of
CCL20 in the supernatant of SW620 cells was obviously
increased after treatment with 5-FU in vitro (Fig. 2f).
Taken together, these results indicate that 5-FU increases
the expression of CCL20 in CRC.

5-FU-resistant CRC cell-derived CCL20 promotes the
recruitment of Tregs

To further evaluate the effect of CCL20, we analyzed the
different functions of CCL20-high or -low expression
from TCGA data using Gene Ontology (GO) analysis.
The results revealed that the most differentially
expressed genes were related to immune system pro-
cesses (Fig. 3a). Next, to investigate the role of CCL20 in
remodeling the tumor microenvironment, we analyzed
the immune-related gene expression in tumor tissues
with high and low CCL20 expression, and found that the
expression of Foxp3, CD4, and TGE-f, one of the mainly

-
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therapy was detected by immunohistochemistry. *P < 0.05, **P < 0.01, ***P < 0.001, NS- non-significant
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functional molecules secreted from Tregs [20], in tumor
tissues with high CCL20 expression was significantly
higher than that in tumor tissues with low CCL20 ex-
pression (Fig. 3b). CCL20 expression was positively asso-
ciated with FOXP3 expression in tumor tissues as
analyzed by immunohistochemistry (Fig. 3c). The per-
centage of CD4"FOXP3" Treg cells [21] from the tumor
infiltrating lymphocytes (TILs) of CRC patients was ob-
viously higher than that from paired PBMCs (Fig. 3d).
Meanwhile, the percentage of CCR6" cells (CCR6, the
receptor of CCL20) in CD4'FOXP3" cells from TILs
was obviously higher than that from PBMCs (Fig. 3e).
The enrichment of CCR6"CD4"FOXP3" cells in TILs in-
dicated the CCL20-driven migration of Treg lympho-
cytes in CRC patients. Transwell assay results showed
that recombinant human CCL20 and the supernatants
of SW620 cells promoted the migration of purified
CD4"CD25" cells from healthy donors, which could be
inhibited using anti-CCL20 antibody (Fig. 3f). These
data suggest that CCL20 can recruit and promote Treg
infiltration in colorectal tumor tissues.

Next, we further investigated whether 5-FU-mediated
CCL20 upregulation could affect Treg recruitment. After
treatment with 5-FU, SW620 cell-derived supernatant was
added to CD4" cells in a Transwell assay. The frequency
of CD4"FOXP3" cell migration was increased compared
to that in the control, whereas the CD4"FOXP3"~ cell mi-
gration frequency was decreased (Fig. 3g). Moreover, the
supernatants of SW620 cells treated with 5-FU promoted
the migration of purified CD4"CD25" cells and showed
no significant difference in purified CD4"CD25 cells
(Fig. 3h). After treatment with anti-CCL20 antibody, the
migration ability of SW620 cells treated with 5-FU was
significantly decreased (Fig. 3i). In addition, immunohisto-
chemistry results showed that FOXP3 expression in the
tumor tissues of CRC patients with neoadjuvant therapy
(Folfox therapy) was higher than that without neoadjuvant
therapy (Fig. 3j). All of these data demonstrate that
CCL20 derived from 5-FU-resistant CRC cells promotes
the recruitment of Tregs.

Tregs enhance the chemoresistance of CRC to 5-FU

Next, we evaluated the effect of Tregs on the chemore-
sistance of CRC cells in vitro. After treatment with the
supernatants of Tregs, the proliferation of SW620 cells
treated with 5-FU at different doses was significantly in-
creased compared to the control, and in a concentra-
tion-dependent manner (Fig. 4a,b). Furthermore, the
supernatants of Tregs increased the expression of resist-
ance-related genes [22-24] in SW620 and DLD1 cells
(Fig. 4c). The cancer stem cell (CSC) phenotype id one
of the key characteristics of chemoresistance in tumor
cells. We further investigated the expression of CSC-re-
lated genes in CRC cells after treatment with Treg
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supernatants. The results showed that CSC-related gene
[25, 26] expression in SW620 and DLDI cells was sig-
nificantly lower than that in cells treated with Treg su-
pernatants (Fig. 4d). We also analyzed the correlation
between FOXP3 and resistance-related genes from the
TCGA dataset, indicating that FOXP3 expression was
closely correlated with resistance-related gene expression
(Fig. 4e). All these data demonstrate that Tregs can en-
hance the chemoresistance of CRC cells to 5-FU.

FOXO1/CEBPB/NF-kB signaling is required for CCL20
upregulation mediated by 5-FU

To understand the underlying mechanism of CCL20 up-
regulation mediated by 5-FU, we analyzed the signaling
pathway correlated with CCL20 using Gene Set Enrich-
ment Analysis (GSEA). As a result, the NF-kB signaling
pathway was positively correlated with CCL20 expres-
sion (Additional file 2: Figure S2A). To verify this, the
phospho-P65 level was indeed increased in SW620 cells
after 5-FU treatment (Additional file 2: Figure S2B).
Moreover, the levels and localization of phospho-p65, as
determined by immunofluorescence, indicate that NF-xB
signaling may be activated in SW620 cells by 5-FU
(Additional file 2: Figure S2C). CCL20 expression in
colorectal cells with or without 5-FU treatment before
and after treatment with QNZ (NF-«xB inhibitor) was
analyzed by qPCR and ELISA. QNZ decreased the ex-
pression of CCL20 in SW620 or DLD-1 cells treated
with 5-FU (Additional file 2: Figure S2D, S2E). To inves-
tigate whether P65 physically bound to the promoter
region of CCL20, a dual luciferase reporter assay was
performed in SW620 cells treated with or without 5-FU.
The results showed that the CCL20 promoter region
showed greater enrichment of P65 in SW620 cells
treated with 5-FU, indicating that P65 was indeed lo-
cated in the promoter region of CCL20 in SW620 cells
(Additional file 2: Figure S2F). To further evaluate 5-FU-
mediated Treg recruitment via NF-kB/CCL20 signaling,
we investigated cell migration after NF-kB blockade by
the Transwell assay and found that 5-FU-induced Treg
migration could be inhibited after treatment with QNZ
(Additional file 2: Figure S2G). These findings indicate
that NF-«B is involved in the CCL20 expression induced
by 5-FU in colorectal cells.

Next, we examined which signaling pathway could
regulate NF-kB/CCL20 in chemoresistant colorectal cells
using the cBioportal website; we found that FOXO1/
CEBPB signaling was mostly associated with RELA (NE-
kB) (Fig. 5a). To verify this, the expression of the related
genes predicted in Fig. 5a was analyzed from the TCGA
dataset. The result showed that a high level of RELA ex-
pression was closely correlated with high levels of
FOXO1 and CEBPB (Fig. 5b). After treatment with 5-
FU, the expression of FOXO1 and CEBPB in SW620
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cells was significantly increased compared to that in the
control (Fig. 5c). To experimentally confirm that this
signaling pathway is required for CCL20 upregulation
mediated by 5-FU, stable FOXO1/CEBPB knockdown in
SW620 cells was established using a FOXO1/CEBPB
shRNA-expressing plasmid (Fig. 5d). After FOXO1
knockdown, the mRNA expression of CEBPB and
CCL20 in SW620 cells treated with 5-FU was decreased
significantly (Fig. 5e). Moreover, the mRNA expression
of CCL20 in SW620 cells treated with 5-FU was signifi-
cantly decreased after CEBPB knockdown, and no sig-
nificant difference in FOXO1 was observed (Fig. 5f).
Furthermore, western blotting results showed that
FOXO1/CEBPB/NEF-kB = signaling was activated in
SW620 cells after 5-FU treatment in a time- (Fig. 5g)
and dose- (Fig. 5h) dependent manner. Similarly,
CEBPB, phospho-P65 and CCL20 protein levels in
SW620 cells treated with 5-FU were significantly de-
creased after FOXO1 knockdown (Fig. 5i). Phospho-P65
and CCL20 protein levels in SW620 cells treated with 5-
FU were also significantly decreased after CEBPB knock-
down (Fig. 5j). Accordingly, these results imply that
FOXO1/CEBPB/NF-kB signaling is required for CCL20
upregulation mediated by 5-FU.

CCL20 blockade suppresses tumor progression and
restores 5-FU sensitivity in CRC

To evaluate the in vivo function of 5-FU-mediated che-
moresistance via enhancing Treg recruitment, HCT116
cells were injected subcutaneously into nude mice.
When tumor volumes reached 250 mm® 5-FU was
injected intraperitoneally. Human CD4" cells were
transplanted through the caudal vein 2 days before the
mice were sacrificed (Fig. 6a). The percentage of
CD4"FOXP3" cells in xenografts was increased in the
5-FU treatment group compared to that in the control
(Fig. 6b). The percentage of CD4"FOXP3" cells in xe-
nografts treated with 5-FU was significantly higher than
that in spleens also treated with 5-FU (Fig. 6¢). More-
over, in the 5-FU treatment group, the CCR6" Treg fre-
quency in xenografts was obviously higher than that in
the spleen (Fig. 6d). Immunohistochemistry results
showed that FOXO1, CEBPB, phospho-P65, and CCL20
expression levels were increased in xenografts treated
with 5-FU compared to those in the control (Fig. 6e, f).
Meanwhile, FOXP3" Treg infiltration was increased in
xenografts treated with 5-FU (Fig. 6g). These data
indicate that 5-FU enhances Treg recruitment and infil-
tration in colorectal tumor tissues.
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To evaluate whether CCL20 blockade could restore 5- infiltration in the xenografts and spleens showed no sig-
FU-mediated chemoresistance in CRC, HCT116 cells or  nificant difference (Fig. 6k). Collectively our results
SW620 cells were injected subcutaneously into mice  suggest that blockade of CCL20 suppresses tumor pro-
(D-7). Seven days after cell implantation, the anti-CCL20  gression and restores 5-FU sensitivity in CRC, which is
antibody was administrated locally to the mice every 2  mediated by decreased Treg recruitment.
days for 2 weeks. At day 6—12 after anti-CCL20 antibody
administration, 5-FU treatment was administered to the  Expression of signaling molecules is significantly
mice daily. At day 14 after anti-CCL20 antibody usage, correlated with CRC patient survival
human Tregs were transplanted through the caudal vein  We next investigated whether the expression of
(D14). Seventeen days later, the mice were sacrificed FOXO1/CEBPB/NF-kB/CCL20 signaling molecules had
(Fig. 6h). We found that 5-FU significantly suppressed prognostic value using tumor tissues from CRC pa-
the tumor growth, which was enhanced after injecting tients. Firstly, the expression data of these molecules
Treg cells intravenously. However, Treg cell-mediated from TCGA dataset were collected and analyzed, show-
tumor growth was blocked by anti-CCL20 antibody, ing that the expression of these signaling molecules was
which itself had no influence on tumor growth and 5- closely related (Additional file 5: Figure S5C). FOXO1,
FU-mediated effects (Fig. 6i, Additional file 3: Figure S3  CEBPB, and RELA mRNA expression in stage IV tumor
and Additional file 4: Figure S4). In addition, Treg infil-  tissues was significantly higher than that in stage II
tration in xenografts treated with 5-FU and anti-CCL20  tumor tissues (Fig. 7a), indicating that the signaling
antibody was decreased compared to that in xenografts molecule signatures are closely correlated with the
only treated with 5-FU (Fig. 6j). In the group with 5-FU  tumor stage. We further estimated the relationship be-
and anti-CCL20 antibody treatment, CCR6" Treg tween the expression of these signaling molecules.
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Fig. 6 CCL20 blockade suppresses tumor progression and restores 5-FU sensitivity in CRC. a Graph showing the outline of HCT116 cell injection,
5-FU treatment, and CD4" cell transfer in vivo. Groups received hypodermic injections of 5 x 10° HCT116 cells (D-7). 5-FU (10 mg/kg/day, i.p)
treatment was started when the tumor volumes reached 250 mm? (D0). Two days before the mice were sacrificed, human CD4" cells (5 x 10°
cells) were transplanted by caudal vein (D2). b The percentage of CD4"FOXP3* and CD4"FOXP3™ cells in xenografts with or without 5-FU
treatment was analyzed by flow cytometry. ¢ The percentage of CD4"FOXP3" cells in xenografts and spleens with or without 5-FU treatment was
analyzed by flow cytometry. d The percentage of CCR6"CD4 FOXP3* cells in xenografts and in spleens with or without 5-FU treatment was
analyzed by flow cytometry. e The expression of FOXO1, CEBPB, P-P65, and CCL20 in xenografts with or without 5-FU treatment was detected by
immunohistochemistry (200 x). f IRS of FOXO1, CEBPB, P-P65, and CCL20 in xenografts with or without 5-FU treatment as analyzed by
immunohistochemistry was presented. g CRC tissues subjected to immunofluorescence for FOXP3 (red) and DAPI (blue). One representative
micrograph is shown (200 x). h Graph showing the outline of HCT116 cell injection, anti-CCL20 antibody usage, 5-FU treatment and Treg cell
transfer in vivo. 5 x 10° HCT116 cells were injected subcutaneously into the mice (D-7). Seven days after cell implantation, the anti-CCL20
antibody (1 mg/kg) or DMSO as a control, was administrated locally to the mice every 2 days for 2 weeks (DO, 2, 4, 6, 8, 10, 12). At day 6-12 after
anti-CCL20 antibody administration, mice were treated daily with 5-FU (10 mg/kg/day, i.p.). At day 14 after anti-CCL20 antibody administration,
human Tregs (5 x 10° cells) were transplanted through the caudal vein (D14). After 17 days, the mice were sacrificed and tumors were isolated for
further analysis. i Tumor volumes were measured from day 14 to day 31 after HCT116 and Treg cell implantation. The results are showed in the
line chart. j Numbers of Treg cells in xenografts were calculated and analyzed. k The percentage of CCR6"CD4"FOXP3™ cells in xenografts and

the spleens was analyzed by flow cytometry. *P < 0.05, **P < 0.01, NS- non-significant

CCL20 expression was closely correlated with the ex-
pression of FOXO1 and CEBPB by qPCR (Additional
file 5: Figure S5A) and immunohistochemistry (Add-
itional file 5: Figure S5B). Moreover, CEBPB expression
was closely correlated with FOXO1 (Additional file 5:
Figure S5A, S5B) and P65 expression (Additional file 5:
Figure S5A). FOXO1 expression was also correlated
with FOXP3 expression (Additional file 5: Figure S5B).
In addition, the expression of these signaling molecules
in CRC patients with neoadjuvant chemotherapy was

also evaluated, and we found that high levels of these
molecules were present in tumor tissues from one che-
moresistant patient but the levels were low in another
chemosensitive patient (Fig. 7b). The data showed that
FOXO1, CEBPB, and FOXP3 expression in tumor tis-
sues from CRC patients with chemoresistance was dra-
matically higher than that in chemosensitive tumor
tissues (Fig. 7c). Lastly, CRC patients who received neo-
adjuvant chemotherapy with high levels of FOXOI,
CEBPB, and CCL20 in tumor tissues showed worse
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higher IRS or positive rate of FOXO1, CEBPB, and CCL20 expression (immunohistochemistry analysis). *P < 0.05, **P < 0.01
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overall survival (Fig. 7d). Therefore, we conclude that
high expression of signaling molecules is closely corre-
lated with resistance and poor survival in CRC patients.

Discussion

CRC is the third most common cancer with high cancer-
related death worldwide [27]. Currently, recurrence and
metastasis are the principal causes of death despite im-
provements in multidisciplinary and comprehensive treat-
ment based on the surgical resection of CRC [28]. Despite
in-depth studies on the molecular mechanisms underlying
CRC for the last decades, chemoresistance remains a cru-
cial challenge for the treatment of CRC. However, in the
immunosuppressive tumor microenvironment, many fac-
tors can contribute to chemoresistance. Therefore, this
study aimed to explore the molecular mechanisms of how
the interaction between the tumor microenvironment reg-
ulates chemoresistance in CRC, which could provide po-
tential targets to overcome resistance. We demonstrated
the important role of CCL20 in the control of chemoresis-
tance induced by FOXO1/CEBPB/NF-«kB in CRC. Accord-
ingly, the FOXO1/CEBPB/NF-kB/CCL20 axis might
provide a potential molecular target for CRC therapy.

Chemokines play an important role in leukocyte migra-
tion [29-31]. Increasing evidences have demonstrated a
close relationship between chemokine upregulation in
cancer and neovascularization, tumor progression, inva-
sion, and metastasis [32—-34]. Meanwhile, a large number
of experiments have reported that chemokines contribute
to cancer resistance. B lymphocytes recruited by CXCL13
into the tumor site promote castration-resistant prostate
cancer by producing lymphotoxin, which activates an
IKKa-Bmil module in prostate cancer stem cells [35, 36].
Steinberg et al. observed that myeloid-derived suppressor
cell (MDSC) restoration was mediated by MAPK signaling
reactivation and downstream production of the myeloid
attractant CCL2 in BRAFi-resistant melanoma cells. Strik-
ingly, MDSC depletion/blockade (anti-Gr-1+ CCR2 an-
tagonist) inhibited the outgrowth of BRAFi-resistant
tumors [37]. Furthermore, Ly6Clo monocytes drive im-
munosuppression and confer resistance to anti-VEGFR2
cancer therapy for CRC, and CX3CRI is critical for
Ly6Clo monocyte transmigration across the endothelium
in murine CRC tumors [38]. In our study, we also found a
close correlation between the chemokine CCL20 and drug
resistance in cancer. These results indicate that CCL20
enhanced 5-FU-resistance in CRC cells. Moreover, CRC
cell-derived CCL20 promoted the recruitment of Tregs,
which further induced resistance.

CCL20 is known to play an important role in tumor
progression. Stromal cell-derived CCL20 promotes tumor
progression and osteolysis in giant cell tumors of bone
[39]. Benkheil et al. identified hepatitis C virus-induced
CCL20 as a direct pro-angiogenic factor that acts on
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endothelial CCR6, suggesting that the CCL20/CCR6 axis
contributes to hepatic angiogenesis, promoting the hyper-
vascular state of hepatocellular carcinoma [40]. Stromal
levels of CCL20 in primary melanomas may be a clinically
useful marker for assessing patient risk, making treatment
decisions, and planning or analyzing clinical trials [41]. In
addition, CCL20/CCR6 promotes cell proliferation and
metastasis in laryngeal cancer by activating the p38 path-
way [42]. Stromal fibroblasts induce CCL20 through IL6/
C/EBPp to support the recruitment of Th17 cells during
cervical cancer progression [43]. Benevides et al. found
that IL17A induced IL6 and CCL20 production in meta-
static tumor cells, favoring the recruitment and differenti-
ation of Th17, and IL17 further promoted mammary
tumor progression [44].

Our results showed that FOXO1/CEBPB/NF-«B sig-
naling might be required for CCL20 expression to en-
hance chemoresistance in CRC. Nevertheless, the
correlation between FOXO1/CEBPB/NF-«kB and drug re-
sistance-induced tumor progression is reported in some
studies. FOXOL1 is closely related with CRC progression,
and also promotes invasion and metastasis of some sub-
sets in colon and breast cancers [45]. Resistance to treat-
ment was also ascribed to FOXO activation in multiple
cases, including targeted therapies [45]. Barakat et al.
demonstrate that C/EBPp is a critical effector of autoph-
agy via regulation of autolysosome formation and pro-
motes resistance to proteasome inhibitor treatment by
increasing autophagy [46]. Overexpression of C/EBPf3-1
increases transformation, upregulates expression of the
cancer stem cell marker ALDH1A1, and leads to che-
moresistance [47]. In addition, ferulic acid contributes to
the reversal of multidrug resistance through suppression
of P-glycoprotein expression via inhibition of the NF-xB
signaling pathway [48]. A key component of inflamma-
tion-based cancer progression is elevated NF-«kB activity,
and in numerous cancer entities, this is associated with
resistance to apoptotic cell death, promotion of cellular
proliferation and an invasive and migratory phenotype
[49-51].

Targeting the FOXO1/CEBPB/NF-kB/CCL20 axis in
tumors may provide a novel potential therapeutic strat-
egy for controlling CRC. MicroRNA-96 expression in-
duced by low-dose cisplatin or doxorubicin regulates
chemosensitivity, cell death, and proliferation in gastric
cancer SGC7901 cells by targeting FOXO1 [52]. Piva et
al. showed that functional validation of the anaplastic
lymphoma kinase signature identifies CEBPB as a critical
target gene [53]. Reduction of SATB2 or N-cadherin re-
sulted in NF-kB inactivation, which led to impaired
osteosarcoma sphere formation and tumor cell prolifera-
tion [54]. In the current study, we used anti-CCL20 anti-
body to investigate tumor growth in vivo and found that
blockade of CCL20 suppressed tumor progression and
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restored 5-FU sensitivity in CRC, suggesting that the
FOXO1/CEBPB/NF-kB/CCL20 axis may be a potential
therapeutic target for CRC.

Conclusions

In summary, high levels of CCL20 mediated the che-
moresistance induced by 5-FU in CRC via FOXO1/
CEBPB/NF-kB signaling. CCL20 blockade suppressed
tumor progression and restored 5-FU sensitivity in CRC.
Therefore, therapeutic strategies that target the FOXO1/
CEBPB/NF-kB/CCL20 axis could represent an effective
method for CRC treatment.

Additional files

Additional file 1: Figure S1. CCL20 level is increased in the serum of
chemoresistant patients. (TIF 3387 kb)

Additional file 2: Figure S2. NF-kB is involved in CCL20 expression
induced by 5-FU in colorectal cells. (TIF 3281 kb)

Additional file 3: Figure S3. Treatment with anti-CCL20 antibody had
no influence on tumor growth and 5-FU-mediated effects. (TIF 2189 kb)
Additional file 4: Figure S4. CCL20 blockade suppresses tumor
progression and restores 5-FU sensitivity in SW620 cells. (JPG 17 kb)

Additional file 5: Figure S5. The relationship between the signaling
molecule expressions. (TIF 5404 kb)

Abbreviations

CCL20: Chemokine (C-C motif) ligand 20; CRC: Colorectal cancer; CSC: Cancer
stem cell; GFP: Green fluorescent protein; GO: Gene Ontology; GSEA: Gene
Set Enrichment Analysis; MDSC: Myeloid-derived suppressor cell;

PBMCs: Peripheral blood mononuclear cells; TCGA: The Cancer Genome
Atlas; TILs: Tumor infiltrating lymphocytes; Treg: Regulatory T cells

Acknowledgements
We would like to thank Editage (www.editage.cn) for English language
editing.

Authors’ contributions

Designing research studies: YZ. Conducting experiments: DW, LY. Acquiring
data: DW, YW. Analyzing data: WY, QW, JL, FL, SL, AL. Collecting samples: WY,
ZS, JL. Writing the manuscript: LY. Revising the manuscript: WY, YZ. All
authors read and approved the final manuscript.

Funding

This study was supported by grants from the National Natural Science
Foundation of China (No. U1804281, No. 81771781, No. 81602024) and
Funding from State’s Key Project of Research and Development Plan (No.
2016YFC1303500).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

The research protocol was reviewed and approved by the Ethics Committee
of Zhengzhou University (Ethical approval number: Science-2010-LW-1213),
and informed consent was obtained from all participants included in the
study, in agreement with institutional guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 14 of 15

Author details

'Biotherapy Center, The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, Henan 450052, People’s Republic of China. “Cancer Center, The
First Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan 450052,
People’s Republic of China. *Henan Key Laboratory for Tumor Immunology
and Biotherapy, Zhengzhou, Henan 450052, People’s Republic of China.
“Department of Anorectal Surgery, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou, Henan 450052, People’s Republic of China. *School of
Life Sciences, Zhengzhou University, Zhengzhou, Henan 450001, People’s
Republic of China.

Received: 23 June 2019 Accepted: 31 July 2019
Published online: 08 August 2019

References

1. Quintana JM, Gonzalez N, Anton-Ladislao A, Redondo M, Bare M, Fernandez
de Larrea N, Briones E, Escobar A, Sarasqueta C, Garcia-Gutierrez S, et al.
Colorectal cancer health services research study protocol: the CCR-CARESS
observational prospective cohort project. BMC Cancer. 2016;16:435.

2. HuT,LiZ Gao CY, Cho CH. Mechanisms of drug resistance in colon cancer
and its therapeutic strategies. World J Gastroenterol. 2016,22:6876-89.

3. SuP,Yang Y, Wang G, Chen X, Ju Y. Curcumin attenuates resistance to
irinotecan via induction of apoptosis of cancer stem cells in chemoresistant
colon cancer cells. Int J Oncol. 2018;53:1343-53.

4. Villanueva MT. Cell signalling: stuck in the middle of chemoresistance and
metastasis. Nat Rev Clin Oncol. 2012,9:490.

5. Velaei K, Samadi N, Barazvan B, Soleimani RJ. Tumor microenvironment-
mediated chemoresistance in breast cancer. Breast. 2016;30:92-100.

6. Fattore L, Sacconi A, Mancini R, Ciliberto G. MicroRNA-driven deregulation
of cytokine expression helps development of drug resistance in metastatic
melanoma. Cytokine Growth Factor Rev. 2017;36:39-48.

7. Dama P, Tang M, Fulton N, Kline J, Liu H. Gal9/Tim-3 expression level is
higher in AML patients who fail chemotherapy. J Immunotherapy
Cancer. 2019;7:175.

8. Liu XD, Hoang A, Zhou L, Kalra S, Yetil A, Sun M, Ding Z, Zhang X, Bai S,
German P, et al. Resistance to antiangiogenic therapy is associated with an
immunosuppressive tumor microenvironment in metastatic renal cell
carcinoma. Cancer Immunol Res. 2015;3:1017-29.

9. Perrotta C, Cervia D, Di Renzo |, Moscheni C, Bassi MT, Campana L, Martelli
C, Catalani E, Giovarelli M, Zecchini S, et al. Nitric oxide generated by tumor-
associated macrophages is responsible for Cancer resistance to cisplatin and
correlated with Syntaxin 4 and acid sphingomyelinase inhibition. Front
Immunol. 2018,9:1186.

10.  Hartmann TN, Burger JA, Glodek A, Fujii N, Burger M. CXCR4 chemokine
receptor and integrin signaling co-operate in mediating adhesion and
chemoresistance in small cell lung cancer (SCLC) cells. Oncogene. 2005;
24:4462-71.

11. Calinescu AA, Yadav VN, Carballo E, Kadiyala P, Tran D, Zamler DB, Doherty
R, Srikanth M, Lowenstein PR, Castro MG. Survival and proliferation of neural
progenitor-derived glioblastomas under hypoxic stress is controlled by a
CXCL12/CXCR4 autocrine-positive feedback mechanism. Clin Cancer Res.
2017,23:1250-62.

12, Gil M, Seshadri M, Komorowski MP, Abrams SI, Kozbor D. Targeting
CXCL12/CXCR4 signaling with oncolytic virotherapy disrupts tumor
vasculature and inhibits breast cancer metastases. Proc Natl Acad Sci U
S A 2013;110:E1291-300.

13. Park YH, Sohn SK, Kim JG, Lee MH, Song HS, Kim MK, Jung JS, Lee JJ, Kim
HJ, Kim DH. Interaction between BCL2 and interleukin-10 gene
polymorphisms alter outcomes of diffuse large B-cell lymphoma following
rituximab plus CHOP chemotherapy. Clinical Cancer Res. 2009;15:2107-15.

14.  Heinecke JL, Ridnour LA, Cheng RY, Switzer CH, Lizardo MM, Khanna C,
Glynn SA, Hussain SP, Young HA, Ambs S, et al. Tumor microenvironment-
based feed-forward regulation of NOS2 in breast cancer progression. Proc
Natl Acad Sci U S A. 2014;111:6323-8.

15.  Bid HK, Kibler A, Phelps DA, Manap S, Xiao L, Lin J, Capper D, Oswald D,
Geier B, DeWire M, et al. Development, characterization, and reversal of
acquired resistance to the MEKT inhibitor selumetinib (AZD6244) in an in
vivo model of childhood astrocytoma. Clin Cancer Res. 2013;19:6716-29.

16. Korkaya H, Liu S, Wicha MS. Regulation of cancer stem cells by cytokine
networks: attacking cancer's inflammatory roots. Clin Cancer Res. 2011;
17:6125-9.

yBLAdoD Ag pa1oaloid 1sanb Aq 2zZ0z ‘2 UdJelAl uo jwod fwg-oul:dny woly papeojumoqd "6T0Z 1IShBNY 8 Uo 2-T0L0-6T0-SZr0rS/98TT 0T Se paysignd 1siy) Jsoued Jayjountiw| ¢


https://doi.org/10.1186/s40425-019-0701-2
https://doi.org/10.1186/s40425-019-0701-2
https://doi.org/10.1186/s40425-019-0701-2
https://doi.org/10.1186/s40425-019-0701-2
https://doi.org/10.1186/s40425-019-0701-2
http://www.editage.cn
http://jitc.bmj.com/

Wang et al. Journal for ImmunoTherapy of Cancer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

(2019) 7:215

Qiao Y, Zhang C, Li A, Wang D, Luo Z, Ping Y, Zhou B, Liu S, Li H, Yue D, et al.
IL6 derived from cancer-associated fibroblasts promotes chemoresistance via
CXCR7 in esophageal squamous cell carcinoma. Oncogene. 2018;37:873-83.
Li L, Yang L, Wang L, Wang F, Zhang Z, Li J, Yue D, Chen X, Ping Y,
Huang L, et al. Impaired T cell function in malignant pleural effusion is
caused by TGF-beta derived predominantly from macrophages. Int J
Cancer. 2016;139:2261-9.

Arenas-Ramirez N, Zou C, Popp S, Zingg D, Brannetti B, Wirth E, Calzascia T,
Kovarik J, Sommer L, Zenke G, et al. Improved cancer immunotherapy by a
CD25-mimobody conferring selectivity to human interleukin-2. Sci
Translational Med. 2016:8:367ra166.

Krejsgaard T, Gjerdrum LM, Ralfkiaer E, Lauenborg B, Eriksen KW, Mathiesen AM,
Bovin LF, Gniadecki R, Geisler C, Ryder LP, et al. Malignant Tregs express low
molecular splice forms of FOXP3 in Sezary syndrome. Leukemia. 2008,22:2230-9.
Zhou SL, Zhou ZJ, Hu ZQ, Huang XW, Wang Z, Chen EB, Fan J, Cao Y, Dai Z,
Zhou J. Tumor-associated neutrophils recruit macrophages and T-regulatory
cells to promote progression of hepatocellular carcinoma and resistance to
Sorafenib. Gastroenterology. 2016;150:1646-58 e17.

Chen DQ, Yu C, Zhang XF, Liu ZF, Wang R, Jiang M, Chen H, Yan F, Tao M,
Chen LB, et al. HDAC3-mediated silencing of miR-451 decreases
chemosensitivity of patients with metastatic castration-resistant prostate
cancer by targeting NEDD9. Therapeutic Adv Med Oncol. 2018;10:
1758835918783132.

Angelucci C, D'Alessio A, Lama G, Binda E, Mangiola A, Vescovi AL, Proietti
G, Masuelli L, Bei R, Fazi B, et al. Cancer stem cells from peritumoral tissue of
glioblastoma multiforme: the possible missing link between tumor
development and progression. Oncotarget. 2018;9:28116-30.

Gyamfi J, Eom M, Koo JS, Choi J. Multifaceted roles of Interleukin-6 in
adipocyte-breast Cancer cell interaction. Transl Oncol. 2018;11:275-85.

Nair RM, Balla MM, Khan |, Kalathur RKR, Kondaiah P, Vemuganti GK. In vitro
characterization of CD133(lo) cancer stem cells in retinoblastoma Y79 cell
line. BMC Cancer. 2017;17:779.

Sun'Y, Yoshida T, Okabe M, Zhou K, Wang F, Soko C, Saito S, Nikaido T.
Isolation of stem-like Cancer cells in primary endometrial Cancer using cell
surface markers CD133 and CXCR4. Transl Oncol. 2017;10:976-87.

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin.
2012;62:10-29.

Manfredi S, Bouvier AM, Lepage C, Hatem C, Dancourt V, Faivre J. Incidence
and patterns of recurrence after resection for cure of colonic cancer in a
well defined population. Br J Surg. 2006;93:1115-22.

Baggiolini M. Chemokines and leukocyte traffic. Nature. 1998;392:565-8.
Gao Q, Wang S, Chen X, Cheng S, Zhang Z, Li F, Huang L, Yang Y, Zhou B,
Yue D, et al. Cancer-cell-secreted CXCL11 promoted CD8(+) T cells
infiltration through docetaxel-induced-release of HMGB1 in NSCLC. J
Immunother Cancer. 2019;7:42.

Siddiqui I, Erreni M, van Brakel M, Debets R, Allavena P. Enhanced
recruitment of genetically modified CX3CR1-positive human T cells into
Fractalkine/CX3CL1 expressing tumors: importance of the chemokine
gradient. J Immunother cancer. 2016;4:21.

Seifert L, Werba G, Tiwari S, Giao Ly NN, Alothman S, Alqunaibit D, Avanzi A,
Barilla R, Daley D, Greco SH, et al. The necrosome promotes pancreatic
oncogenesis via CXCL1 and Mincle-induced immune suppression. Nature.
2016;532:245-9.

Yang J, Kumar A, Vilgelm AE, Chen SC, Ayers GD, Novitskiy SV, Joyce S,
Richmond A. Loss of CXCR4 in myeloid cells enhances antitumor immunity
and reduces melanoma growth through NK cell and FASL mechanisms.
Cancer Immunol Res. 2018;6:1186-98.

Liu LZ, Zhang Z, Zheng BH, Shi Y, Duan M, Ma LJ, Wang ZC, Dong LQ,
Dong PP, Shi JY, et al. CCL15 recruits suppressive monocytes to facilitate
immune escape and disease progression in hepatocellular carcinoma.
Hepatology. 2019,69:143-59.

Ammirante M, Luo JL, Grivennikov S, Nedospasov S, Karin M. B-cell-derived
lymphotoxin promotes castration-resistant prostate cancer. Nature. 2010;464:302-5.
Ammirante M, Kuraishy Al, Shalapour S, Strasner A, Ramirez-Sanchez C,
Zhang W, Shabaik A, Karin M. An IKKalpha-E2F1-BMI1 cascade activated by
infiltrating B cells controls prostate regeneration and tumor recurrence.
Genes Dev. 2013;27:1435-40.

Steinberg SM, Shabaneh TB, Zhang P, Martyanov V, Li Z, Malik BT, Wood TA,
Boni A, Molodtsov A, Angeles CV, et al. Myeloid cells that impair
immunotherapy are restored in melanomas with acquired resistance to
BRAF inhibitors. Cancer Res. 2017;77:1599-610.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

Page 15 of 15

Jung K, Heishi T, Khan OF, Kowalski PS, Incio J, Rahbari NN, Chung E, Clark
JW, Willett CG, Luster AD, et al. Ly6Clo monocytes drive
immunosuppression and confer resistance to anti-VEGFR2 cancer therapy. J
Clin Invest. 2017;127:3039-51.

Zhao C, Wang D, Tang L, Zhang Z, Li S, Qian M, Wu Z, Zhou W, Liu M, Luo J, et
al. Stromal cell-derived CCL20 promotes tumor progression and Osteolysis in
Giant cell tumor of bone. Cell Physiol Biochem. 2018,51:2472-83.

Benkheil M, Van Haele M, Roskams T, Laporte M, Noppen S, Abbasi K,
Delang L, Neyts J, Liekens S. CCL20, a direct-acting pro-angiogenic
chemokine induced by hepatitis C virus (HCV): potential role in HCV-related
liver cancer. Exp Cell Res. 2018,372:168-77.

Samaniego R, Gutierrez-Gonzalez A, Gutierrez-Seijo A, Sanchez-Gregorio S,
Garcia-Gimenez J, Mercader E, Marquez-Rodas |, Aviles JA, Relloso M,
Sanchez-Mateos P. CCL20 expression by tumor-associated macrophages
predicts progression of human primary cutaneous melanoma. Cancer
Immunol Res. 2018;6:267-75.

Lu E, Su J, Zhou Y, Zhang C, Wang Y. CCL20/CCR6 promotes cell
proliferation and metastasis in laryngeal cancer by activating p38 pathway.
Biomed Pharmacother. 2017,85:486-92.

Walch-Ruckheim B, Mavrova R, Henning M, Vicinus B, Kim YJ, Bohle RM,
Juhasz-Boss I, Solomayer EF, Smola S. Stromal fibroblasts induce CCL20
through IL6/C/EBPbeta to support the recruitment of Th17 cells during
cervical Cancer progression. Cancer Res. 2015;75:5248-59.

Benevides L, da Fonseca DM, Donate PB, Tiezzi DG, De Carvalho DD, de
Andrade JM, Martins GA, Silva JS. IL17 promotes mammary tumor
progression by changing the behavior of tumor cells and eliciting
tumorigenic neutrophils recruitment. Cancer Res. 2015;75:3788-99.
Coomans de Brachene A, Demoulin JB. FOXO transcription factors in cancer
development and therapy. Cell Mol Life Sci. 2016;73:1159-72.

Barakat DJ, Mendonca J, Barberi T, Zhang J, Kachhap SK, Paz-Priel |,
Friedman AD. C/EBPbeta regulates sensitivity to bortezomib in prostate
cancer cells by inducing REDD1 and autophagosome-lysosome fusion.
Cancer Lett. 2016;375:152-61.

Gardiner JD, Abegglen LM, Huang X, Carter BE, Schackmann EA, Stucki M,
Paxton CN, Lor Randall R, Amatruda JF, Putnam AR, et al. C/EBPbeta-1
promotes transformation and chemoresistance in Ewing sarcoma cells.
Oncotarget. 2017;8:26013-26.

Muthusamy G, Gunaseelan S, Prasad NR. Ferulic acid reverses P-
glycoprotein-mediated multidrug resistance via inhibition of PI3K/Akt/NF-
kappaB signaling pathway. J Nutr Biochem. 2019,63:62-71.

Karin M. NF-kappaB as a critical link between inflammation and cancer. Cold
Spring Harb Perspect Biol. 2009;1:a000141.

Arlt A, Schafer H, Kalthoff H. The 'N-factors' in pancreatic cancer: functional
relevance of NF-kappaB, NFAT and Nrf2 in pancreatic cancer. Oncogenesis.
2012;1:e35.

Arlt A, Muerkoster SS, Schafer H. Targeting apoptosis pathways in pancreatic
cancer. Cancer Lett. 2013;332:346-58.

Lang C, Xu M, Zhao Z, Chen J, Zhang L. MicroRNA-96 expression induced
by low-dose cisplatin or doxorubicin regulates chemosensitivity, cell death
and proliferation in gastric cancer SGC7901 cells by targeting FOXO1. Oncol
Lett. 2018;16:4020-6.

Piva R, Pellegrino E, Mattioli M, Agnelli L, Lombardi L, Boccalatte F, Costa G,
Ruggeri BA, Cheng M, Chiarle R, et al. Functional validation of the anaplastic
lymphoma kinase signature identifies CEBPB and BCL2A1 as critical target
genes. J Clin Invest. 2006;116:3171-82.

Xu HY, Fang W, Huang ZW, Lu JC, Wang YQ, Tang QL, Song GH, Kang Y,
Zhu XJ, Zou CY, et al. Metformin reduces SATB2-mediated osteosarcoma
stem cell-like phenotype and tumor growth via inhibition of N-cadherin/NF-
kB signaling. Eur Rev Med Pharmacol Sci. 2017,21:4516-28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

ybuAdoo Aq paroalold 1sanb Aq zz0z ‘g Yyore uo jwodfwg-auly/:dny woly papeojumod ‘6T0Z 1SNBny 8 Uo Z-T020-6T0-SZy0yS/98TT 0T Se paysiignd 1s.1 19oue) Jsyljounww| ¢


http://jitc.bmj.com/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Patients and tumor samples
	Multiplex assay
	ELISA
	Immunohistochemistry and immunofluorescence staining
	RNA extraction and qPCR
	Isolation of lymphocytes
	Flow cytometric evaluation of apoptosis
	Migration assay
	Cell viability assay
	Dual-luciferase reporter assay
	Lentiviral generation and cell sorting
	Western blotting analysis
	Animal model
	Public clinical datasets
	Statistical analysis

	Results
	CCL20 levels are increased in chemoresistant CRC patients
	5-FU increases the expression of CCL20 in CRC
	5-FU-resistant CRC cell-derived CCL20 promotes the recruitment of Tregs
	Tregs enhance the chemoresistance of CRC to 5-FU
	FOXO1/CEBPB/NF-κB signaling is required for CCL20 upregulation mediated by 5-FU
	CCL20 blockade suppresses tumor progression and restores 5-FU sensitivity in CRC
	Expression of signaling molecules is significantly correlated with CRC patient survival

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

