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ABSTRACT
Cancer immunoediting is defined as the integration of the immune system’s dual host-protective and tumorpromoting roles, including three phases: elimination, equilibrium, and escape. Immune selective pressure
causes tumor cells to lose major histocompatibility complex expression or acquire immunosuppressive gene
expression, which promotes tumor immune evasion and tumor progression. Interleukin-17D (IL-17D), a
member of the IL-17 family of cytokines, plays an important role in the host defense against infection and
inflammation. However, the role of IL-17D in the progression of lung cancer remains unclear. In this study,
we found that IL-17D was highly expressed in human lung cancer, and increased IL-17D expression was
associated with tumor stage and short overall survival. IL-17D overexpression significantly promoted tumor
growth in subcutaneous xenograft mouse models but only slightly affected cell proliferation in vitro. Using
flow cytometry, we found that IL-17D overexpression enhances the recruitment of tumor-associated
macrophages to the tumor microenvironment. Based on the expression profile of IL17D–overexpressing A549
cells, we found that IL-17D increased the expression levels of macrophage polarization– and recruitment–
related genes through the MAPK signaling pathway. Moreover, inhibition of the p38 pathway blocked
macrophage infiltration induced by IL-17D. These results suggest that IL-17D regulates the tumor immune
microenvironment via the p38 MAPK signaling pathway, highlighting IL-17D as a potential therapeutic target
for lung cancer.
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INTRODUCTION

RESULTS

The immune system plays a dual role in cancer
development and progression, including both host
protection and tumor promotion. Cancer cells express
antigens that differentiate them from non-transformed
cells. Immune responses to tumor antigens initiate
three sequential phases: tumor cell elimination,
equilibrium, and escape under immunosurveillance,
called “cancer immunoediting” [1, 2]. Under immune
selective pressure, tumor cells gain resistance against
the immune system, via mechanisms involving the
expression of inhibitory ligands or immunosuppressive cytokines and loss of antigens, leading to
immune evasion and immunotherapy failure [3].

IL-17D expression correlates with poor prognosis in
human lung cancer
To identify genes and pathways participating in lung
cancer development and progression, we analyzed the
publicly available NCBI GEO dataset GSE32036
(expression profiling of lung cancer cell lines, including
59 normal small airway or bronchial epithelial cell
samples, 118 NSCLC samples, and 29 SCLC samples)
[13, 14]. A set of 710 genes (856 transcripts) showed
significant expression differences between the normal,
NSCLC, and SCLC groups (Figure 1A). Many wellknown lung tumorigenesis-related genes were
significantly enriched in SCLC, such as GPC2,
POU3F2, ASCL1, SYP and CXCR4. Among these
differently expressed genes, IL-17D gene, whose
function in lung cancer is unknown, was upregulated in
NSCLC and SCLC compared with that in normal
airway epithelial cells (Figure 1B). We also analyzed
single cell RNA-seq data of 42 NSCLC samples in
NCBI GEO dataset GSE148071, and found that IL-17D
was mainly expressed in lung cancer cells, while lowly
expressed or not expressed in fibroblasts, alveolar
cells, normal epithelial cells and immune cells
(Supplementary Figure 1). Additional western blotting
experiments were performed to verify the aberrant
expression of IL-17D in these lung cancer cell lines;
IL-17D was expressed at low or undetectable levels in
HBECs and some NSCLC cell lines (H460, HCC827
and A549) but was highly expressed in all SCLC cell
lines and H1155, an NSCLC cell line with
neuroendocrine features (Figure 1C). ELISA analysis
confirmed that the release of IL-17D in the supernatants
was significantly elevated in SCLC cell lines and
H1155 compared with A549 (Supplementary Figure 2).
These data suggest that IL-17D expression is
upregulated in lung cancer cells.

The functions of the IL-17 family in regulating
immune response have been linked to many disease
processes, including rheumatoid arthritis and
antitumor immunity [4–8]. IL-17D, as a novel member
of the IL-17 family, could regulate local immune
responses through inducing cytokine production [8].
Unlike other family members, IL-17D is unusually
expressed outside the immune system. Based on the
expression pattern (RNA-seq) [9] and quantitative
real-time polymerase chain reaction (qRT-PCR) [10],
IL-17D is preferentially expressed in the brain, ovary,
skeletal muscle, adipose tissue, heart, lung, and
pancreas. Previous studies have revealed that IL-17D
can stimulate endothelial cells to produce IL-6, IL-8,
and granulocyte-macrophage colony-stimulating factor
[10]. However, the role of IL-17D in antitumor therapy
remains controversial. O’Sullivan et al. used
fibrosarcoma model and found that IL-17D inhibited
tumor progression via NK-cells [11]. Recent report
indicated that Il17d−/− mice were resistant to tumor
growth upon B16 OVA melanoma and E.G7 OVA
lymphoma challenge through enhancing CD8 T cell
activity [12]. These suggest that IL-17D may exhibits
a variety of functions in different tumor types and
stages of tumor development. Here, we study the
molecular and clinical consequences of IL-17D
expression in lung cancer.

Subsequently, we performed immunohistochemical
staining to study IL-17D expression in human lung
cancer tissues, including 197 NSCLCs (50 squamous
cell carcinomas, 124 adenocarcinomas, 12 adenosquamous carcinomas and 11 large cell carcinomas), 13
SCLCs and 68 normal lung tissues. IL-17D was detected
at lower levels in normal lung tissues than in NSCLC
and SCLC tissues (Figure 1D). Many IL-17D-positive
lung cancer cells exhibited cytoplasmic localization
(Figure 1D). Quantification of staining based on the
intensity of IL-17D staining and the percentage of IL17D-positive lung cancer cells revealed higher
expression of IL-17D in SCLCs than in NSCLCs (Figure
1E). A higher IL-17D staining intensity was associated
with the tumor stage of NSCLC (Figure 1F). To assess
the prognostic significance of IL-17D, we analyzed the

In this study, we sought to identify tumor-expressed
genes that play an important role in tumor
progression. We found that IL-17D was highly
expressed in lung cancer and associated with poor
clinical outcomes. Mechanically, IL-17D induced
tumor associated macrophages (TAMs) infiltration via
the p38 MAPK pathway. These data delineate an
important role for IL-17D in the immune microenvironment of lung cancer, and suggest that IL-17D
might be a potential target for the treatment of lung
cancer.
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correlation between IL-17D expression and patient
survival. Patients with a high density of IL-17D (staining
scores ≥ 2, n = 20) had poorer overall survival than those
with a low density of IL-17D (staining scores < 2, n =

46, P = 0.0309; Figure 1G). These results indicate that
IL-17D is frequently overexpressed in lung cancers, and
that a high expression level predicts poor prognosis in
human lung cancer.

Figure 1. Interleukin (IL)-17D is highly expressed in lung cancer cell lines and tissues and correlates with poor prognosis in
human lung cancer. (A) Heatmap of 856 differentially expressed transcripts (710 genes) among normal airway epithelial cell lines
(Normal, n = 59), non-small cell lung cancer cell lines (NSCLC, n = 118), and small cell lung cancer cell lines (SCLC, n = 29). (B) RNA-seq data
(GSE32036) of IL-17D gene expression of normal airway epithelial cells (n = 59) and NSCLC (n = 118) and SCLC (n = 29) cell lines (value =
quantile-normalized and log2-transformed signal). **P < 0.01. ***P < 0.001. (C) Immunoblotting was performed to examine the expression
level of IL-17D in normal, NSCLC, and SCLC cells. (D) Representative images of immunostaining with anti-IL-17D antibody in tissue sections
of human lung tumor adjacent tissue (a), NSCLC tissue (b) and SCLC tissue (c). Scale bars are 20 µm. (E) The frequency of cases with no (0),
low (0.1–3.9), or high (4.0–9.0) IL-17D staining stratified by immunohistochemically-defined lung cancer subtype. (F) The frequency of cases
with no (0), low (0.1–3.9), or high (4.0–9.0) IL-17D staining stratified by tumor stage. (G) Kaplan-Meier survival rates for 66 subjects with
lung cancer disease with low (staining scores < 2, n = 46, blue line) versus high (staining scores ≥ 2, n = 20, red line) IL-17D expression were
compared. Median survivals were undefined months (low IL-17D) versus 34.52 months (high IL-17D; P = 0.0309).
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IL-17D overexpression does not affect the biological
behavior of tumor cells in vitro, but promotes tumor
progression in vivo

line A549 and mouse lung carcinoma cell line LLC1,
which do not express endogenous IL-17D. We found
that cell proliferation was slightly decreased in IL-17D–
expressing cells (Figure 2A, no difference). We tested
the effect of IL-17D expression on the invasion and
migration of lung cancer cells. IL-17D expression also

To evaluate the function of IL-17D in lung cancer, we
overexpressed IL-17D in the human lung carcinoma cell

Figure 2. IL-17D overexpression does not affect the biological behavior of tumor cells in vitro, but promotes tumor
progression in vivo. (A) Cell proliferation measurements (BrdU) compared between IL-17D–expressing and control cells (n = 5–6). (B) IL17D–expressing cancer cells and control cells were subjected to invasion assay. Error bars represent the means ± standard deviation (SD)
for a representative experiment performed in triplicate. Scale bars, 100 µm. (C) IL-17D–expressing A549 cells and control cells were
subjected to a wound healing assay. Error bars represent the means ± SD for a representative experiment performed in triplicate. Scale bar,
100 μm. (D) Subcutaneous tumor growth of IL-17D–expressing and control LLC1 cells were measured (n = 5). Control and IL-17D–expressing
LLC1 cell lines were harvested and injected into WT mice (100% tumor positive). Data are representative of three independent
experiments. ***P < 0.001. (E) Images of subcutaneous tumors. Tumors were excised at day 15 after subcutaneous injection. (F)
Subcutaneous tumor weight was measured and compared. **P < 0.01.
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did not affect the invasion of A549 and LLC1 cells or
cell migration (Figure 2B and 2C). These results
suggest that IL-17D had no effect on the biological
behavior of lung cancer cells in vitro.

We next examined the expression of well-known genes
related to macrophage recruitment and polarization,
including CCL2, CCL3, CCL4, CCL5, CSF1, CSF2 and
IL6 [15, 17, 18]. The mRNA expression of CCL3,
CCL4, and CSF1 was significantly upregulated in
IL17D–expressing A549 cells compared with that in
control cells (Figure 4A), whereas IL17D
overexpression in the murine lung cancer cell line LLC1
increased Ccl3, Ccl4, and Il6 expression (Figure 4B).
ELISA assay showed that the release of CCL3 and
CCL4 in the A549 cell supernatants was significantly
elevated by IL-17D overexpression (Supplementary
Figure 4). Consistently, IL17D knockdown in H1155
cells caused reciprocal changes in the expression of
CCL3, CCL4, and CSF1 compared with IL17D
expression in A549 cells (Figure 4C), suggesting that
IL-17D expression might generally induce macrophage
recruitment– and polarization–related gene expression.
Furtherly we performed a recruitment assay to confirm
the effect of IL-17D on macrophage infiltration in vitro.
As shown in Figure 4D, the recruitment of macrophages
was significantly increased in IL17D–expressing LLC1
cells compared with that in control cells. These data
indicate that IL-17D could induce tumor cells to express
a series of TAM recruitment– and polarization–related
genes and promote infiltration of TAMs in lung cancer.

To examine the effect of IL-17D expression on tumor
growth in vivo, we subcutaneously injected LLC1 cells
into 8-week-old C57BL/6 mice and measured the
tumor size every 3 days. We found that subcutaneous
tumor growth of IL-17D–expressing LLC1 cells was
faster than that of vector-transduced cells (Figure 2D).
On day 15, the tumors were excised, and the size of
IL-17D–expressing tumors was larger than that of
control tumors. (Figure 2E). The tumor weight of
IL-17D–expressing cells was also significantly higher
than that of the vector-transduced cells (Figure 2F).
Owing to the different growth trends in vitro and
in vivo, the major function of IL-17D in tumor growth
might be associated with the tumor microenvironment
(TME).
IL-17D promotes infiltration of tumor-associated
macrophages (TAMs)
According to previous reports, IL-17D can induce
endothelial cells to express IL-6, IL-8, and GM-CSF,
which are involved in the differentiation and
recruitment of myeloid cells in the TME [15–17]. To
investigate the role of IL-17D in the immune
microenvironment of lung cancer, we used flow
cytometry to characterize the tumor-infiltrating
immune cells in a subcutaneous tumor model of
IL17D–expressing LLC1 cells. We found that the
percentage of F4/80+ CD11b+ TAMs among CD45+
tumor-infiltrating leukocytes (TILs) was significantly
increased in IL17D–expressing tumors (Figure 3A).
M2 macrophages (CD206+ F4/80+ CD11b+ TAMs) in
total TAMs were also markedly increased in IL17D–
expressing tumors (Figure 3B). However, no
significant changes in the percentage of myeloidderived suppressor cells were observed in IL17D–
expressing tumors compared to that in control tumors
(Figure 3C and 3D). The percentages of CD8 + and
CD4+ T cells in CD45+ TILs were significantly
reduced in IL17D–expressing tumors (Figure 3E and
3F). The percentages of NK cells remained similar in
IL17D–expressing and control tumors (Figure 3G and
Supplementary Figure 3). To further study whether
blocking IL-17D influences tumor progression via
promoting TAM infiltration, we treated animals with
an IL-17D antibody in subcutaneous mouse models.
IL-17D–induced tumor growth and infiltration of
TAMs were significantly inhibited by the IL-17D
antibody (Figure 3H–3J). These results suggest that
IL-17D promotes lung cancer progression by inducing
TAM infiltration.
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IL-17D activates p38 MAPK signaling pathway in
lung cancer
To better understand the molecular mechanisms by
which IL-17D promotes TAM infiltration, we
performed RNA-seq analyses of IL17D–overexpressing
and control A549 cells. By comparing gene expression
within each category, we identified 308 downregulated
genes and 267 upregulated genes related to IL-17D
overexpression (Figure 5A). KEGG pathway analysis
revealed that these significantly altered genes were
mostly enriched in IL-17 and MAPK signaling
pathways (Figure 5B). Lysates of IL17D–
overexpressing A549 and LLC1 cells were then
analyzed for MAPK activation via western blotting
using activation-specific antibodies. p38 MAPK
phosphorylation was induced in IL17D–overexpressing
A549 and LLC1 cells compared with that in control
cells (Figure 5C), but IL-17D overexpression did not
affect ERK MAPK phosphorylation in A549 cells
(Supplementary Figure 5). Similarly, IL17D knockdown
in H1155 cells resulted in decreased phosphorylation of
p38 MAPK (Figure 5D). These data indicate that IL17D activates the p38 MAPK signaling pathway in lung
cancer cell lines.
To evaluate the correlation between IL-17D and the
activation of the p38 MAPK signaling pathway in
individual primary lung cancer tissues, we used
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immunohistochemistry to study the expression levels of
IL-17D and phosphorylated p38 (p-p38) in serial
sections of lung cancer samples. As shown in Figure

5E, p-p38 was localized to both the cytoplasm and
nucleus, albeit primarily in the nucleus. A highly
significant positive correlation was observed between

Figure 3. IL-17D promotes infiltration of tumor-associated macrophages (TAMs). (A) Representative flow cytometry profiles and
percentages of TAMs in CD45+ TILs in subcutaneous tumors (n = 3). Mean ± SD. **P < 0.01. (B) Representative flow cytometry profiles and
percentages of CD206+ cells in CD11b+ F4/80+ cell populations in subcutaneous tumors (n = 2). Mean ± SD. *P < 0.05. (C and D) Flow
cytometric analysis and quantification of M-MDSCs (C) and G-MDSCs (D) in CD45+ TILs in subcutaneous tumors (n = 3). Mean ± SD. (E, F)
Flow cytometric analysis and quantification of CD8+ T cells (E) and CD4+ T cells (F) in CD45+ TILs in subcutaneous tumors (n = 3). Mean ± SD.
*P < 0.05. **P < 0.01. (G) Flow cytometric analysis and quantification of NK cells in CD45+ TILs in subcutaneous tumors (n = 3). Mean ± SD.
(H) Images of subcutaneous tumors. (I) Subcutaneous tumor size was measured and compared. **P < 0.01. (J) Representative flow
cytometry profiles and percentages of TAMs in CD45+ TILs in subcutaneous tumors (n = 2). Mean ± SD. *P < 0.05.
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IL-17D and p-p38 expression (Figure 5F). These results
indicate that IL-17D induces p38 MAPK
phosphorylation and activity in lung cancer tissues.

colon [19], liver [20], pancreas [21], lung [22], and skin
[23, 24]. IL-17 promotes lung tumorigenesis via several
different pathways, such as inducing MMP9 and MMP2
secretion to promote cancer cell invasion [25, 26],
changing the expression of EMT-related markers [27],
promoting CXCR-2-dependent angiogenesis [28],
directly recruiting macrophages through IL-17 receptor
A and IL-17 receptor C [29] and promoting M2
macrophage differentiation through COX-2/PGE2
pathway in the microenvironment of lung cancer [30].
IL-17D is a novel cytokine of the IL-17 family of
cytokines whose function in lung cancer has not been
elucidated. In this study, we found that aberrantlyexpressed IL-17D was associated with lung cancer
development and progression. IL-17D promoted
primary tumor growth in a subcutaneous tumor model,
whereas it did not affect lung cancer cell proliferation in
vitro, indicating that IL-17D might promote
tumorigenesis by influencing the tumor immune
microenvironment.

IL-17D promotes TAM infiltration via activation of
the p38 MAPK signaling pathway in lung cancer
To assess whether IL-17D promotes TAM infiltration by
inducing p38 MAPK activity in lung cancer, we first
examined the effect of a p38 MAPK inhibitor on the
expression of genes related to TAM recruitment and
polarization. Treatment with the p38 inhibitor SB203580
(30 µM) significantly decreased the expression of CCL3,
CCL4, and CSF1 in IL17D–overexpressing A549 cells
(Figure 6A) and the expression of Ccl3, Ccl4, and Il6 in
IL-17D–overexpressing LLC1 cells (Figure 6B).
Furthermore, SB203580 suppressed IL-17D induced TAM
infiltration (Figure 6C and 6D). These data indicated that
IL-17D promoted TAM infiltration by inducing p38
MAPK activity.

DISCUSSION

To study the function of IL-17D in the TME, we used
flow cytometry and discovered that IL-17D
significantly increased the infiltration of TAMs into the
TME. TAMs in lung cancer, as the most abundant
immune cell component of TME, promote cancer

The IL-17 cytokine family is involved in host defense
against infection, inflammatory response, and cancer.
Recent studies have shown that IL-17 promotes
tumorigenesis in a wide range of organs, including the

Figure 4. IL-17D induces lung cancer cells to express a series of TAM recruitment– and polarization–related genes. (A–C) The
relative mRNA levels of genes related to macrophages recruitment and polarization was measured via quantitative real-time PCR. RNA was
purified from A549 cells expressing IL-17D or empty vector (A), LLC1 cells expressing IL-17D or empty vector (B), and H1155 cells with
knockdown of IL-17D or control (C). Mean ± SD. *P < 0.05. **P < 0.01. (D) Representative images and quantification of recruited
macrophages. Mean ± SD. ***P < 0.001. Scale bars, 100 μm.
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proliferation,
epithelial-mesenchymal
transition,
invasion, and metastasis [31], contributing to tumor
development and exhibiting many characteristics of M2
macrophages. A previous study revealed that increased
M2 macrophages are an important feature of SCLC

[32], consistent with the high expression of IL-17D in
SCLC. TAM-secreted IL-10 blunts CD8+ T cell
responses and NK cell cytotoxicity by inhibiting DC
production of IL-12 [33, 34]. In this study, IL-17D
overexpression in a subcutaneous tumor model

Figure 5. IL-17D activates p38 MAPK signaling pathway in lung cancer. (A) Volcano plot assessment of mRNA expression in A549
cells between IL-17D overexpression and control groups. (B) Significantly enriched KEGG pathways relative to differentially expressed
mRNAs upon IL-17D overexpression. Y-axis represents pathways; X-axis represents the amount of the mRNAs enriched in KEGG pathways.
(C) Immunoblots showing the expression of p38, p-p38, Flag and β-actin. Left, A549 cells were transduced with IL-17D or empty vector.
Right, LLC1 cells were transduced with IL-17D or empty vector. (D) Immunoblots showing the expression of p38, p-p38, IL-17D and β-actin.
H1155 cells were transduced with control or shRNAs against IL-17D. (E) Immunostaining of IL-17D and p-p38 in human lung cancer tissues.
Scale bars are 20 µm. (F) Semiquantitative analysis of immunostaining revealed that IL-17D scores were associated with p-p38 scores (r =
0.5998, P < 0.0001).
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significantly inhibited CD8+ T cell infiltration. A
previous report showed that IL-17D promotes the
recruitment of NK cells through activating endothelial

cells [11]. Our study indicated that IL-17D
overexpression in subcutaneous tumor model of lung
cancer exhibited a similar level of NK cells as control

Figure 6. IL-17D promotes TAM infiltration via the p38 MAPK signaling pathway in lung cancer. (A and B) The relative mRNA
levels of genes related to macrophages recruitment and polarization were measured via quantitative real-time polymerase chain reaction.
RNA was purified from A549 cells expressing IL-17D treated with SB203580, IL-17D treated with DMSO, or empty vector treated with DMSO
(A). RNA was purified from LLC1 cells expressing IL-17D treated with SB203580, IL-17D treated with DMSO, or empty vector treated with
DMSO (B). Mean ± SD. *P < 0.05. **P < 0.01. (C) Representative images of recruited macrophages. Scale bars, 100 μm. (D) Quantification of
recruited macrophages. Mean ± SD. ***P < 0.001. (E) Proposed model for mechanism of IL-17D inducing TAMs infiltration into the TME. High
expression of IL-17D in lung cancer cells activates p38 MAPK signaling pathway through binding to receptor complexes of lung cancer cells,
which upregulates TAM recruitment– and polarization–related genes expression and promotes infiltration of TAMs in lung cancer.
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tumor. Furthermore, we found that a series of genes
related to TAM recruitment and polarization, including
CCL3, CCL4, CSF1, and IL6, were significantly
upregulated by IL-17D. CCL3 and CCL4 are wellknown chemotactic factors influencing tumor
macrophage populations [18]. CSF1 is expressed in
multiple tumors and can recruit and induce
immunosuppressive TAMs by binding and activating
CSF1R to support tumorigenesis [35]. IL6, a proinflammatory cytokine produced by various cell types,
promotes tumor progression by inducing the
transformation of monocytes to the M2 phenotype [36].
We found that CCL3, CCL4, and CSF1 were
significantly upregulated in IL17D–expressing human
lung cancer cells, whereas Ccl3, Ccl4, and Il6 were
induced in IL17D–expressing murine lung cancer cells.
Huang et al. found that IL-17D could bind to CD93, a
glycoprotein expressed on mature group 3 innate
lymphoid cells (ILC3s), which regulates ILC3
maturation [37]. CD93 is expressed by various cells,
including endothelial cells, myeloid cells, and even
tumor cells in scRNA-seq dataset (GSE148071). These
suggest that IL-17D might regulates lung cancer cells
producing cytokines through CD93 on lung cancer cells,
which indirectly leads to TAM infiltration. However,
the detailed molecular mechanism of IL-17D-CD93 axis
in myeloid, endothelial cells and tumor cells needs to be
further demonstrated.

indicate that IL-17D promotes TAM infiltration in a
manner dependent on p38 MAPK activity.
Taken together, we propose a model regarding the role
of IL-17D inducing TAM infiltration into TME. High
expression of IL-17D in lung cancer cells activates p38
MAPK signaling pathway through binding to receptor
complexes of lung cancer cells. The expression of genes
related to TAM recruitment and polarization is
significantly upregulated in the lung cancer cells with
high expression of IL-17D, which finally promotes
TAM infiltration (Figure 6E). Our study provides a
rationale for understanding the function of IL-17D in
tumor progression and suggests that targeting IL-17D
and blocking p38 MAPK activity may be a new strategy
for the treatment of lung cancer.

MATERIALS AND METHODS
Cell culture
Human bronchial epithelial cells (HBECs) immortalized
with hTERT and CDK4 were obtained from Dr. Jerry
Shay (UT Southwestern Medical Center, Dallas, TX,
USA) in 2008. A549, H460, HCC827, H1155, H69,
H526, H82, and mouse-derived Lewis lung carcinoma
(LLC1) cell lines were obtained from the American
Type Culture Collection (Manassas, VA, USA).
RAW264.7 cells were purchased from Shanghai Zhong
Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai,
China). HBECs were maintained in serum-free
keratinocyte medium (Gibco, Carlsbad, CA, USA).
A549, H460, HCC827, H69, H526, and H82 cells were
maintained in Roswell Park Memorial Institute 1640
medium (Biological Industries, Beit Haemek, Israel)
supplemented with 10% fetal bovine serum (FBS,
Biological Industries, Beit Haemek, Israel). H1155,
LLC1 and RAW264.7 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM,
Biological
Industries,
Beit
Haemek,
Israel)
supplemented with 10% FBS. The cells were
maintained in an incubator at 37°C in a humidified
atmosphere containing 5% CO2.

Analysis of the RNA-seq data revealed that IL-17D
overexpression significantly influenced IL-17 and
MAPK signaling pathways. Previous studies have
shown that the IL-17 family members IL-17A and IL17F can induce chemokine production in endothelial
cells via the MAPK pathway [38]. There are three
different MAPK signaling modules that mediate
extracellular signals into the nucleus: ERK, JNK, and
p38 kinase [39]. These MAPK signaling modules are
known to play a central role in a variety of cellular
activities, ranging from cell survival to cytokine
expression. ERK activation can upregulate cyclin D1
expression, thereby enhancing the cell cycle [40, 41].
The JNK pathway is involved in both apoptosis and
survival signaling [42], whereas p38 activation is linked
to pro-inflammatory cytokine production [43]. In the
current study, IL-17D overexpression in lung cancer
cells did not affect ERK activation, which is consistent
with the lack of change in cell proliferation between IL17D–expressing lung cancer and control cells. We
observed an increase in the phosphorylation of p38 in
IL17D–expressing A549 cells and LLC1 cells, and a
reciprocal change in the phosphorylation of p38 in
H1155 cells with knockdown of IL17D. We also found
the IL-17D induced the expression of CCL3, CCL4,
CSF1, and IL6, and macrophage infiltration was
significantly suppressed by SB203580. These data
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RNA-seq data
IL-17D gene expression was evaluated using NCBI
Gene Expression Omnibus (GEO) datasets from studies
comparing a large set of lung cancer cell lines
(GSE32036) [13, 14] and human clinical samplederived non-small cell lung carcinoma (NSCLC) cell
lines vs. transformed small cell lung carcinoma (SCLC)
cell lines (GSE64322) [44]. We analyzed this
expression data using hierarchical clustering.
Expression variability was assessed in The Cancer
Genome Atlas studies of various cancer types.
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Sing-cell RNA-seq (scRNA-seq) analysis

minutes at 4°C to pellet cells and debris. IL-17D
concentrations were detected using Jiangsu Jingmei
ELISA kit (JM-5561H2) according to the
manufacturer’s instructions. CCL3 and CCL4 were
measured using indicated ELISA kits obtained from
MultiSciences (Hangzhou, China) (Human CCL3/MIP1α ELISA Kit, EK161; Human CCL4/MIP-1β ELISA
Kit, EK162) according to the manufacturer’s
instructions. Absorbance was measured with a
microplate reader at 450 nm wavelength to calculate the
concentration of IL-17D, CCL3 and CCL4 in the
sample.

The published data used for our analysis was obtained
from the NCBI GEO database accession code
GSE148071 [45]. The processed scRNA-seq
expression matrix was downloaded for our analysis.
Cells that had either lower than 200 or higher than
5000 expressed genes were removed. And cells with
more than 30,000 UMIs and mitochondria content
higher than 30% were discarded. A total of 89,612 cells
were obtained for the downstream analysis. Seurat suite
version 3.1 was used to perform cell clustering.
Resolution 0.8 were used with FindClusters function to
generate 38 cell clusters. 11 major cell types were
identified by the differentially expressed genes (DEGs)
of each cluster. To assign the 11 major cell types to
each cluster, we scored each cluster by the normalized
expressions of the marker genes selected by the
researchers: Epithelial cells (CAPS, SNTN), Myeloid
cells (CD14), Fibroblasts (COL1A1), T cells (CD2), B
cells (CD79A), Alveolar cells (CLDN18), Neutrophils
(CSF3R), Endothelial cells (PECAM1), Mast cells
(TPSB2), Follicular dendritic cells (FDCSP). Cancer
cell clusters were negative for normal lung epithelial
markers and positive for EPCAM. The final results
were visualized after the dimension reduction of
UMAP (Uniform Manifold Approximation and
Projection). Differentially expressed genes were
identified using a Wilcoxon Rank Sum test by function
FindMarkers of Seurat.

Immunohistochemical analysis
Lung cancer tissues were obtained from the Tianjin
Medical University Cancer Institute and Hospital in
China. The samples were fixed in 4%
paraformaldehyde at 4°C overnight and embedded in
paraffin. Paraffin blocks were cut into 5 μm sections,
immunostained with antibodies against IL-17D
(MyBioSource, San Diego, CA, USA. MBS9412960,
1:100) and Phospho-p38 MAPK (Thr180/Tyr182)
(CST, 4511, 1:800), and processed following the
standard protocol for DAB staining [46, 47]. The use
of all human lung cancer tissues and clinical data was
approved by the institutional review board of Tianjin
Medical University. Informed consent was obtained in
accordance with the principles of the Declaration of
Helsinki. The samples were identified prior to
analysis.

Western blotting
Lentiviral transfection
Cells were lysed in RIPA buffer containing a
phosphatase inhibitor (Solarbio, Beijing, China). The
protein sample lysate was separated using a 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel and
transferred to a polyvinylidene fluoride membrane (Pall,
Port Washington, NY, USA). Membranes were then
immunoblotted with the following primary antibodies:
anti-β-actin (Sigma-Aldrich, St. Louis, MO, USA,
MAB1501, 1:5000), anti-FLAG (Sigma-Aldrich,
F3165, 1:5000), anti-IL-17D (Abcam, Cambridge, UK,
ab77185, 1:1000), anti-p38 MAPK (Cell Signaling
Technology, CST, Danvers MA, USA, 9212, 1:1000),
anti-Phospho-p38 MAPK (CST, 4511, 1:1000), antiERK (CST, 4695, 1:1000), anti-Phospho-ERK (CST,
4370, 1:1000). Proteins were visualized using
Immobilon Western Chemiluminescent HRP substrate
(Millipore, Burlington, MA, USA).

H82 cDNA was used to amplify the full-length IL-17D
open reading frame (ORF). IL17D was ligated into the
lentiviral shuttle pCCL.PPT.hPGK.IRES.GFP/pre.
DNA Oligos encoding an shRNA specific for IL-17D
were ligated into pCCL.PPT.hPGK.GFP.Wpre vector.
The primer sequences for the IL-17D ORF and the
shRNA sequences targeting IL17D are listed in
Supplementary Table 1.
These plasmids were used to produce lentivirus in
HEK293T cells at a density of 80% in 100 mm dishes.
Polyethylenimine (Polysciences, Warrington, PA, USA)
was used as a transfection reagent, at a dosage one-third
that of the plasmid.
Cell proliferation assay
Cells (1 × 104) were seeded into 96-well plates.
Following incubation for 24 h at 37°C, a Cell
Proliferation ELISA, BrdU (colorimetric) kit (Roche,
Dublin, Ireland), was used to detect proliferation
according to the manufacturer’s protocol [48].

Enzyme linked immunosorbent assay (ELISA)
The IL-17D, CCL3 and CCL4 levels were measured by
enzyme-linked immunosorbent assay. Supernatant was
harvested after 48 hours and centrifuged at 500g for 5
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overexpressing LLC1 cells. The tumors were
surgically removed 13 days after injection of LLC1
cells. Tumor size was measured using a caliper and
calculated.

Total RNA was isolated from exIL-17D and empty
vector A549 cells using TRIzol (Invitrogen, Carlsbad,
CA, USA) and sequenced using an Illumina HiSeq 2500
from Beijing Novogene Corporation. Functional
profiling of IL-17D-related genes was performed using
clusterProfiler and The Database for Annotation,
Visualization, and Integrated Discovery (DAVID) based
on the biological pathways from the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
databases [49, 50].

Tumor dissociation and cell isolation
Tumors were excised on day 15 after transplantation, cut
into small pieces, and incubated in dissociation solution
with 5 µg/mL collagenase type I (Sigma-Aldrich, St.
Louis, MO, USA), 5 µg/mL hyaluronidase (SigmaAldrich), and 5 µg/mL DNase (Sigma-Aldrich). The
solution was pipetted every 10 min during the incubation,
and the suspension was dispersed through a 70 μm cell
strainer. To identify cells from tumors, single-cell
suspensions were stained with antibodies (BioLegend,
San Diego, CA, USA). Live/dead cell discrimination was
performed using Fixable Viability Stain 520 (Becton
Dickinson and Company). Macrophages (CD45+ CD11b+
F4/80+ CD206+), monocytic-myeloid-derived suppressor
cells (M-MDSCs, CD45+ CD11b+ ly6G- ly6Chigh),
granulocytic-myeloid-derived suppressor cells (GMDSCs, CD45+ CD11b+ ly6G+ ly6Clow), and T cells
(CD45+ CD3+ CD4+ CD8+) were sorted using a BD
FACSCanto II flow cytometer (Becton Dickinson and
Company, Franklin Lakes, NJ, USA).

Invasion assay
Cells (2 × 105) were plated without serum on 8 μm pore
size Transwell filters (Corning, Corning NY, USA),
coated with 20% growth factor–reduced Matrigel.
Complete medium was placed in the bottom chambers
as a chemoattractant. The chambers were incubated for
24 h at 37°C and 5% CO2. The migrated cells on the
undersides of the filter membrane were fixed in 4%
paraformaldehyde for 15 min at room temperature and
stained with 0.5% crystal violet for 10 min. After
washing the chambers three times in PBS, the cells at
the top of the Matrigel membrane were removed using a
cotton swab. The migrated cells were then counted
under a light microscope.

Quantitative real-time PCR

Wound healing assay

Total RNA was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer’s
instructions. cDNA was synthesized from 2 μg of total
RNA using a cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham MA, USA). The target
mRNA levels of cDNA were assessed by quantitative
real-time PCR with SYBR Green PCR master Mix
(DBI) in an ABI Prism 7900 system. We calculated the
relative mRNA levels normalized to human GAPDH
levels in the same samples. The primers used in this
study are listed in Supplementary Table 1.

Cells were seeded into 6-well plates, incubated to
achieve 90% confluence, and then scratched with a
sterile 200 µL pipette tip. After rinsing with phosphatebuffered saline, cells were cultured in medium for 24 h
at 37°C. Cell migration was observed and measured
under a light microscope.
Subcutaneous mouse models
Female C57BL/6 mice (6–8 weeks old) were obtained
from Nanjing Biomedicine Research Institution (Nanjing,
China). Tumor cell lines were harvested and
subcutaneously injected into the right inguinal region of
wild-type mice at a density of 1 × 106 cells/mouse. Tumor
size was measured every 3–4 days with a caliper and
calculated according to the following formula: size = (π ×
length × width2)/6. The tumors were surgically removed
15 days after injection, and tumor weight was measured
immediately. The experiment was repeated three times.

Recruitment assays
RAW264.7 cells (1 × 105) in DMEM medium were
seeded into the upper chamber of 24-well Transwell
inserts (8 µm pore size; Corning). Concentrated LLC1
supernatant containing chemoattractant was added to
the lower chambers. Cells were incubated for 5 h in 5%
CO2 at 37°C. The cells that migrated and attached to the
lower surface of the Transwell membrane were fixed in
4% paraformaldehyde and stained with 0.5% crystal
violet. After washing the chambers three times in PBS,
the cells at the top of the membrane were removed
using a cotton swab. Cells in ﬁve random ﬁelds were
counted using a phase-contrast microscope (200×
magniﬁcation) to analyze the migration rate.

C57BL/6 mice were injected subcutaneously in the
right inguinal region with 100 μL of anti-IL-17D
polyclonal antibody (10 μg/mL, diluted with PBS) and
PBS (control) every 4 days for 2 weeks, starting 2 days
before the subcutaneous injection of IL-17D–
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Cells (1 × 106) were seeded in 6-well plates and treated
with SB203580 (30 µM, MCE) at 37°C in 5% CO2.
After 24 h, the cells were harvested for immunoblotting
and qRT-PCR assays. For recruitment assays, cells were
seeded in 100 mm plates and treated with DMSO or
SB203580 in serum-free medium. After 12 h, the
supernatant was collected and concentrated by
centrifugation at 4000 rpm for 20 min using a Microsep
3 K Omega centrifugal filter (Pall). The supernatant was
used in the recruitment assay.
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Single cell RNA-seq analysis shows that IL-17D highly expresses in lung cancer cells, related to
figure 1. (A) UMAP analysis shows transcriptionally differential clusters. Cells are colored by their 11 major cell types. (B) UMAP expression
plots of known markers. (C) UMAP expression plots of IL17D. Scale bars represent z-score-normalized expression.
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Supplementary Figure 2. IL-17D production in lung cancer cell lines was determined by ELISA, related to figure 1. Mean ± SD.
*P

< 0.05. **P < 0.01.

Supplementary Figure 3. Representative flow cytometry profiles of NK cells in CD45+ TILs in subcutaneous tumors, related
to figure 3.
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Supplementary Figure 4. IL-17D expression induces the release of CCL3 and CCL4 in A549 cell supernatants, related to
figure 4. (A) CCL3 production was determined by ELISA in the supernatants of IL-17D–expressing and control A549 cells. (B) CCL4
production was determined by ELISA in the supernatants of IL-17D–expressing and control A549 cells. Mean ± SD. *P < 0.05. **P < 0.01.

Supplementary Figure 5. IL-17D does not affect phosphorylation of ERK protein, related to figure 5. Immunoblots show
expression of ERK, p-ERK and β-actin in A549 cells transduced with IL17D or empty vector.
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Supplementary Table
Supplementary Table 1. Primer sequences.
Primers used for qRT-PCR
mGapdh-F
mGapdh-R
mCsf1-F
mCsf1-R
mCsf2-F
mCsf2-R
mCcl2-F
mCcl2-R
mCcl3-F
mCcl3-R
mCcl4-F
mCcl4-R
mCcl5-F
mCcl5-R
mIl6-F
mIl6-R
hGAPDH-F
hGAPDH-R
hCSF1-F
hCSF1-R
hCSF2-F
hCSF2-R
hCCL2-F
hCCL2-R
hCCL3-F
hCCL3-R
hCCL4-F
hCCL4-R
hCCL5-F
hCCL5-R
hIL6-F
hIL6-R
Primers used for amplifying IL17D ORF
IL17D-ORF-F
IL17D-ORF-R
shRNA sequences for IL17D
shIL17D-501
shIL17D-301
shIL17D-502
shIL17D-302
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5′ACTCCACTCACGGCAAATTCAACG3′
5′TCTCGTGGTTCACACCCATCACAA3′
5′GCCTCCTGTTCTACAAGTGGAAG3′
5′ACTGGCAGTTCCACCTGTCTGT3′
5′CTCACCTGCTGCTACTCATTC3′
5′ACTACAGCTTCTTTGGGACAC3′
5′GGAGAGCTACAAGAGGATCAC3′
5′GTATGTCTGGACCCATTCCTTC3′
5′GAAGATTCCACGCCAATTCATC3′
5′GATCTGCCGGTTTCTCTTAGTC3′
5′AGCTCTGTGCAAACCTAACC3′
5′GGTGTAAGAGAAACAGCAGGAA3′
5′GAGTATTTCTACACCAGCAGCA3′
5′CCACTTCTTCTCTGGGTTGG3′
5′TACCACTTCACAAGTCGGAGGC3′
5′CTGCAAGTGCATCATCGTTGTTC3′
5′GGTGGTCTCCTCTGACTTCAACA3′
5′GTTGCTGTAGCCAAATTCGTTGT3′
5′TGAGACACCTCTCCAGTTGCTG3′
5′GCAATCAGGCTTGGTCACCACA3′
5′CTGCTGCTGAGATGAATGAAAC3′
5′CCCTTGAGCTTGGTGAGG3′
5′AGCAAGTGTCCCAAAGAAGC3′
5′CATGGAATCCTGAACCCACT3′
5′TGCATCACTTGCTGCTGACA3′
5′CTTCTGGACCCCTCAGGCACT3′
5′CTCATGCTAGTAGCTGCCTTC3′
5′GGC TGCTGGTCTCATAGTAATC3′
5′ACAGGTACCATGAAGGTCTCC3′
5′GCAAATTTGTGTAAGTTCAGG3′
5′GGAGACTTGCCTGGTGAAA3′
5′CTGGCTTGTTCCTCACTACTC3′
5′CGGGATCCATGGATTACAAGGATGACGACGATAAGCTGGTAGCC
GGCTTC3′
5′CGGGATCCTCAGGGGCCAGCGGGCGCGT3′
5′GATCCCCAGACAGCATCAACTCCAGCATTTCAAGAGAATGCTGG
AGTTGATGCTGTCTTTTTTA3′
5′AGCTTAAAAAAGACAGCATCAACTCCAGCATTCTCTTGAAATGCT
GGAGTTGATGCTGTCTGG G3′
5′GATCCCCCCCTGTCTACATGCCCACCGTTTCAAGAGAACGGTGGG
CATGTAGACAGGGTTTTTA3′
5′AGCTTAAAAACCCTGTCTACATGCCCACCGTTCTCTTGAAACGGT
GGGCATGTAGACAGGGGGG3′
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