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Myeloid-derived suppressor cells promote lung cancer metastasis by
CCL11 to activate ERK and AKT signaling and induce
epithelial-mesenchymal transition in tumor cells
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Abstract

Mpyeloid-derived suppressor cells (MDSCs) suppress antitumor immune activities and facilitate cancer progression. Although the
concept of immunosuppressive MDSCs is well established, the mechanism that MDSCs regulate non-small cell lung cancer
(NSCLC) progression through the paracrine signals is still lacking. Here, we reported that the infiltration of MDSCs within
NSCLC tissues was associated with the progression of cancer status, and was positively correlated with the Patient-derived
xenograft model establishment, and poor patient prognosis. Intratumoral MDSCs directly promoted NSCLC metastasis and highly
expressed chemokines that promote NSCLC cells invasion, including CCL11. CCL11 was capable of activating the AKT and
ERK signaling pathways to promote NSCLC metastasis through the epithelial-mesenchymal transition (EMT) process. Moreover,
high expression of CCL11 was associated with a poor prognosis in lung cancer as well as other types of cancer. Our findings
underscore that MDSCs produce CCL11 to promote NSCLC metastasis via activation of ERK and AKT signaling and induction
of EMT, suggesting that the MDSCs-CCL11-ERK/AKT-EMT axis contains potential targets for NSCLC metastasis treatment.
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Introduction

Lung cancer remains a daunting health problem with high
incidence and mortality rates worldwide [1], more than 80%
of cases are non-small cell lung cancer (NSCLC) [2], most
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cancer-related deaths result from metastatic tumor progres-
sion. The origins of the invasive and metastatic cancer
cells remain the subjects of intense investigation. Some stu-
dies attribute the metastatic phenotypes to cell-autonomous
alterations by genomic mutations of cancer cells, whereas
alternative views suggest that these traits are acquired
through the paracrine signals that cancer cells receive from
tumor-associated microenvironment, which has been found
to play crucial roles in cancer development and metastasis
[3]. The tumor programs cellular infiltrates in the micro-
environment to maintain dysregulated inflammation that is
favorable to tumor development and progression. Recent
reports indicated that the myeloid-derived suppressor cells
(MDSCs) are recruited to the environment of progressive
tumors [4]. To better understand the role of MDSCs in
tumorigenesis, we set out to determine whether MDSCs can
provide contextual signals to promote NSCLC metastasis.

MDSCs are broadly defined as a population of immature
myeloid cells [5]. In mice, MDSCs can be defined as
CD11b*Grl1™ cells with immune suppressive functions. In
human, granulocytic MDSCs (G-MDSCs) are predominantly
CDI15" and monocytic MDSCs (M-MDSCs) are CD14,
both being HLA-DR'CD337CD11b™ [6]. MDSCs are asso-
ciated with a more advanced cancer stage and with reduced
survival rate, supporting a role for MDSCs in tumor metas-
tasis [7-12]. It has been well documented that MDSCs are
able to suppress immune cell functions and contribute to
tumor escape from immune surveillance [13-15]. Cancer
xenograft models in immunodeficient mice indicate that
MDSCs have immune-independent effects and may also play
important roles in tumor angiogenesis and premetastatic
niches [16]. Indeed, as we have demonstrated, mouse stroma
cells prepared from developing human A549 or patient-
derived lung cancer xenografts are enriched with immature
myeloid cells which have the ability to support NSCLC
progression [17]. Although the concept of immunosuppres-
sive MDSCs is well established, an understanding of the
crosstalk between MDSCs and NSCLC cells is lacking. In
this study, our goal was to investigate the mechanism of
MDSCs regulating NSCLC metastasis.

Results

Gene expression profiles associated with NSCLC
metastasis and PDX model engraftment

To depict the gene expression profiles related to NSCLC
metastasis, tumors from NSCLC patients (34 invasive
samples and 41 noninvasive samples) were subjected to
RNA-Seq analysis. Gene expression patterns were different
between invasive and noninvasive samples (Supplementary
Fig. 1A). Four distinct groups of genes were identified as

myeloid leukocyte activation, myeloid leukocyte mediated
immunity, ECM disassembly, and cell migration (Fig. 1A).
Noticeably, the expression of S100 proteins (S/00A8,
S100A9, and S100A12), which were identified as possible
markers of MDSCs [12, 18], were found to be enriched in
the invasive tumors. The expression of matrix metallopro-
teinase (MMPs), the essential factors for MDSCs to induce
cancer metastasis, were also enriched in the invasive tumors
(Supplementary Fig. 1B). We further evaluated MDSCs in
resected primary tumors and observed that invasive tumors
contained more infiltrated MDSCs (Fig. 1B, C, Supple-
mentary Table 1). These observations indicated that MDSCs
are enriched in invasive NSCLC samples.

Meanwhile, we established lung cancer PDX model by
resected human NSCLC samples, tumor samples directly
resected from patients were designated PO and implanted into
NSI mice (P1). A tumor was considered engrafted if Pl
tumor could generate P2 tumor. 75 samples were engrafted
successfully (73/131, 55.7%), characteristics of tumors which
were established PDX models were summarized in Supple-
mentary Table 2. The established PDX tumors were routinely
subjected to histological review. HE staining and immuno-
histochemical analysis of CK7, TTF1, and Napsin A revealed
that the PDX tumors matched the primary tumors (Fig. 1D).

Gene expression patterns were different between engrafted
and nonengrafted samples (Supplementary Fig. 1C). Notably,
we observed that gene expression patterns in engrafted tumors
were similar to invasive tumors, there were four distinct
groups of upregulated genes in engrafted tumors (Fig. 1E). In
addition, if a set of genes could stimulate the upregulation of
keratin proteins, then they might enable tumor cells to
accommodate a new epithelial environment (Supplementary
Fig. 1D). We further analyzed the characteristics of these
tumors (Table 1), and found that the success rates of PDX
establishments were positively correlated with lymphatic
invasion. The tumor samples from patients with lymph node
metastases (42/56, 75%) were more likely to grow after
implantation, and tumors dissected from the patients with
progressive disease were more likely to successfully engraft
(Stage I: 17/44, 38.6%; Stage 1I: 36/53, 67.9%; Stage 1II-IV:
20/34, 58.8%). In addition, cell differentiation state and tumor
diameter were also significantly correlated with PDX estab-
lishments. In accord with observations, MDSCs were enri-
ched in engrafted tumors and progressive tumors (Fig. 1F).
Taken together, these observations indicated that the enrich-
ment of MDSCs within tumors might favor NSCLC metas-
tasis and PDX model engraftment, which may be associated
with poor prognosis in NSCLC.

MDSCs enhance NSCLC metastasis

To investigate the role of MDSCs in promoting NSCLC
metastasis, we established a xenograft model in which A549
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human NSCLC cells were mixed with MDSCs derived from
resected primary human NSCLC samples. More metastatic
tumors were observed in the kidneys, livers, and lungs in
A549-MDSCs bearing mice compared to AS549-control
mice (Fig. 2A, B). Also, counts of the metastatic nodules in
these organs were folded enhancements in A549-MDSCs
bearing mice compared to A549-control mice (Fig. 2C), and

SPRINGER NATURE

W Invasive

10000 Hk .
[ Non-invasive

8000

a

O 6000

c

3 4000

=
2000

LCZ p atlent s tumor

LC2 PDX
7 VS

H&E

4 Noninvasive
* Invasive

cK7 |

b
»
o

© Nonengrafted
. = Engrafted

8
8
@
.

s @
o
@

i

% of G-MDSC in tumors
s

% of M-MDSC in tumors
E s

»
o

[— v Survival
* Dead

3 3 8 8
-
@ = @
.

°
e
<
5
<
Cd

% of G-MDSC in tumors
% of M-MDSC in tumors

e o

more metastatic dissemination of tumor cells were detected
in these organs of A549-MDSCs bearing mice (Fig. 2D).
We also established NSCLC PDX models in NSI mice as
reported previously (LC18, LC85, LC88) [19]. Circulating
tumor cells (CTCs) were detected in the peripheral blood
(Supplementary Fig. 2A—-C), and metastatic dissemination
of tumor cells were detected in organs of the PDX models
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Fig. 1 Gene expression profiles associated with NSCLC metastasis
and PDX model engraftment. A Heatmap of differential gene
expression analysis of snap-frozen banked patient tumors (34 invasive
and 41 noninvasive samples); color pattern represents the row Z-score.
B Immunohistochemical staining and analyses of CD33 myeloid cell
in the invasive and noninvasive tumor samples. Scale bar: 100 um.
Staining intensity were showed as mean IOD (4 random sights/sam-
ple), data are presented as the mean+SEM. Two-way ANOVA.
C Flow cytometry gating strategy for the analysis of human MDSCs;
summary of the percentages of human MDSCs (M-MDSCs:
HLA-DR"°CD337CD11b"CD147CDI15; G-MDSCs: HLA-DR™
CD337CD11b"CD14CD15") in the invasive (n=34) and non-
invasive samples (n =38). D Hematoxylin and eosin (HE) staining
and immunohistochemical analyses of cytokeratin 7 (CK7), tran-
scription termination factor 1 (TTF1), and Napsin A expression in LC2
and matched PDX samples. Scale bar: 100 pm. Staining intensity were
showed as mean IOD (4 random sights/sample), data are presented as
the mean+SEM. Unpaired two-tailed ¢ test. E Heatmap of differential
gene expression analysis of snap-frozen banked patient tumors (33
engrafted and 42 nonengrafted samples); color pattern represents the
column Z-score. F summary of the percentages of human MDSCs (M-
MDSCs: HLA-DR-/10CD33 + CD11b + CD14 4 CD15-; G-MDSCs:
HLA-DR-/10CD33 4+ CD11b 4+ CD14-CD15+) in the engrafted (n =
39) and nonengrafted samples (n=33), and samples from survival
patients (n = 37) or deaths (n = 35). Data are presented as the mean +
SEM. Unpaired two-tailed ¢ test. ns: no significant difference; *p <
0.05, **p <0.01, and ***p <0.001.

(Supplementary Fig. 2D). Furthermore, we found the per-
centages of CTCs in the mice model were positively cor-
related with MDSCs infiltration in primary tumors
(Supplementary Fig. 2E). Since NSI mice exhibit impaired
development of T cells, B cells, and natural killer cells [20],
our data indicated that MDSCs or derivatives thereof might
directly enhance NSCLC metastasis.

Tumoral MDSCs having high expression of CCL11
could induce NSCLC cell invasion

To further investigate how tumor-associated MDSCs pro-
mote tumor metastasis, we purified MDSCs from PDX mice
and their homologous cells from tumor-free mice and per-
formed transcriptomic profiling of these populations using
RNA-Seq (Supplementary Fig. 3A). A comparison of the
fold changes in mRNA expression levels among cell
populations revealed significant changes in gene expression
levels that distinguished the tumoral MDSCs from the other
populations (Supplementary Fig. 3B, Supplementary Table
3). Gene ontology (GO) analysis of the upregulated genes in
tumoral MDSCs revealed that the enriched genes were
associated with cell migration (Supplementary Fig. 3C,
Supplementary Table 4). Previous studies in murine tumor
models have reported that MDSCs induce cancer cell
invasion and metastasis by IL-6 induced signals and
S100A8/9 induced signals [21, 22]. We also found that IL-6
was upregulated in the tumoral MDSCs, however, the
expression of other genes related to IL-6 signaling
were not significantly upregulated in the invasive tumors

(Supplementary Fig. 3D, E). Similarly, although we found
high expression of S100A8/9 in the invasive tumors,
S100A8/9 were not specifically expressed in the tumoral
MDSCs; in addition, the expression of other genes related
to S1I00A8/9 signaling were also not significantly upregu-
lated in the invasive tumors (Supplementary Fig. 3D, E).
Therefore, IL-6 signaling or SI00A8/9 signaling might not
responsible for MDSCs-induced metastasis in human
NSCLC cells.

We further investigated genes related to cell migration
and found that the upregulated genes in tumoral MDSCs
included many chemokines (Supplementary Fig. 3F), that
regulate the initiation or maintenance of tumor metastasis
[23-25]. In line with these observations, we found that
chemokines were enriched in the invasive tumors (Fig. 3A).
These results indicated that tumoral MDSCs might promote
NSCLC metastasis through chemokines. We found several
chemokines (CXCL11, CCL11, CCL24, CCL7, and CCLA4)
that had not yet been reported or had not been well studied
in the crosstalk between MDSCs and NSCLC cells during
the process of metastasis. Therefore, we chose these che-
mokines for further functional studies in the context of
tumor metastasis.

First of all, we confirmed the expression of their recep-
tors in NSCLC cells (Supplementary Fig. 3G, H). To
determine whether these chemokines are responsible for
tumor metastasis, we overexpressed the candidate chemo-
kines in 293T cells (Supplementary Fig. 3I) and performed
invasion assays with transwell chambers (Fig. 3B).
Although all of the tested chemokines exhibited the capa-
city to enhance tumor invasion, CCL7 and CCL11 mark-
edly increased the invasive capacity of lung cells (Fig. 3C).
In addition, expression of these chemokines was examined
by immunohistochemical staining in resected NSCLC
samples, expression level of CCL11 and CXCL11 were
significantly elevated in the invasive tumors (Fig. 3D).
Furthermore, we found that increased CCL11 expression
was associated with a significantly poor survival rate in lung
cancer patients (Fig. 3E). Therefore, we focused our efforts
on evaluating the importance of CCL11 in MDSCs-induced
metastasis.

CCL11 promotes NSCLC metastasis

Several observations have linked CCLI11 signaling in
association with lung cancer [26, 27]. However, the con-
tributions of CCL11 to NSCLC development, especially the
crosstalk between MDSCs and NSCLC cells are poorly
understood. To investigate further the possible causal role
of CCL11 in NSCLC cell metastasis, we first performed an
evaluated transwell assay, which showed that CCL11 pro-
moted NSCLC invasion (Supplementary Fig. 4A). Then we
established PDX mouse models and intraperitoneally

SPRINGER NATURE
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Table 1 Baseline patient and tumor characteristics according to the
ability of the tumors to establish xenografts.

Patient Yes (n=73) No (n=58) P value
(n=131)
Age, years 61 (100.0%)62 (40-82) 62 (38-79) 0.2005
Sex
Male 97 (74%) 57 (78.1%) 40 (69%) 0.3159
Female 34 26%) 16 (21.9%) 18 (31%)
Smoking status
Smoker 68 (51.9%) 38 (52.1%) 30 (51.7%) >0.9999
Nonsmoker 63 (48.1%) 35 (47.9%) 28 (48.3%)
Pathology
AD 85 (64.9%) 46 (63%) 39 (67.2%)  0.7984
Nee 43 (32.8%) 25 (34.2%) 18 (31%)
LLC 10.8%) 1 (1.4%) 0 (0%)
SCLC 2 (1.5%) 1 (1.4%) 1 (1.7%)
Lymphatic invasion
Positive 56 (42.7%) 42 (57.5%) 14 24.1%)  0.0002
Negative 75 (57.3%) 31 (42.5%) 44 (75.9%)
Median tumor diameter, cm
3 (0.2-12.03.6 (1-12.0) 3 (0.2-9) 0.0184
TNM stage
Stage I 44 (33.5%) 17 (23.3%) 27 (46.6%)  0.0140
Stage 11 53 (40.5%) 36 (49.3%) 17 (29.3%)
Stages MI-IV 34 (26%) 20 (27.4%) 14 (24.1%)
Cell type
WD 13 (10%) 3 (4.1%) 10 (17.2%)  0.0109
MD 40 (30.5%) 28 (38.4%) 12 (20.7%)
PD 78 (59.5%) 42 (57.5%) 36 (62.1%)
EGFR mutation
L858R 21 (16%) 8 (11%) 13 (22.4%)
T790M 53B8%) 22.7%) 3 (5.2%)
L861Q 1(0.8%) 0 (0%) 1 (1.7%)
Del. 19 18 (13.7%) 10 (13.7%) 8 (15.4%)
Exon 20 ins 1(0.8%) 0 (0%) 1 (1.7%)
G719X/Del. 19 1 (0.8%) 0 (0%) 1 (1.7%)
WT 85 (64.9%) 54 (41.2%) 31 (53.4%)

M male, F female, AD adenocarcinoma, SCC squamous cell
carcinoma, LLC large cell carcinoma, SCLC small cell lung cancer,
WD well differentiated, MD moderately differentiated, PD poorly
differentiated, WT wild type, LS858R exon 21 L858R mutation, 7790M
exon 21 T790M mutation, Del.19 exonl9 deletions, L861Q exon 21
L861Q mutation, Exon 20 ins exon 20 insertions, G719X exon 18
G719X mutations.

treated them with CCL11 once per week (Fig. 4A). The
percentage of CTCs significantly increased after 3 weeks of
CCL11 treatment in the PDX models (Fig. 4B, Supple-
mentary Fig. 4B). In addition, flow cytometric analysis
showed that increased numbers of metastatic tumor cells
were found in the spleen, liver, and lungs in two PDX
models (Supplementary Fig. 4B). Histopathological

SPRINGER NATURE

analyses indicated that treatment with CCL11 could
robustly increase tumor metastasis in both PDX models
(Fig. 4C). Collectively, these observations point out the
importance of CCL11 in NSCLC metastasis.

To further explore the causal role of CCL11 in MDSCs-
induced metastasis, we established a xenograft model in
which A549 human NSCLC cells were mixed with MDSCs.
We found that CCL11 treatment or the presence of MDSCs
could robustly enhance A549 cancer cells dissemination.
Neutralization of CCLI11 protein using intraperitoneal
injections of an anti-human CCL11 monoclonal antibody
abrogated the MDSCs-induced metastasis in A549 cells
(Fig. 4D). We noted that this enhanced metastatic ability
was not due to CCL11’s effects on cellular proliferation
(Supplementary Fig. 4C) or the contamination of tumor
cells with MDSCs (Fig. 4D). These results indicated that
the actions of CCL11 were responsible for much, if not all,
of the observed MDSCs-induced metastasis in human
NSCLC cells.

Essential role of the CCL11-CCR3 interaction in
NSCLC metastasis

CCR3 has been determined to be the main receptor for
CCLI11 in cancer cells [28], therefore, we focused our
efforts on evaluating the importance of the CCL11-CCR3
interaction in NSCLC metastasis. We inhibited CCR3
expression in lung cancer cells through shRNA knockdown
(Supplementary Fig. 5A). Then we performed gene
expression analysis of CCR3 knockdown in A549 cells
as well as A549 cells treated with CCL11 using RNA-Seq.
The complete list of expressed genes is shown in Supple-
mentary Table 5. Differentially expressed genes distinguish
differently treated cells (Supplementary Fig. 5B). KEGG
pathway analysis of the differentially expressed genes
identified 77 pathways for genes with upregulated expres-
sion after CCL11 treatment, and 71 pathways for genes with
downregulated expression after CCR3 knockdown (Sup-
plementary Table 6). PI3K-AKT signaling pathway and
Ras-MAPK-ERK signaling pathway were identified as
significantly important pathways in CCL11-treated cells
(Fig. 5A, C) and CCR3-knockdown cells (Fig. 5B, C),
respectively. In addition, we confirmed the increased
phosphorylation of ERK1/2 and AKT in invasive tumors
(Fig. 5D). ERK and AKT served as the key switch of
upstream signals that promote cellular motility [29, 30].
Taken together, these results indicated the critical impor-
tance of ERK and AKT signaling in CCLI11-induced
metastasis of NSCLC cells.

Invasion and metastasis of cancer cells are facilitated
through the process termed epithelial-to-mesenchymal
transition (EMT), in which cancer cells convert stationary
epithelial traits to acquire mesenchymal markers that endow
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their motility [31]. This transition has also been identified as
the direct downstream target of the AKT and ERK signaling
pathways [32, 33]. CCL11 treatment or CCR3 knockdown
led to a change in the expression of canonical EMT mar-
kers, including loss of the epithelial marker keratins,
mucins, and collagens, and induction of the mesenchymal
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**%p <0.001.
marker N-cadherin, vimentin, fibronectin, and MMPs

(Fig. 5C), which implied that CCL11 induced NSCLC
cell EMT.

To further confirm the role of ERK and AKT in med-
iating the actions of CCL11 on cellular motility, we treated
A549 cells with CCL11, ERK1/2 phosphorylation inhibitor
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images of transwell assay results; scale bar, 100 um. And quantitative
analysis of invasive cells, the histogram indicates the invasive ability
of tumor cells in the transwell cell invasion assays (n = 3). Data are
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presented as the mean+ SEM. One-way ANOVA. D Immunohisto-
chemical staining for CCL4, CCL7, CCL11, CCL24, and CXCLI11 in
resected human NSCLC samples (Invasive samples: LC18, LC85, and
LC88; and Noninvasive samples: LC15, LC43, and LC55); scale bar,
100 um. Staining intensity were showed as mean IOD (4 random
sights/sample), data are presented as the mean+SEM. Two-way
ANOVA; ns: no significant difference, *p<0.05, **p<0.01, and
**%p < 0.001. E Kaplan—Meier survival curves of lung cancer patients
(overall survival, 1925 patients).
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Fig. 4 CCL11 promotes A
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C Histopathological analysis of
tumor metastasis in PDX
models, immunohistochemical
staining for hHLA in the spleen,
liver, and lungs of two LC-PDX
model mice; scale bar, 50 pm.
Staining intensity were showed
as mean IOD of hHLA in each
group (4 random sights/sample).
Data are presented as the mean
+ SEM. Unpaired two-tailed

t test. D Hematoxylin-eosin
staining of the kidneys, livers,
and lungs of A549 tumor-
bearing mice; scale bar,

1000 um. Black arrowheads
indicated the metastatic area.
And summary of the flow D
cytometry analysis of metastatic
tumor cells in A549 xenograft
mice (n=15). Data are presented
as the mean + SD. One-way
ANOVA; *p <0.05, **p <0.01,
and ***p <0.001.
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(GDC0994) as well as AKT phosphorylation inhibitor
(MK2206). We found that CCL11 induced the phosphor-
ylation of ERK1/2 and AKT and the phosphorylation was
decreased by knocking down of CCR3 (Fig. 6A). CCL11
increased Vimentin and N-cadherin expression levels,
and their expression was decreased after treating with
GDC0994, MK2206, or CCR3 knockdown. In contrast, the
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expression of epithelial markers (E-cadherin and Fibro-
nectin 1) was suppressed in CCL11-treated tumor cells and
increased after treating with GDC0994, MK2206, or CCR3
knockdown (Fig. 6A, B). The expression level of key
transcription factors that mediate EMT and MMPs was
upregulated in CCLI11-treated tumor cells, but down-
regulated in GDC0994-treated, MK?2206-treated and
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The top 20 enriched pathways for up-regulated genes in CCL11 treated cells
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The top 20 enriched pathways for down-regulated genes in CCR3 knockdown cells
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Fig. 5 AKT and ERK signaling pathways may be involved in
CCL11-mediated NSCLC metastasis. Bubble chart showing the
results of KEGG pathway enrichment analysis. A The top 20 enriched
pathways for upregulated genes in CCLI11-treated cells versus
untreated cells. B The top 20 enriched pathways for downregulated
genes in CCR3-knockdown cells versus untreated cells. Bubble size
indicates the number of genes associated with each term, and
bubble color indicates p value significance. C Heatmap analysis of
differentially regulated genes in A549 tumor cells (untreated cells;
CCLI11-treated cells; CCR3-knockdown cells, n = 3/group). The color
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pattern represents the column Z-score. D Immunohistochemical
staining for p-ERK and p-AKT in resected human NSCLC samples
(Invasive samples: LC84, LC86, and LC87; and Noninvasive samples:
LC15, LC69, and LC78); scale bar, 100 um. Staining intensity were
showed as mean IOD (4 random sights/sample, 6 invasive samples:
LC84, LC86, LC87, LC18, LC85, and LC88; 6 noninvasive samples:
LC15, LC69, LC78, LC43, LCS5, and LC26), data are presented
as the mean = SEM. Two-way ANOVA; *p <0.05, **p<0.01, and
**%p <0.001.
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CCR3-knockdown cells (Fig. 6B). Furthermore, we found
that CCR3-knockdown cells changed from an elongated
shape to a rounded shape (Supplementary Fig. 5C), which
indicated declined mobility. In addition, A549 cells exhib-
ited enhanced invasiveness when treated with CCLI11,
whereas CCR3 knockdown or ERK/AKT signaling block-
ade impeded the CCLI11-induced NSCLC metastasis
(Fig. 6C, D). Similar phenomena were detected in H1299
and H460 cancer cells (Supplementary Figs. 6, 7). Collec-
tively, these observations suggested that CCL11-CCR3
interaction activated AKT and ERK signaling pathways to
promote NSCLC metastasis through the EMT process.

Discussion

Certain models of metastatic progression indicate that can-
cer cell invasion and metastasis are strongly influenced by
paracrine signals emanating from MDSCs. A syngeneic
mouse model provided evidence that tumoral-mMDSCs
facilitate tumor cell metastasis by inducing EMT pheno-
type, whereas pulmonary gMDSCs revert EMT phenotype
to support the metastatic growth [34], which suggested that
the traits of tumor cells to metastasize is a consequence of
their education by MDSCs. Although murine models have
been proposed to demonstrate that MDSCs induce cancer
cell invasion and metastasis by some paracrine signals, such
as IL-6 induced signals in breast cancer and S100A8/9
induced signals in colon cancer [21, 22], direct evidence of
MDSCs regulating human NSCLC progression through the
paracrine signals is still lacking. Our study extended the
knowledge that MDSCs might serve to influence NSCLC
metastasis. We noted that CCL11 which was associated
with poor prognosis of NSCLC, was highly expressed in
tumoral-MDSCs and enriched in invasive lung carcinomas.
These observations argued strongly for a significant asso-
ciation between MDSCs, CCLI11, levels and human
invasive NSCLC.

CCL11-CCR3 interaction is involved in the recruitment
of eosinophils, basophils, and T helper 2 lymphocytes
which contribute to tumor angiogenesis [35] and Th2-
dominant tumor environment [36]. We pointed out that
CCLI11 participated in MDSCs-induced NSCLC metastasis
by interaction with CCR3, also CCL11 could activate ERK/
AKT signaling to induce EMT phenotype. The CCL11-
CCR3-ERK pathway has been shown to promote survival
in lymphoma cells [37] and facilitate invasion in prostate
cells [38], but no evidence has been shown that CCL11 is
linked with EMT during NSCLC progression. These find-
ings may extend our knowledge of the links between
MDSCs and CCL11 and shed light on the mechanisms
underlying how MDSCs facilitate human NSCLC metas-
tasis by paracrine signals. Apart from human lung cancers,
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there are also a series of data which indicate the impact of
CCLI11 on cancer progression. Elevated CCL11 expression
level in cancer patients is associated with progressive dis-
ease and could be used as a biomarker for poor prognosis
(Supplementary Fig. 8) [39-42], which indicates the
essential role of CCL11 signals in cancer metastasis.

PDX model has become a favored preclinical model to
study tumor biology due to its high fidelity in recon-
stituting human tumors [43]. However, engraftment fail-
ure is still a bottleneck in PDX models. It has been
reported that the increased success rate of PDX was
associated with enhanced clinical aggressiveness in
tumors [44, 45]. In our study, we also noticed that suc-
cessful PDX establishment was associated with pro-
gressive tumor stage and poor prognosis, suggesting that
progressive tumors are more likely to establish lung
cancer PDX models. What’s more, stromal cells originally
present in dissected tumors from patients were gradually
replaced by murine stromal cells as the xenograft grows,
which could obstruct the analysis of human tumor-stroma
interactions. Our findings indicated that MDSCs could be
a positive factor in progressive NSCLC for the estab-
lishment of a PDX model. Thus, transplanted pro-tumoral
MDSCs or para-cancerous tissue might be beneficial for
establishing lung cancer PDX models as well as the study
of tumor biology. Furthermore, these findings suggest that
targeting MDSCs as part of an approach to inhibit the
metastatic process appears to be a very clinically pro-
mising strategy for NSCLC therapy.

In summary, our study provided evidence for the tumor-
promoting function of MDSCs in NSCLC, and this function
might represent a promotive factor for progressive NSCLC
and favored the establishment of a PDX model. MDSCs
produced CCL11 to promote NSCLC progression via the
activation of ERK and AKT pathways as well as induction
of EMT in NSCLC cells. These findings shed light on
the mechanisms by which MDSCs could contribute to
NSCLC metastasis in the primary tumor microenvironment.
The MDSC-CCL11-ERK/AKT-EMT axis was essential for
NSCLC metastasis and could be a potential target for
metastatic NSCLC therapies.

Material and methods
Human tissues

This study was approved by the ethics committee of The
Third Affiliated Hospital of Guangzhou Medical University.
All human lung cancer tissues used to create PDX mouse
models were obtained from Nanfang Hospital, Southern
Medical University, and Guangdong General Hospital. The
use of human tissue samples in this study was approved by
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the Committee for the Ethical Review of Research Invol-
ving Human Subjects at Nanfang Hospital, Southern Med-
ical University, and Guangdong General Hospital. Written,
informed consent was obtained for all involved patients.

Mice

Animal experiments were performed in the Laboratory
Animal Center of the Guangzhou Institutes of Biomedicine
and Health (GIBH), and all animal procedures were
approved by the Animal Welfare Committee of GIBH.
NOD-SCID-IL2Rg™'~ (NSI) mice were derived at the
Laboratory Animal Center of GIBH. Mice were maintained
in specific pathogen-free cages and provided with auto-
claved food and water. Adult male mice aged 6-8 weeks
were used in this study. Protocols were approved by the
relevant Institutional Animal Care and Use Committee.

Tumor models

For PDX models, the resected primary human NSCLC
samples were implanted subcutaneously into the right and
left flank of female NSI mice, the established PDX models
(tumor volume >100 mm3) were selected for further ana-
lysis. The tumor-bearing mice were sacrificed when the
tumors reached 1000 mm® (as measured by calipers) to
analyze MDSCs and CTCs. When evaluated CCL11 in
PDX model, human cancer tissue blocks were sub-
cutaneously transplanted into NSI mice treated with an
intraperitoneal injection of PBS, or 40 ug/kg recombinant
human CCLI11 (ProSpec) once per week. CTCs were
detectable 3 weeks after tumor implantation, the mice were
sacrificed after 4 weeks after CTCs were detectable.

For A549 xenograft experiments, cancer cells were
implanted alone (5 x 10° cells), or mixed with MDSCs
derived from resected primary human NSCLC samples (1 x
10° cells) and injected intravenously into female NSI mice,
the mice were treated with 40 pg/kg recombinant human
CCL11 or 50pg/kg anti-human CCLI11 neutralizing Ab
(R&D Systems), or equivalent amount of purified rat
immunoglobulin G intraperitoneally, 50 mg/kg GDC0994
were given orally daily, 120 mg/kg MK2206 were oral
given alternate days, 4 weeks after tumor implantation, the
mice were sacrificed for analysis.

Cell culture

The human non-small cell lung carcinoma A549, H460, and
H1299 cells were cultured in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS; Bio-
chrom) and passaged at 80% confluence. Cells were
maintained at 37 °C in a humidified-air atmosphere con-
taining 5% CO,. The A549, H460, and H1299 cells used in

this study were obtained from ATCC with identification by
STR profiling and kept at a low passage number for
experimental use. We routinely screened for mycoplasma
infection with the Mycoplasma Detection Kit (Lonza) and
discarded mycoplasma-positive cells. For in vitro experi-
ment, tumor cells were cultured with RMPI-1640 supple-
mented with 10% FBS with or without 10 ng/mL human
CCL11, 1 uM GDC099%4, 1 uM MK2206.

For CCL11 culture experiments, 1000 A549 cells were
cultured in a 96-well plate with RMPI-1640 supplemented
with 10% FBS with or without 10 ng/mL human CCLI11.
Tumor cell numbers were measured by Cell Counting Kit-8
(CCK-8, DOJINDQ, Japan) at the indicated times according
to the manufacturer’s instructions.

Gene expression analysis

Tumor tissue or tumor cells were collected for RNA isola-
tion. RNA preparation, library construction, and sequencing
on a BGISEQ-500 platform were performed at the Beijing
Genomics Institute (BGI). RNA was isolated from cell
pellets using TRIzol™ Reagent (Invitrogen), and RNA
quality was determined using the Bioanalyzer 2100
(Agilent). 23S and 16S rRNAs were depleted using a
MicrobExpress kit (Ambion). Genomic DNA was removed
with two digestions using amplification-grade DNase 1
(Invitrogen). The processed RNA was sheared and reverse
transcribed using random primers to obtain cDNA, which
was used for library construction. Library quality was
determined by using the Bioanalyzer 2100 (Agilent). Then,
the library was used for sequencing with the sequencing
platform BGISEQ-500 (BGI).

The generated raw sequencing reads were filtered to
remove reads with adapters, reads in which unknown bases
accounted for more than 5% of bases, and low-quality
reads. Clean reads were then obtained and stored in FASTQ
format. HISAT [46] was used to map the clean reads to a
reference genome. Gene expression levels were quantified
by the software package RSEM [47]. The DEGseq method
was used to screen differentially expressed genes between
groups (cutoff criteria: fold change absolute value of log2-
Ratio 21 and a false discovery rate <0.001). GO and path-
way annotation and enrichment analyses were based on the
Database for Annotation, Visualization, and Integrated
Discovery (https://david.ncifcrf.gov/).

Data mining

The associations between chemokine expression in tissue
and clinical features and outcomes of cancer patients were
obtained by Kaplan—Meier plotter (http://www.kmplot.com)
as previously described [48, 49]. Additional details of the
study are available at Kaplan—Meier plotter.
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Statistics

Sample sizes were estimated based on prior related studies
[17, 19], samples and animals were random allocated and were
unbiasedly included into the analysis unless specific mention.
All cell culture experiments, transwell assay, western blot,
real-time PCR and ELISA were performed in triplicate at least
three independent times. Statistical analysis to determine group
differences is determined by unpaired two-tailed ¢ test com-
paring two groups, one-way or two ways ANOVA multiple
tests comparing three or more groups using GraphPad Prism
(GraphPad Software), overall survival of cancer patients was
assessed using Cox proportional hazards and log-rank analyses
from the database, all statistical analyses are described in the
figure legends. The p values are considered as follows: *p <
0.05, **p <0.01, and ***p <0.001.

Data availability

RNA-Seq of human NSCLC samples, MDSCs and A549
cells have been uploaded to public databases (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136949).
Other data generated or analyzed during this study are
included either in this article or in the supplementary
information files.
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