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Myeloid-derived suppressor cells (MDSCs) are a major component of the
immunosuppressive tumor microenvironment (TME) and have been recognized
as a contributing factor to inflammation-related cancers. However, the molecular
mechanisms of MDSCs accumulation and activation remain elusive. We previously
showed that the proinflammatory molecule S100A9 in TME exerts a tumor-promoting
effect in colorectal carcinoma (CRC). In this report, we investigated the effect and
molecular mechanisms of S100A9 on the accumulation and immunosuppressive
function of MDSCs in CRC. Elevated S100A9 and MDSCs were found in tumor
tissue and peripheral blood from CRC patients. Circulating S100A9 and MDSCs were
positively associated to each other, and both S100A9 and MDSCs were correlated
to neoplastic progression. Using a CRC cell line LoVo-induced MDSCs model, we
found that ST100A9 stimulated chemotaxis and activation but not viability of MDSCs.
Mechanistic studies demonstrated that activation of RAGE-mediated p38 MAPK
and TLR4-mediated NF-kB signaling pathways were involved in S100A9-induced
chemotaxis and MDSCs activation, respectively. Furthermore, ROC analysis showed
that combination detection of ST00A9 and MDSCs was superior to individual detection
of these two factors for diagnosing CRC patients with advanced staging and lymphatic
metastasis, which yielded an area under the ROC curve (AUC) of 0.92 with 86.7%
sensitivity and 86.4% specificity, and an AUC of 0.82 with 75% sensitivity and 77.1%
specificity, respectively. Collectively, our study suggests that the S100A9 plays a pivotal
role in immunosuppressive TME by stimulating MDSCs chemotaxis and activation, and
combination detection of ST00A9 and MDSCs may serve as a potential marker for
diagnosis of CRC progression.

Keywords: CRC, S100A9, MDSCs, migration, activation

Frontiers in Immunology | www.frontiersin.org 1

September 2019 | Volume 10 | Article 2243


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.02243
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.02243&domain=pdf&date_stamp=2019-09-18
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:duanliang@cqmu.edu.cn
mailto:zhoulan@cqmu.edu.cn
https://doi.org/10.3389/fimmu.2019.02243
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02243/full
http://loop.frontiersin.org/people/536141/overview
http://loop.frontiersin.org/people/736805/overview

Huang et al.

S100A9 Regulates MDSCs in CRC

INTRODUCTION

Colorectal carcinoma (CRC) is the third most common cancer
and the fourth leading cause of cancer death worldwide
(1, 2). Inflammatory bowel disease (IBD) is associated with
an increased risk of CRC. A growing body of studies has
suggested that inflammation plays an important role in initiation
of colitis-associated CRC (3). However, the immune status
in the inflammatory microenvironment and the underlying
mechanisms related to immune escape in CRC remain unknown.

Myeloid-derived suppressor cells (MDSCs) represent a
heterogeneous population of immature myeloid cells consisting
of precursors for granulocytes, macrophage, and dendritic cells
that are major components of the immunosuppressive TME (4).
Accumulation of MDSCs has been thought to be a significant
factor linking inflammation and cancer (5). Human MDSCs are
characterized by the myeloid marker HLA-DR™CD33TCD11b*
(6). This tolerogenic appearance of MDSCs represents a common
trait of cancer and other non-cancerous diseases such as
sepsis, bacterial, viral, and parasitical infections, autoimmune
diseases, and aging (5-7). As one type of the most potent
immunosuppressive cells, MDSCs facilitate tumor progression
by suppressing T cell response, blocking natural killer cell
activation, limiting dendritic cell maturation, and inducing
regulatory T (Treg) cell generation (5), which are associated with
high expression and secretion of immunosuppressive molecules
such as interleukin (IL)-10, arginase-1(Arg-1), inducible nitric
oxide synthase (iNOS) and ROS (5-7). The accumulation of
MDSCs in TME involves multifarious mechanisms including
trafficking, expansion and activation in different types of cancer
(3, 8-13). Increased circulating and tumor-infiltrating MDSCs
are also found in CRC, which correlates to cancer progression
(14, 15). However, the exact molecular mechanism of MDSCs
accumulation and activation in CRC remains elusive.

S100A9 belongs to a family of intracellular EF-hand motif
calcium-binding proteins found exclusively in vertebrates.
S100A9 is constitutively expressed in myeloid cells including
granulocytes, monocytes, early-differentiation cells of the
myeloid lineage, and cancer cells (16). It has been shown that
S100A9 overexpression is correlated to invasion and metastasis
in various cancers, and S100A9 directly enhances tumor cell
malignancy by activating TLR4-mediated or RAGE-mediated
signaling cascades (17-19). Our previous study, consistent with
others, showed that S100A9 in the CRC microenvironment
directly contributes to malignancy in CRC cancer cells (20, 21).
Recently, S100A9 was shown to modulate inflammatory or
immune cell migration and activation through TLR4-mediated
or RAGE-mediated signaling pathways (22-25). Given that
MDSCs are precursors for inflammatory and immune cells,
we hypothesized that S100A9 regulates trafficking, expansion
and activation of MDSCs to establish an immunosuppressive
microenvironment to potentiate CRC progression.

In this study, we investigated the association between
MDSCs and S100A9 in CRC tumor tissues and peripheral
blood, and the effect of molecular mechanisms of S100A9
on trafficking, cell vitality, and activation of MDSCs in CRC.
We found that both MDSCs and S100A9 are correlated to

Dukes staging and lymph node metastasis, and activation of
the RAGE-mediated p38 MAPK and TLR4-mediated NF-kB
signaling pathways are involved in S100A9-induced trafficking
and activation of MDSCs, respectively. Combination detection
of S100A9 and MDSCs may be a serum marker for CRC
diagnosis, particularly for CRC staging and metastasis. Our
results highlight the significance of SI00A9 in regulating MDSCs
in the immunosuppressive microenvironment and implicates
that SI00A9 could be a potential therapeutic target for CRC.

MATERIALS AND METHODS

Patient and Sample Collection

Whole blood samples from CRC patients (n = 52) and healthy
controls (n = 30) were collected from the Second Affiliated
Hospital of Chongqing Medical University from September 2015
to August 2017. The clinicopathological data of the subjects
including gender, age, tumor location, Dukes staging, cell
differentiation, and metastasis at initial diagnosis are shown
in Table1. Serum samples from 4ml of coagulated blood
by centrifugation were immediately separated and frozen at
—80°C until use. Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood via Ficoll-Hypaque gradient
centrifugation. Clinical histological proven CRC tissue samples
(n = 16) and the matched distal normal tissues (n=16) were
collected from patients who underwent surgical resection at the
Second Affiliated Hospital of Chongqing Medicine University.
All of the patients and healthy donors provided written informed
consent before sampling.

TABLE 1 | The characteristics of enrolled individuals.

Parameters CRC (n =52) HC (n = 30)
n, % n, %

Gender

Male (n, %) 34 (65.38%) 15 (560%)

Female (n, %) 18 (34.62%) 15 (50%)
Age

<60 (n, %) 30 (57.69%) 20 (66.6%)

>60 (n, %) 22 (42.31%) 10 (33.3%)
Location

Colon (n, %) 25 (48.08%) NA

Rectum (n, %) 27 (51.92%) NA
Tumor differentiation

Low (n, %) 30 (57.69%) NA

High/middle (n, %) 22 (42.31%) NA
Dukes staging

A/B (n, %) 24 (46.15%) NA

C/D (n, %) 28 (53.85%) NA
Lymphatic metastasis

Absent (n, %) 36 (69.23%) NA

Present (n, %) 16 (30.77%) NA

NA, not available.
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Antibodies, Inhibitors, and Preparation of

the Recombinant Proteins

The antibodies included anti-S100A9 (Cat no. ab92507; Abcam),
anti-TLR4 (Cat no. sc-293072; Santa Cruz Biotechnology),
anti-RAGE (Cat no. sc-80653; Santa Cruz Biotechnology),
anti-p38 (Cat no. 9212; Cell Signaling Technology), anti-p65
(Cat no. 3034; Cell Signaling Technology), anti-ERK1/2 (Cat
no. 4695; Cell Signaling Technology), anti-JNK (Cat no.
9253; Cell Signaling Technology), anti-AKT (Cat no. 8596;
Cell Signaling Technology), anti-phospho(p)-p38 (Cat no.
4511; Cell Signaling Technology), anti-p-p65 (Cat no. 3033;
Cell Signaling Technology), anti-p-ERK1/2 (Cat no. 3510;
Cell Signaling Technology), anti-p-JNK (Cat no. 4668; Cell
Signaling Technology), anti-p-AKT (Cat no. 9271; Cell Signaling
Technology), anti-CD8 (Cat no. 340046, BD), anti-HLA-DR
(Cat no. 4310370, eBioscience), anti-CD33 (Cat no. 4296343,
eBioscience) and CDI11b (Cat no. 4291932, eBioscience),
and horseradish peroxidase-conjugated anti-mouse, anti-
rabbit IgG antibodies. The inhibitors contained TAK-242
(MedChemExpress, New Jersey), FPS-ZM1 (MedChemExpress,
New Jersey), SB203580 (Beyotime) and BAY 11-7082 (Beyotime).
The preparation of the recombination GST-S100A9 protein,
as well as its control protein GST, have previously been

described (21).

Cells Culture

The human CRC LoVo cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Life Technologies)
supplemented with 10% fetal bovine serum (FBS; HyClone), 100
U/ml of penicillin and 100 pg/ml of streptomycin. The LoVo-
induced MDSCs were cultured in 10% fetal bovine serum, 100
U/ml of penicillin and 100 pg/ml of streptomycin 1640 medium
(Gibco, Life Technologies). The cell culture was maintained at
37°C in a humid atmosphere containing 5% CO,.

ELISA Assay

Serum levels of SI00A9, Arg-1, and iNOS were measured using
a commercially available enzyme-linked immunosorbent assay
by ELISA kit (ELISA LAB, Wuhan, China) according to the
manufacturer’s instructions.

Single Cell Suspension

The collected CRC and paraneoplastic tissues were washed with
PBS three times and then cut into pieces, and enzymatically
digested with type I collagenase (Sigma, USA) for 1~2h at 37°C
with mixing every 20 min. The resulted single cell samples were
used for flow cytometry (FCM) analysis.

Immunohistochemistry (IHC)

Immunohistochemical staining for CD33 and S100A9 was
performed using anti-human CD33 (Cat no. ab92507,
eBioscience) and an anti-SI00A9 (Cat no. ab92507, Abcam)
antibodies following the manufacturer’s instructions. Briefy, the
deparaffinized and dehydrated sections were boiled for 10 min
in 0.01M citrate buffer and incubated with 0.3% hydrogen
peroxide (H,0;) in methanol for 15min to block endogenous
peroxidase, incubated with primary and peroxidase-tagged

secondary antibodies sequentially, and colorized with 0.05%
3,3-diaminobenzidine tetrachloride (DAB). The sections
were counterstained with hematoxylin, and observed, and
representative images were captured under an inverted phase
contrast microscope (Olympus B640, Japan).

Western Blot

The cells were collected and washed with ice-cold PBS and
lysed on ice in radio immunoprecipitation assay (RIPA) buffer.
An equal amount of proteins of the samples was separated
in 10% SDS-PAGE and blotted onto PVDF membranes. The
membranes were blocked with 5% bovine serum albumin (BSA)
and incubated with the primary antibodies and horseradish
peroxidase-conjugated secondary antibodies. The proteins of
interest were detected using the SuperSignal West Pico
Chemiluminescent Substrate kit. The results were recorded using
the Bio-Rad Electrophoresis Documentation (Gel Doc 1000) and
Image Lab version software.

Flow Cytometry (FCM) Analysis

Human monoclonal Abs against HLA-DR-PE (Cat no. 4310370,
eBioscience), CD33-FITC (Cat no. 4296343, eBioscience),
and CD11b-APC (Cat no. 4291932, eBioscience) conjugated
with different fluorescent dyes were used for FCM analysis.
Immunophenotyping of circulating or tumor-infiltrating MDSCs
were classified as HLA-DR™CD337CD11b" cells via FCM
staining using the multiplex gating strategy.

Human monoclonal Abs against Argl-Alexa Fluor 488 (Cat
no. 53369782, invitrogen) and iNOS (Cat no. MA517139,
Invitrogen) were used for FCM analysis for Argl and iNOS
expression in MDSCs. Samples were analyzed on a BECKMAN
COULTER Navios FCM, and the data were analyzed using the
Flowjo software.

Induction of Tumor-Associated MDSCs

in vitro

CD33" cells were separated from mixed PBMCs from different
CRC patients using human CD33 MicroBeads (Cat no. 18257,
STEMCELL Technologies Inc) according to the manufacturer’s
instructions. Isolated CD33" cells were co-cultured with LoVo
cells in 6-well plates in a Transwell System (0.4pm pore,
Corning) at a ratio of 1:3 for 48h. CD33% cells cultured in
medium alone were included as a control. The LoVo-induced
MDSCs markers in the resulted cells were analyzed by FCM.

CD8™* T Cells Proliferation Suppression
Assay

For the analysis of suppressing CD8" T cells proliferation
by MDSCs, PBMCs from healthy donors were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE, 10 wM),
seeded in OKT3-coated 96-well plates and co-cultured with
LoVo-induced MDSCs at a 1:2 ratio for 3 days, stained with an
anti-human CD8 mAb followed by FCM analysis. Individually
cultured CFSE-labeled PBMCs were used as a control.
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Chemotaxis Assay

Chemotaxis assay was performed using 24-well plates with 5-
pwm-pore size inserts (Corning) according to the manufacturer’s
instructions. A total of 1 x 10® MDSCs in serum-free medium
were loaded into the upper chamber and GST and GST-S100A9
proteins were in the lower chamber in the presence or absence of
specific inhibitors. After incubation for 24 h, migrated cells were
counted in the upper chamber.

RNA Isolation and Real-Time PCR Analysis
The LoVo-induced MDSCs were stimulated with GST and
GST-S100A9 proteins for 24h and total RNA was extracted
from cells using Trizol (Invitrogen) in accordance with
the manufacturer’s instructions. Reverse transcription-
PCR was done using the PrimeScript™ RT Reagent Kit
(Takara, Japan) and TB Green™  Premix Ex TaqTM IT
(Takara, Japan). The sequences of primers were: GAPDH

primers: (forward) 5'-CAGCGACACCCACTCCTC-3’
and (reverse) 5-TGAGGTCCACCACCCTGT-3'; Arg-1
primers:  (forward) 5-GTTTCTCAAGCAGACCAGCC-3

and (reverse) 5-GCTCAAGTGCAGCAAAGAGA-3; iNOS
pimers: (forward) 5-CAGCGGGATGACTTTCCAA-3' and
(reverse) 5'-AGGCAAGATTTGGACCTGCA-3'; IL-10 primers:
(forward) 5'-GGCTTCCTAACTGCTACA-3’ and (reverse) 5'-
CTCCTGACCTCAAGTGAT-3; TLR4 primers: (forward)
5-AGAATGCTAAGGTTGCCGCT-3 and (reverse) 5'-
CTATCACCGTCTGACCGAGC-3’; RAGE primers: (forward)

5-ACTACCGAGTCCGTGTCTACC-3’ and (reverse) 5'-
GGAACACCAGCCGTGAGTT-3'. Reactions were performed
in triplicate using SYBR Green master mix (Takara, Japan) and
normalized to GAPDH using the A ACt method.

ROS Detection

ROS was measured with the Reactive oxygen detection kit
(Beyotime, Jiangsu, China). LoVo-induced MDSCs (1 x 10°)
were seeded in 96-well plates and the probe (DCFH-DA) was
loaded into the cells according to the manufacturer’s instructions.
Then the DCFH-DA loaded MDSCs were cultured in the cell
incubator for 30min and washed 3 times with serum-free
medium to eliminate the residual probe. The recombination
proteins and specific inhibitors were added to the labeled MDSCs
for 30 min, then the fluorescence was measured by a fluorescence
microplate reader.

Cell Viability Analysis

To detect the effect of SI00A9 on viability of LoVo-induced
MDSCs, the cells (1 x 10° cells/well) were grown in triplicates in
96-well plates and treated with or without GST or GST-S100A9
for 12, 24, and 36h and cell viability was analyzed by CCK8
assay according to the manufacture’s instruction. CCK8 reagent
was added into the medium at the indicated time. After a 1h
incubation under the culture condition, absorbance at 450 nm
was measured on a microplate reader.

mean+SD. *p < 0.01.
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FIGURE 1 | The frequency of MDSCs in CRC patients. (A) The gating strategy for HLA-DR~CD33+CD11b™ cells from tissue samples of CRC patients. (B) Statistical
analysis for the percentage of infiltrating MDSCs in 16 paired CRC samples including tumor tissues and adjacent normal tissues. (C) Representative IHC staining for
CD33 in tumor tissues and adjacent normal tissues from three CRC patients. Blank scale bars = 100 um. (D) The gating strategy for HLA-DR~CD331tCD11b™ cells
from the peripheral blood of CRC patients. (E) Statistical analysis for the percentage of circulatory MDSCs in PBMCs from healthy controls (HC, n = 30) and CRC
patients (n = 52) by FCM. (F-G) ELISA analysis of serum Arg1 and iNOS levels from HC (n = 30) and CRC patients (n = 52). Data represents the
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Statistical Analysis

All the numerical data were presented as means + standard
deviation. All the statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software). One-way ANOVA
followed by the S-N-K test, was used for the analyses of
quantitative RT-PCR, cell viability, and transwell migration.
The Mann-Whitney test was used for clinical data, such as the
expression of S100A9, Argl, and iNOS in serum. The Spearman
test was used to analyze the relationship of SI00A9 with MDSCs,
Arg-1, and iNOS. The ROC analysis was used to prove the
diagnostic power for SI00A9, MDSCs, and their combination in
CRC progression. Significant probability values were indicated as
*p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

Increased Number of Tumor-Infiltrating
and Circulating MDSCs in CRC Patients

Fresh tumor tissues and adjacent normal tissues collected from
CRC patients were used to generate single cell samples, and
MDSCs were detected by FCM using the myeloid marker
HLA-DR™CD337CD11b*". There was a significant increase
in MDSCs in CRC compared with that in the adjacent
tissues (Figures 1A,B). Also, the infiltrating CD33% cells were
prominently increased in the CRC tissues (Figure 1C). Next,
we determined the number of MDSCs in peripheral blood.

As expected, there was increased MDSCs circulating in the
CRC compared with the healthy controls (Figures 1D,E).
Furthermore, the serum levels of Arg-1 and iNOS, the
immunosuppressive molecules mainly expressed and secreted
by MDSCs for suppressing T cell function, were measured.
Arg-1 and iNOS were at high levels in the serum of CRC
patients compared to that in healthy controls (Figures 1EG),
indicating that the accumulated MDSCs were in an activated
state. Altogether, these results suggest that both infiltrating
MDSCs in tumor tissues and circulating MDSCs are increased
in CRC patients.

Elevated S100A9 Expression in CRC

S100A9 expression in tumor and adjacent normal tissues
from CRC patients was detected by IHC. We observed
increased S100A9 expression, which was mainly localized to
the cytoplasm, in CRC tissues compared with adjacent normal
tissues (Figure 2A). Additionally, increased S100A9 expression
in CRC was detected in five randomly selected CRC patients’
tumor tissues and adjacent normal tissues by Western blot
(Figure 2B). Similarly, serum S100A9 levels in CRC patients were
markedly higher than that in healthy controls (Figure 2C). All
these data suggest that S100A9 expression is elevated in CRC
tissues and sera.
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FIGURE 2 | The expression of S100A9 protein in CRC. (A) Representative IHC staining for S100A9 expression in tumor tissues and adjacent normal tissues from
three CRC patients. Blank scale bars = 100 wm. (B) Western blot analysis of S100A9 expression in five randomly selected CRC patients’ tumor tissues and adjacent
normal tissues. N, adjacent normal tissues; T, tumor tissues. B-actin served as a loading control. (C) ELISA analysis of serum S100A9 level from HC (n = 30) and CRC

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2243


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Huang et al.

S100A9 Regulates MDSCs in CRC

Increased S100A9 Expression and MDSCs
Number Are Associated With Neoplastic
Progression of CRC

Although one previous report showed high levels of serum
S100A9 in CRC (26), the association of SI00A9 levels in the
neoplastic properties of CRC has not been studied. We found
that SI00A9 expression was correlated to Dukes staging and
metastasis status but not to tumor location and histological
differentiation. Moreover, there was a similar result in the
relationship between MDSC numbers and Dukes staging and
metastasis status but not tumor location and histological
differentiation (Table 2). These findings imply that the increased
S100A9 and MDSCs are closely related to Dukes staging and
the metastasis of CRC. Additionally, serum S100A9 levels and
MDSC numbers were positively correlated to each other in CRC
patients (Figure 3A), and there was also a positive correlation
of serum S100A9 levels with Arg-1 and iNOS levels, two
immunosuppressive molecules mainly expressed and secreted by
MDSCs, in CRC (Figures 3B,C).

S100A9 Effectively Stimulates
CRC-Associated MDSC Chemotaxis and

Activation in vitro

CD33" cells from peripheral blood could be differentiated
into MDSCs by co-culture with cancer cells including CRC
cell lines HCT116 and SW480 in vitro (8, 14). Here, CD33%
cells were co-cultured with another CRC cell line, LoVo
(Figure 4A), which had a stronger metastasis potential for
48h and the cell phenotypes were further examined by FCM,
showing that the proportion of HLA-DR™CD337CDI11b*
MDSCs was markedly higher when CD33" cells were co-
cultured with LoVo compared with CD33% cells cultured in
medium alone (Figure 4B). We then investigated the possible
regulatory effects of S100A9 on cell vitality, chemotaxis and
activation of MDSCs. There was no detectable effect of
recombinant GST-S100A9 protein at different concentrations

TABLE 2 | Relationship between MDSCs frequency or serum S100A9 levels and
clinicopathological parameters of CRC patients.

Variables MDSCs S100A9
Mean + SD (%) p-value Mean + SD (ng/ml)  p-value
Location
Colon 2.851 £ 1.607  0.498 87.58 + 37.034 0.621
Rectum 2.488 + 1.245 79.981 + 37.589
Differentiation
Low 2.806 +£1.283  0.744 82.826 + 33.713 0.807
High 2.557 £ 1.625 84.139 £ 43.010
Dukes staging
A/B 1.887 £ 1.127 0.000 66.734 £ 30.764 0.002
C/D 3.327 + 1.332 96.028 + 36.970
Lymphatic metastasis
Negative 2.294 +£1.340  0.005 73.967 £ 33.184 0.005
Positive 3.491 £+ 1.296 103.537 + 37.880

on the vitality of LoVo-induced MDSCs (Figure4C). In
contrast, GST-S100A9 significantly elevated MDSCs migration
index in a concentration-dependent manner, suggesting that
S100A9 promotes MDSCs chemotaxis (Figure 4D). GST-S100A9
(20 pg/ml) also remarkably up-regulated mRNA levels of
the immunosuppressive molecules Arg-1, iNOS, and IL-10
increased ROS production (Figures 4E-H). S100A9-induced
increased protein levels of the Arg-1 and iNOS were also
confirmed (Figure S1). In addition, PBMCs isolated from the
peripheral blood of healthy donors were labeled with CFSE
and co-cultured with S100A9-stimulated MDSCs, and T cell
proliferation was examined. The results showed that SI00A9
(20 pg/ml) potentiated the suppressing effect of MDSCs on T
cell proliferation (Figures 4L,]). Altogether, these results imply
that SI00A9 can stimulate traffic and activate MDSCs but not
cell vitality, and enhances the suppressing effect of MDSCs on
T cell proliferation.

RAGE and TLR4 Are Involved in
S100A9-Mediated MDSCs Chemotaxis and

Activation

To further investigate the mechanisms by which S100A9
enhances MDSCs migration and activation, we focused on
the RAGE and TLR4 that are the most common S100A9
receptors (16, 17, 27). GST-S100A9 (20 pug/ml) up-regulated
mRNA levels of TLR4 and RAGE in MDSCs in a time-
dependent manner (Figures5A,B). Consistently, the protein
levels of TLR4 and RAGE in MDSCs were enhanced by GST-
S100A9 (20 pg/ml) (Figure 5C). The RAGE inhibitor FPS-
ZM1, but not the TLR4 TAK-242, inhibited the migration
index of the SI00A9-treated MDSCs (Figure 5D). In contrast,
TAK-242, but not FPS-ZM1, blocked S100A9-induced mRNA
expression of Argl, iNOS, and IL-10 and ROS production
in MDSCs (Figures 5E-H). Consistent with these results, the
suppressive effect of S100A9-treated MDSCs on CD8' T cell
proliferation was also inhibited by TAK-242 but not FPS-
ZM1 (Figures 5L]J). These results suggest that RAGE and TLR4
are responsible for S100A9-mediated MDSCs chemotaxis and
activation, receptively.

Activation of p38 and NF-kB Signaling Are
Responsible for S100A9-Induced MDSCs

Chemotaxis and Activation

RAGE and TLR4 mediate multiple signaling pathways such
as mitogen-activated protein kinase (MAPK), PI3K/Akt, and
nuclear factor-kappa B (NF-kB) pathways for inflammation
and cancer (28-30). We then focused on these signaling
pathways and explored their possible roles in S100A9-
mediated MDSCs chemotaxis and activity. P-p38 and
p-p65 levels but not p-ERK1/2, p-JNK and p-Akt were
increased in MDSCs (Figure 6A). FPS-ZM1 and TAK-242
blocked S100A9-induced p-p38 and p-p65, respectively
(Figure 6B), suggesting that RAGE and TLR4 are involved
in S100A9-mediated p38 MAPK and NF-kB pathways,
respectively.  Exposure of GST-S100A9-treated MDSCs
to the p38 inhibitor SB203580 decreased the migration
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FIGURE 3 | Correlation of serum S100A9 levels with MDSCs frequency or immunosuppressive molecules Arg-1 and iNOS. (A-C) Correlation of serum S100A9 levels
and MDSCs frequency in PBMC (A), serum Arg-1 (B), and iNOS (C) in CRC patients (n = 52). *p <0.05, *p < 0.01, **p < 0.001.
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FIGURE 4 | The influence of S100A9 in LoVo-induced MDSCs vitality, chemotaxis and activation in vitro. (A) The CD33% cells were separated from PBMCs with
CD383 positive magnetic beads, and co-cultured with LoVo cells to induce into CRC-associated MDSCs in vitro. (B) Identification of LoVo induced-MDSCs
characterized by the myeloid marker with HLA-DR~CD33TCD11b™ by FCM. CD33™ cells cultured in medium alone were included as a control. (C) CCK8 assay for
cell viability of LoVo-induced MDSCs treated with different concentrations of GST-S100A9 (5, 10, and 20 wg/ml) and GST proteins for 12, 24, and 48 h.

(D) Chemotaxis assay for LoVo-induced MDSCs treated with different concentrations of GST-S100A9 (5, 10, and 20 jug/ml) and GST proteins for 24 h.

(E-G) Real-time PCR analysis for mRNA expression of immunosuppressive molecules, including Arg-7 (E), iNOS (F), and IL-70 (G) in LoVo-induced MDSCs after
GST-S100A9 (20 ug/ml) and GST (20 pg/ml) protein treatment for 24 h. (H) Fluorescence intensity analysis for ROS production in LoVo-induced MDSCs treated with
GST-S100A9 (20 pg/ml) and GST (20 pwg/ml) proteins. (I) Suppression of LoVo-induced MDSCs treated with GST-S100A9 (20 j.g/ml) and GST (20 jwg/ml) proteins on
T cells in vitro. (J) A statistical graph of the suppressive effect of LoVo-induced MDSCs treated with GST-S100A9 (20 g/ml) and GST (20 wg/ml) proteins on CD81 T
cells. Data represent three independent experiments and are represented as Mean+SD. *p < 0.05, *p < 0.01, **p < 0.001.
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FIGURE 5 | RAGE and TLR4 receptors are responsible for S100A9-mediated MDSCs chemotaxis and activation. (A,B) Real-time quantitation PCR analysis of RAGE
(A) and TLR4 (B) mRNA expression in LoVo-induced MDSCs treated with GST-S100A9 (20 wg/ml) and GST (20 pg/ml) for 3, 12, and 24 h. (C) Western blot analysis
of RAGE and TLR4 expression in MDSCs treated with GST-S100A9 (20 png/ml) and GST (20 png/ml) for 24 h. (D) Chemotaxis assay for LoVo-induced MDSCs
pretreated with and without inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 30 min followed by stimulation with GST-ST100A9 (20 pg/ml) and GST (20 pg/ml)
proteins for 24 h. (E-G) Real-time quantitative PCR analysis for mRNA expression of immunosuppressive molecules, including Arg7 (E), iNOS (F), and IL70 (G) in
LoVo-induced MDSCs pretreated with and without inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 30 min followed by stimulation with GST-S100A9
(20 pg/ml) and GST (20 pg/ml) proteins for 24 h. (H) Fluorescence intensity analysis for ROS production in LoVo-induced MDSCs pretreated with and without
inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 30 min followed by stimulation with GST-ST100A9 (20 wg/ml) and GST (20 pg/ml) proteins for 24 h.
(I) Suppression of LoVo-induced MDSCs pretreated with and without inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 30 min followed by stimulation with
GST-S100A9 (20 ug/ml) and GST (20 g/ml) proteins on T cells in vitro. (J) A statistical graph of the suppressive effect of LoVo-induced MDSCs pretreated with and
without inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 30 min followed by stimulation with GST-S100A9 (20 ug/ml) and GST (20 wg/ml) proteins on CD8+ T
cells. Data represent three independent experiments and are represented as Mean+SD. *p < 0.05, **p <0.01, **p < 0.001.

index of GST-S100A9-treated MDSCs (Figure 6C). On
the contrary, exposure of GST-S100A9-treated MDSCs to
the NF-kB inhibitor BAY11-7082 decreased the mRNA

Altogether, these results indicate that RAGE-mediated
p38 MAPK and TLR4-mediated NF-kB are responsible
for the chemotaxis and activation of MDSCs induced by

levels of Argl, iNOS, and IL-10 and ROS (Figures 6D-G).

S100A9, respectively.
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FIGURE 6 | RAGE-mediated p38/MAPK and TLR4-mediated NF-kB are responsible for the chemotaxis and activation of MDSCs resulted by S100A9. (A) Western
blot analysis of p-p38, p-ERK, p-JNK, p-AKT, and p-p65 expression in LoVo-induced MDSCs treated by GST-S100A9 (20 pg/ml) or GST (20 wg/ml) for 0, 15, 30, and
60 min. (B) Western blot analysis of p-p38 and p-p65 expression in GST-S100A9-treated MDSCs with inhibitors FPS-ZM1 (100 nM) and TAK-242 (100 nM) for 60 min.
(C) Chemotaxis assay for LoVo-induced MDSCs pretreated with and without inhibitor SB203580 (50 nM) for 30 min followed by stimulation with GST-S100A9

(20 ng/ml) and GST (20 pg/ml) proteins for 24 h. (D-F) Real-time PCR analysis for mRNA expression of immunosuppressive molecules Arg-1 (D), iNOS (E), and IL-10
(F) in LoVo-induced MDSCs pretreated with and without inhibitor BAY11-7082 (50 nM) for 30 min followed by stimulation with GST-S100A9 (20 pg/ml) and GST

(20 pg/ml) proteins for 24 h. (G) Fluorescence intensity analysis for ROS production in LoVo-induced MDSCs pretreated with and without inhibitor BAY11-7082

(50 nM) for 30 min followed by stimulation with GST-S100A9 (20 ng/ml) and GST (20 .g/ml) proteins for 24 h. Data represent three independent experiments and are
represented as Mean+SD. *p < 0.05, **p < 0.01, **p < 0.001.

Diagnostic Power of Serum S100A9 and
MDSCs of Peripheral Blood for CRC

Neoplastic Progression

We investigated the potential value of serum S100A9 and
MDSCs of peripheral blood for CRC progression. ROC analysis
showed that the diagnostic value of SI00A9, MDSCs and their
combination detection yielded an AUC of 0.71, 0.74, and
0.73 (Figure 7A, Table 3), suggesting that SI00A9 and MDSCs,
individually or in combination, are weak in discriminating CRC
patients from healthy individuals. We next evaluated whether
they can distinguish early and advanced stages of CRC. A
combination of SI00A9 and MDSCs had a better detection
efficiency than SI00A9 or MDSCs alone, which yielded an AUC
of 0.92 with 86.7% sensitivity and 86.4% specificity (Figure 7B,

Table 3). Furthermore, we found that the combination was
superior to SI00A9 or MDSCs alone in identifying CRC patients
with lymphatic metastasis, which yielded an AUC of 0.82 with
75.0% sensitivity and 77.1% specificity (Figure 7C, Table 3).
Those results imply that combination detection of S100A9 and
MDSCs could be a serum marker for CRC diagnosis in disease
stage and metastasis.

DISCUSSION

MDSCs are immune-modulatory cells that suppress adaptive
immunity to promote tumor progression and metastasis.
Although the immunosuppressive role of MDSCs in the tumor
niche is documented, the detailed regulatory mechanisms
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FIGURE 7 | Diagnostic power of serum S100A9 and MDSCs frequency for CRC progression. (A) ROC curves of serum S100A9, MDSCs, and their combination for
detecting CRC. (B) ROC curves of serum S100A9, MDSCs and their combination for identifying advanced stages from early stages in CRC patients. (C) ROC curves
of serum S100A9, MDSCs, and their combination for detecting metastasis from none in CRC patients.

TABLE 3 | The efficacy analysis of the detection index.

HC vs. CRC Early vs. Advanced Absent vs. Present
S100A9 MDSCs Combination S100A9 MDSCs Combination S100A9 MDSCs Combination
AUC 0.71 0.74 0.73 0.75 0.86 0.92 0.72 0.74 0.82
Sensitivity 73.1% 73.30% 66.7% 86.70% 73.30% 86.7% 93.8% 68.8% 75%
Specificity 56.1% 76.9% 73.10% 63.60% 81.8% 86.4% 51.40% 80% 771%

by which MDSCs are recruited and activated have not been
well-elucidated. S1I00A9 have gained interest because it functions
as a chemokine for regulating inflammatory cell or immunocyte,
which creates a proinflammatory microenvironment to facilitate
tumor growth and metastasis. Here, we provide data suggesting
a regulatory role of SI00A9 in the CRC microenvironment
on MDSCs chemotaxis and activation involving RAGE-
dependent p38 MAPK and TLR4-dependent NF-kB signaling
pathways (Figure 8).

In humans, MDSCs constitute a heterogeneous cell
population that is not well-characterized, partially because
no unified markers are currently available for these cells.
Most studies concur with the observation that MDSCs
express CD11b and CD33 but lack the expression of mature
myeloid cell markers such as HLA-DR (5). In this study, we
identified and characterized the MDSC population in CRC
patients and found a strong correlation between MDSCs
and CRC neoplastic progression, which is consistent with
previous findings in other cancers such as bladder cancer (8),
melanoma (31), and hepatocellular carcinoma (32). Our data

also demonstrated that high levels of immunosuppression
molecules Arg-1 and iNOS mainly expressed in MDSCs in CRC
serum samples, demonstrating that MDSCs may not only be
significantly increased in CRC but also have more suppressive
function compared to those from healthy donor cells with the
same phenotype.

We further demonstrated that MDSCs from CRC patients or
induced by LoVo cells exerted the MDSCs phenotype, which
was characterized by expressing CD11b* CD33%t HLA-DR™.
The results that show that the CRC cells can induce functional
MDSCs in vitro agrees with previous studies for other types
of cancer cells (14, 33, 34). Various tumor-derived factors have
been reported to induce immature myeloid cells (CD33% cells)
to differentiate to MDSCs, these factors include prostaglandin
E2, IL-6, IL-10, IL-1B, TGF-B, and proangiogenic factors such as
vascular endothelial growth factor (35, 36). The proinflammatory
§1008 and S100A9 proteins were reported to regulate MDSC
accumulation in all regions of dysplasia and adenoma in a colitis-
associated colon cancer model (37). Therefore, we speculate
that the induction of MDSCs from CD33" PBMCs may be
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FIGURE 8 | A model describing the mechanisms of the S100A9-induced immunosuppressive microenvironment by regulating MDSCs chemotaxis and activation in
CRC. Increased extracellular S1T00A9 protein derived from CRC cells, inflammatory cells, or MDSCs in TME stimulates RAGE-dependent p38 MAPK signaling
cascade, promoting MDSCs chemotaxis. Additionally, increased extracellular ST00A9 in TME stimulates the TLR4-dependent NF-kB signaling cascade, promoting
MDSCs activation by upregulating immunosuppressive molecules Arg-1, INOS, and IL10 expression, and ROS production.

associated with these factors derived by LoVo cells, which needs  cells shown in previous studies (43, 44), we assessed whether the
future studies. protein is responsible for the chemotaxis or activation of MDSCs.
Elevated S100A9 expression in CRC tissues and its  Our data showed that SI00A9 could intensify the recruitment
association with disease progression have been reported in  and function of MDSCs, suggesting that S100A9 plays an
our previous study (21). Here, similar results were obtained.  important role in the immunosuppressive microenvironment
In addition, we explored the relationship of serum S100A9 by regulating MDSCs. RAGE-mediated or TLR4-mediated
levels with CRC neoplastic progression. Interestingly, recent  downstream signal cascades have been reported to be involved
research indicated that S100A9 could be one marker for in the migration or activation function of inflammatory cells
circulatory MDSCs (38), and other studies showed that induced by S100A9 in inflammation (22, 45-47). Here, we
MDSCs from tumor-bearing mice or peripheral blood in  found that the RAGE-mediated p38 and TLR4-mediated NF-kB
cancer patients express and secrete S1I00A9 in an autocrine  signaling pathways were involved in MDSC chemotaxis and
manner (37). Here, a positive correlation between S100A9  activation, respectively.
and MDSCs as well as immunosuppressive molecules Over the past few decades, increasing experimental
Argl or INOS was also observed. Consistent with the evidence has demonstrated that either S100A9 or MDSCs
literature, our present findings further suggest that SI00A9  contribute to tumor development (5, 16), suggesting that
participates in immunosuppression during CRC development by  the detection of SI100A9 and/or MDSCs in peripheral
regulating MDSCs. blood may be a diagnostic and progression prediction
MDSCs have emerged as key effector cells in the marker for CRC. While the differentiating power of
immunosuppressive  microenvironment of many solid  S100A9, MDSCs or their combination is weak for CRC
tumor malignancies, and several factors that infuence MDSC  diagnosis, the combination detection could a marker for
recruitment and function have been investigated. For example,  predicting CRC stages and lymph node metastasis. All
tumor-derived  granulocyte-macrophage colony-stimulating  this evidence suggests that the combination of S100A9
factor recruits and alters MDSC proliferation and function in ~ and MDSCs could be a candidate marker to detect CRC
pancreatic ductal adenocarcinoma, thwarting CD8" T cell-  neoplastic progression.
mediated anti-tumor immunity (39). Accumulation of CCL2 was In conclusion, the current observations indicate that
found to be correlated to poor prognosis in glioblastoma patients,  accumulative MDSCs and increased S100A9 in CRC patients
whereas deficiency of CCL2 reduced the recruitment of MDSCs ~ contribute to immune suppression. A positive correlation
and Treg cells in a glioblastoma mouse model (40). CXC-motif =~ of MDSCs and S100A9 was observed in the peripheral
chemokines such as CXCL12 and IL-8 are also involved in the = blood of CRC patients. Both MDSCs and S100A9 were
recruitment of MDSCs (41, 42). Considering the regulatory  correlated to CRC neoplastic progression, which could be a
effect of S100A9 on chemotaxis and activation for inflammatory ~ candidate marker to detect CRC neoplastic progression. We
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further demonstrated that S100A9 plays a role in MDSCs
recruitment and activation in CRC by regulating the RAGE-
mediated p38 MAPK and TLR4-mediated NF-«kB signaling
pathways. Thus, inhibiting MDSCs by targeting S100A9-
induced signaling pathways may be a beneficial option for
CRC patients.
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