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Abstract

Due to the recent success of immunotherapy in non-small cell lung
cancer (NSCLC) patients, there has been a growing interest in the role of
immune cells in tumor microenvironment (TME). Innate lymphoid cell (ILC)
is one kind of immune subsets which might contribute to the TME yet
relatively unexplored. ILC has three subsets classified according to their
transcription factor and cytokine expression, however, the plasticity between
ILC subsets has been reported in the inflammatory bowel disease by in vitro
experiments. Up to now, the effect of ILC subsets and their plasticity with
changes in cytokines on TME has not been fully investigated. This study
aimed to reveal the role of ILC plasticity and significance for potential

therapeutic target in human lung TME.

ILC subsets and cytokine expression profiles were evaluated in 80 cases
of NSCLC each consisting of 40 squamous cell carcinoma (SqCC) and 40
adenocarcinoma (ADC) with matched normal lung tissue, which were freshly
collected in Seoul National University Hospital. Experimental conversion of
ILCIT into ILC3 under co-culture with lung cancer cells was explored. The
contribution of IL-23 on tumor growth and regulation of immune components
in TME was investigated using in vivo mouse tumor model. Verification and
prognostic effects of converted ILC3 and related pathways were evaluated by
tissue microarray from retrospective cohort composed of 875 lung cancer

patients.



As a result, IL-17RA expression on tumor cells and IL-17A expression
on immune cells from TME were significantly higher in SqQCC than ADC,
which suggests that IL-17 has pro-tumoral effects in pulmonary SqCC.
Among IL-17" cells, the percentages of ILCs were higher in SqCC than ADCs,
and also ILC3s were more frequent that ILC1s in SqQCC in contrast to ADC or
normal lung tissue. Among cytokines which were involved in plasticity of
ILC1 and ILC3, only IL-23 mRNA or protein expression from tumor cells
was significantly correlated with the number of ILC1 and ILC3. And the
percentage of ILC3 was associated with IL-23 expression in tumor cells but

not immune cells.

Based on these findings, it was suggested that the conversion of ILC1
from ILC3 in TME could be caused by IL-23 expression from tumor cells.
The polarization of ILC1 into ILC3 was observed in experiment of in vitro
co-culture model using sorted-ILC1 or total ILCs and SqCC which expresses
high level of IL-23, but not in co-culture of sorted ILC1 or total ILCs and
ADC:s. In in vivo murine tumor model, tumor growth was dependent on IL-23

expression from tumor cells via IL-17 from converted ILC3 from ILC1.

In retrospective cohort using immunohistochemistry on TMA, the
numbers of CD3RORyt™ ILC3, IL-17 expression level, and IL-23- or
IL-17RA-expressing tumor cells were more frequently observed in SqCC.
These factors were also associated with short survival of patients with SqCC

but not ADC.

In conclusion, these results indicate that IL.-23 produced by tumor cells

drives differentiation ILC1 toward ILC3 and the interactior} -of _IL—11_7|: =
A =—TH &l



expression from ILC3 and IL-17R on tumor cells promotes tumor
proliferation. Therefore, the IL-23 — ILC3 — IL-17 axis affects to poor
prognosis in lung cancer patients, this axis may suggest potential

immunotherapy targets for patients with IL-23-producing lung cancers.

Keywords: Innate lymphoid cell, plasticity, Interleukin-23, Interleukin-17,
tumor microenvironment, lung cancer, human
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1. Introduction

1.1 Different two subtypes of non-small cell lung cancer

Non-small cell lung cancer (NSCLC), which accounts for 85% of all
lung cancers, is the leading cause of cancer-related death worldwide (1).
Among NSCLCs, adenocarcinoma (ADC) and squamous cell carcinoma
(SqCC) are two major histological subtypes that exhibit distinct
epidemiologic, biological and genetic characteristics (2, 3). About 40% of
lung cancers are ADCs. These cancers start in early versions of the cells that
would normally secrete substances such as mucus (4). This type of lung
cancer occurs mainly in current or former smokers, but it is also the most
common type of lung cancer seen in non-smokers. It is more common in
women than in men, and it is more likely to occur in younger people than
other types of lung cancer (5). ADC is usually found in outer parts of the lung.
Though it tends to grow slower than other types of lung cancer and is more
likely to be found before it has spread, this varies from patient to patient (6).
About 25% to 30% of all lung cancers are SqQCC. These cancers start in early
versions of squamous cells, which are flat cells that line the inside of the
airways in the lungs. They are often linked to a history of smoking and tend to
be found in the central part of the lungs, near a main airway (bronchus) (5).
For treatment, different chemotherapeutic regimens should be administered to
the two NSCLC subtypes due to their unique genetic and epigenetic profiles
(7). Meanwhile, immunotherapy has recently emerged as a strong therapeutic

strategy for the treatment of lung cancer (8). The responsiveness of



immunotherapy differs in the two types of NSCLCs (9, 10). The studies of the
tumor microenvironment (TME) within and between ADC and SqCC remain
scarce. And the differential effects in immunogenicity within ADCs and
SqCC have not yet been explored. Therefore, a comprehensive understanding
of the immune regulatory network in TME of each individual type of NSCLC
is critical for achieving efficient and successful treatment outcomes using

immune reagents.

1.2 Various strategies for tumor survival

In TME, dynamic and complex network is made up by various types of
cells including malignant cells, immune cells, fibroblasts and blood vessels,
which influences the development and progression of tumors and patient
prognosis (Figure 1) (11). Thus, the comprehensive understanding of
regulatory pathways for TME network is critical to establish therapeutic
strategies for malignant tumors. During crosstalk between tumor and stromal
cells in TME, tumor cells employ diverse strategies that help to facilitate
tumor growth and development into the life-threatening entities, including
cytokine and chemokine production, accumulation of genetic and/or
epigenetic alteration in tumor cells, and suppression of immune system.
Tumor cells use several strategies to facilitate tumor growth and development
into the life-threatening entities. First, tumor cells secrets cytokine such as
interleukin-8 (IL-8) to its own proliferation and survival through autocrine
signaling pathways (12, 13). Second, the accumulations of genetic and/or

epigenetic alterations in tumor cells not only affect to cancer development,

2 21 2 11 &l



also to tumor cell proliferation. For example, genetic alteration of epidermal
growth cell receptor (EGFR) which is most frequently observed in non-small
cell lung cancer (NSCLC), lead to up-regulation of pro-oncogenic process and
promote cell cycle proliferation through various intricate EGFR related
signaling pathways (14). Third, Tumor cells could suppress the immune
system to enhance their survival. Tumor cells escape from immune
surveillance by decreasing expression of certain antigen-presenting proteins
like MHC molecule at their surface or by expressing immune-editing proteins
such as programmed cell death 1 ligand-1 (PD-L1) (15, 16). Forth, tumor cells
cause dynamic change of conversion or differentiation of immune cells to
induce suppressive phenotypes of CD4" T cells, macrophages and myeloid
derived suppressive cells (MDSC) (17, 18). These cancer's self-preservation
mechanisms are critical for tumor survival and have a great effect on
non-malignant cells in TME.

However, it is difficult to figure out exact these tumor-survival
mechanism in cancer because each tumor has different mechanisms for its
survival and the consideration of dynamic effects of non-malignant cells in
TME. For this reason, there is little knowledge about tumor-survival strategies

and the needs of understanding of tumor survival mechanisms are increasing.
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Figure 1. Tumor microenvironment

A schematic representation of the tumor microenvironment. Tumor
microenvironment is a complex network composed of extracellular matrix (ECM),
stromal cells (fibroblasts, endothelial cells and pericytes) and various kinds of
immune cells (T cells, B cells, natural killer cells, innate lymphoid cells, dendritic

cells, macrophages and myeloid-derived suppressor cells).
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1.3 IL-17 pathway in tumor microenvironment

IL-17 is isolated as a CD4-specific transcript from a rodent cDNA library
(19, 20). IL-17 is the founding member of a new cytokine family composed of
six cytokines and five receptors (20-24). IL-17 is generated by various
immune cells, including CD4+ T helper (Th) cells, yd T cells, natural killer T
(NKT) cells, NK cells, and Group 3 ILCs, thereby regulating various immune
responses in autoimmune diseases, cancer, infection, and transplantation (25).
Regarding the functional roles of IL-17 in the TME, emerging evidence has
demonstrated that IL-17 has pro-tumor effects by regulating immune evasion,
angiogenesis, and tumor proliferation, although anti-tumor effects have also
been reported (25). So IL-17 is one of factors involved in antitumor and
pro-tumor immunity and need to be studied in depth to minimize their
pro-tumor effects and enhance the antitumor effects. The dynamic and
complex TME is composed of various types of cytokines, including IL-17 and
immune cells, resulting in the regulation of tumor development and
progression (26). The cellular network and underlying molecular mechanisms
that regulate the IL-17-IL-17 receptor (R) axis in tumor progression are
largely unclear due to the complexity of the TME. Many factors released by
tumor cells and by standing stromal cells, such as TGF-f, IL-6, IL-21, IL-23,
IL-1 B and TNF-a can play major roles in the induction of IL-17 secreting
cells (27-29). But the study of existence and contribution of these factors in
lung cancer is scarce. Furthermore, among IL-17-producing immune cells, the

contribution of each individual cell subset to IL-17-mediated tumor



progression and its downstream mechanisms in human lung cancer remain

elusive.

1.4 Innate lymphoid cells and regulation of tumor
immunity

ILCs are a distinct cell type in the innate immune system that have a
lymphoid morphology but lack the expression of somatically rearranged
antigen receptors and cell-surface markers for myeloid or dendritic cells (DCs)
(30). ILCs has become an important population in innate immunity and have a
critical roles in tissue remodeling (31). Similarly to NK cells and lymphoid
tissue-inducer (LTi) cells, this population depends on common cytokine
receptor y-chain and the transcriptional repressor inhibitor of DNA binding 2
(ID2) for their development (32, 33). These populations also depend on
signaling of IL-7 receptor subunit a (IL-7R a) for their development and
maintenance. ILCs are divided into three distinct subclasses (ILC1, ILC2, and
ILC3) based on their cytokine profiles and set of expressed transcription
factors (Figure 2) (34). Group 1 ILCs (ILC1) express T-bet and produce
interferon (IFN)-y. Group 2 ILCs (ILC2) produce IL-4, IL-5, IL-9, and IL-13
and express GATA3, and group 3 ILCs (ILC3) produce IL-22 alone or in
combination with IL-17A and express ROR vy t compatible with T-helper cells
fates. ILCs play a critical role in regulating the immune responses in various
immune-related diseases, including colitis, asthma, and obesity-induced
glucose intolerance (34-36). Experimental evidence suggests that ILCs act as
a double-edged sword in tumor progression and regression (37). ILC1 have

multiple functions such as cytotoxicity, macrophage activation, chronic viral
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infection and cancer (38, 39). ILC1 produce cytokines upon stimulation by
IL-12 or IL-18. The function of ILC1 in TME has been reported as antitumor
factor by secretion of IFN-r, activation of cytotoxic CD8 T cells and
inhibition of macrophage differentiation, such as TSLP, IL-25 and IL-33
(40-46). On the other hand, ILC2 are dependent on epithelial cell derived
cytokines to regulate responses during infection or inflammation (47). It is
well known that ILC2 have an effect on the anthelminthic inflammation (42).
In TME, ILC2 involved in establishment of immunosuppressive environment
by increased numbers of Treg and MDSC by expressing IL5 and IL-13 (48).
By contrast, ILC3 has both pro- and anti-tumor effects (49). Some studies
suggested that ILC3 mediated IL-17 promotes tumorigenesis by inducing
angiogenesis or inhibition of tumor cell death (50-53), other studies insisted
ILC3 controls tumor growth by activating or recruiting NK cells, T reg and
neutrophils in TME (54, 55). With respect to ILC in human lung cancer,
NCR'ILC3 cells have been detected at the edge of the tumor-associated
tertiary lymphoid structure in NSCLCs from patients (49). However, the
functional roles of ILCs in human lung cancers remain unclear.

As mentioned before, ILC and Th cells express identical sets of effector
cytokines and master transcriptional factors (56), which suggests that these
two cell subsets share common regulatory mechanisms for their plasticity.
The switches and trans-differentiation of Th cells have been demonstrated
both in vitro and in vivo (57). Similar to Th cells, distinct stimulations
regulate the plasticity between ILC1 and ILC3 in vitro and in the specific

microenvironment of the intestine in patients with Crohn’s disease (57). The
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plasticity of ILC3 subsets have suggested by various reports. Firstly, data
showing that culture of human ILC3 in IL-2 led to the emergence of
IFN-g-producing cells, which was accompanied by decreased RORC
expression (54). In addition, data from genetic fate mapping studies showed,
that NKp46+ ILC3 can downregulate RORyt expression (58). In intestine,
ILCT1 differentiated to ILC3 in the presence of 1L-2, IL-23, IL-1p dependent
on RORyt. The plasticity of ILCs in the TME has not yet been reported.
Moreover, whether ILC plasticity in the TME affects IL-17-mediated
regulation of the TME and the prognosis of patients with cancer remains
unknown.

To address these issues, I investigated whether the IL-17-IL-17R axis
contributes to tumor progression of two histological types of NSCLCs and
whether the plasticity of ILC affects IL-17-mediated regulation of the TME. I
also analyzed the prognostic effects of ILC3 on patients with SqQCCs and
ADC:s of the lung,

I found that the IL-17-IL-17R axis is activated in SqQCCs but not ADCs,
and IL-23-producing SqCCs promotes IL-17-mediated tumor progression by

converting ILC1 into ILC3 in the TME, thereby shortening patient survival.
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Figure 2. Characteristics and effect on tumor of innate lymphoid cell
subsets

ILCs divided into three subsets analogous to T helper lymphocytes. ILC1 cells
express the transcription factor T-bet and produce IFN-y and TNF-a like Th 1
cells. ILC2 cells secret IL-4, IL-5 and IL-13 and display a GATA3 mirror to
Th 2 cells. ILC3 cells have shown to be associated with IL-17 and IL-22
production, as well as RORyt transcription factor expression, characteristic of
Th17 cells. ILC has three subsets, mirror to helper T cell subsets. ILC1 has
anti-tumor effect, on the contrary, ILC2 may contribute to tumor progression.
ILC3 may promote tumor progression and regression according to the phase

of responses and site-dependent manner.
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2. Materials and methods

2.1 The cohorts of patients with NSCLC

Fresh tumor and non-tumor lung tissues (NTLT) were obtained from 80
patients who underwent surgery for NSCLCs (40 ADCs and 40 SqCCs)
without neoadjuvant chemotherapy or any other lung disease at the
Department of Thoracic Surgery of Seoul National University Hospital
(SNUH; Seoul, Korea). All patients provided written informed consents for
this study. The baseline clinicopathologic characteristics of prospective cohort
of these patients are summarized in Table 1. For tissue microarray analyses,
tissues were collected from 875 patients who underwent surgery for
pulmonary ADC (497 cases) or SqQCC (378 cases) and had been followed up
at SNUH from 2001 to 2012 (Table 2). No patients had received
chemotherapy before surgery or had distant metastasis at the time of diagnosis.
Clinicopathological data and pathologic tumor node metastasis staging from
the 7" American Joint Committee on Cancer were obtained from medical and
pathological records (Table 2). This study followed the World Medical
Association Declaration of Helsinki recommendations and was approved by

the Institutional Review Board of SNUH (H-1404-100-572).

2.2 Preparation of fresh tissues obtained from NSCLC

patients and tissue microarray

To perform flow cytometric analysis, tumors of at least 1 cm’ in size and

matched NTLT were obtained immediately after surgical resection. Tissue
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was mechanically dissociated using a blade and subsequently digested in
RPMI 1640 medium (Invitrogen) supplemented with 80 U/mL DNase I, 300
U/mL collagenase I, and 60 U/mL hyaluronidase at 37°C for 30 min. The
single-cell suspension was passed through a 70 pum cell strainer. After red
blood cell lysis, cells were washed and used for cell sorting, RNA extraction
for real-time polymerase chain reaction (PCR), and flow cytometry. In
addition, a tissue microarray was constructed from 2 mm diameter cores
derived from representative tumor areas of formalin-fixed paraffin-embedded

(FFPE) tissue blocks.

2.3 Human and mouse lung cancer cell lines

Human lung SqCC cell lines (H1703 and SK-MES1) and ADC cell lines
(H522 and A549), and mouse SqCC cell line (KLN-205) cells were purchased
from the American Type Culture Collection (ATCC), while HCC-15 (human
lung SqCC cell line) was purchased from Korean Cell Line Bank. H1703,
HCC-15, SK-MES1, H522 and A549 cells were cultured in RPMI, whereas
A549 cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin in a
humidified incubator at 37°C with 5% CO,. These cell lines were regularly
tested by PCR, to ensure they were Mycoplasma negative. The cell lines were
authenticated by short tandem repeat DNA fingerprinting (Korean Cell line

bank).
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2.4 Antibodies for immune subset analysis using flow

cytometry

The following antibodies were wused to detect lymphocytes:
anti-CD45-Alexa 700 (H130; BioLegend, San Diego, CA, USA),
anti-CD3-Percp-Cy5.5 (UCTHI; BD Biosciences, Franklin Lakes, NJ, USA),
anti-CD4-Alexa 488 (RPA-T4; BioLegend), anti-CD8-APC-cy7 (SK1;
BioLegend), anti-CD19-BV421 (H11319; BioLegend), anti-CD56-BV605
(NCAM16.2; BD Biosciences), anti-CD25-BV711 (2A3; BD Biosciences),
and anti-CD127-PE-Cy7 (A019D5; BioLegend). Representative gating
strategy for lymphoid cells is summarized in Figure 3.

To detect myeloid cells, anti-CD45-Alexa 700, CD3-Percp-Cys5.5,
CD14-Alexa 488 (MQP9; BD Biosciences), HLA-DR-BV786 (G46—6; BD
Biosciences), anti-CD11c-PE-cy7 (B-ly6; BD Biosciences), anti-CD33-APC
(551378; BD Biosciences), anti-CD206-PE (MMR; eBioscience, San Diego,
CA, USA), anti-CD1c-APC-cy7 (L161; BioLegend), anti-CD123-BV650
(7G3; BD Biosciences), and anti-CD141-BV510 (1A4, BD Biosciences)
antibodies were used. Anti-TCR ¢d8-FITC (B1l; BD Biosciences) was
purchased and CD1d/PBS57 tetramers-APC was obtained from the National
Institute of Health Tetramer Core Facility (Bethesda, MD, USA).
Representative gating strategy for myeloid cells is summarized in Figure 4.

The following antibodies were used to identify ILC subsets (Figure 5):
anti-CD45-Percp-Cy5.5 (HI30; BD Biosciences), anti-CD3e -FITC (UCHT1;
BioLegend), anti-CD11c-FITC (3.9; BioLegend), anti-CD11b-FITC (ICRF44;

BioLegend), anti-CD14-FITC (HCDI14; BiolLegend), anti-CD19-FITC
14 ] ) |



(HIB19;  BiolLegend), anti-CD49b-FITC  (P1E6-C5;  BiolLegend),
anti-FceRIa-FITC (AER-37; BioLegend), anti-CD127-Pe-cy7 (A019DS;
BioLegend), anti-CD117-BV421 (104D2; BiolLegend), anti-NKp44-APC
(P44-8; BiolLegend), and anti-ST2L-PE (B4E6; MD Bioproducts, Oakdale,
MN, USA).

For intracellular staining, single-cell suspensions prepared from fresh
tumor and NTLT were pre-incubated with Fc receptor blocking solution
(BioLegend) to reduce nonspecific binding and subsequently stained for
various markers. Cells were stained for surface antigens for 30 min at 4°C.
For intracellular staining, cells were stained with anti-IL23p19-FITC
(IC17161G; R&D Systems, Minneapolis, MN, USA), IL-17A-PE (512306;
BioLegend), IL-22-PE (366703; BiolLegend), T-bet-BV421 (4B10;
BioLegend), GATA3-APC (16E10A23; Biolegend), RORYt-PE (563081; BD
Bioscience), and Ki-67-FITC (11-5699—41; eBioscience) antibodies were
used for human samples, while anti-mouse IL23p19- eFlour 660 (fc23cpg;
eBioscience), IL-17A (TC11-18H10.1; BioLegend), T-bet-eflour 647 (4B10;
BioLegend), GATA3- APC (16E10A23; BioLegend) and RORyt BV421
(Q31-378; BD Bioscience) antibodies were used for mice and fixed. An amine
reactive dye (Aqua LIVE/DEAD Stain Kit; Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA) was used to exclude dead cells according to

the manufacturer’s instructions.
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Figure 5. Gating strategy of innate lymphoid cells
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2.5 Cell sorting

To sort total ILCs using flow cytometry, suspended cells from tumor or
NTLT were labeled with various antibodies, anti-CD45-Percp-Cy5.5 (HI30;
BD Biosciences), anti-CD3e-FITC (UCHT1; BioLegend), anti-CD11c-FITC
(3.9; BioLegend), anti-CD11b-FITC (ICRF44; BioLegend), anti-CD14-FITC
(HCD14; BioLegend), anti-CD19-FITC (HIB19; BioLegend),
anti-CD49b-FITC (P1E6-C5; BioLegend), anti-FceRIa-FITC (AER-37;
BioLegend), and anti-CD127-Pe-Cy7 (A019D5; BioLegend) antibodies. To
sort ILC1, anti-CD117-BV421 (104D2; BioLegend) and anti-ST2L-PE (B4E6;
MD Bioproducts) antibodies were used. After labeling, cells were sorted using
a FACSAria (BD Biosciences) to > 95% purity. Tumor and immune cells
were isolated from fresh tumor tissues using the magnetic bead sorting
MidiMACS system (Miltenyi Biotec, Bergisch Gladbach, Germany) based on
the binding of anti-EpCAM-APC (9C4; BioLegend) or anti-CD45-PE

(555483; BD Biosciences).

2.6 Lentiviral transduction and transfection study

The recombinant lentivirus was generated by using the construct of the
mouse IL23p19 open reading frame expression clone (EX-Mm12283-Lv105;
GeneCopoeia, Rockville, MD, USA) and the Lenti-Pac HIV expression
Packaging Kit (GeneCopoeia) according to the manufacturer's instructions.
293Ta packaging cell line was transfected overnight with the mouse IL23p19
expression clone and packaging plasmids. After 16 h, fresh medium was

added to the cells and incubated overnight. On three consecutive days after
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transfection, the pseudotyped virus-containing culture medium was harvested,
filtered, supplemented with 8 pg/ml polybrene (Sigma-Aldrich). After
KLN-205 cells were infected, stable transfected cells were selected in
puromycin. Control cells were transduced with the control lentiviral vector.
Fluorescence analysis or real-time PCR were performed to evaluate the 1L-23

overexpression efficiency.

2.7 Mice and tumor inoculation in vivo

BALB/c mice were obtained from Orient Bio Inc. (Seongnam-si,
Gyeonggi-do, Korea). Tumors were established by subcutaneously injecting
IL-23-overexpressing KLLN-205 or control KLN-205 (transduced with empty
vector) or wild type KLN-205 cells (2x10’ cells per injection) into the flanks
of 6- to 8-week-old BALB/c mice in the presence or absence of the indicated
dose of control Ig (eBRGI; eBioscience) or anti-IL23p19 antibody (clone
16-7232-81; eBioscience). These antibodies were administered on the first
day of tumor injection and repeatedly every 4 days. Tumor growth was
estimated by measuring tumor diameters using a digital caliper. On day 21,
mice were euthanized and tumors were harvested for further analysis. This
study was approved by Institutional Animal Care and Use Committee of
Clinical Research Institute, SNUH and Institutional Biosafety Committee of
SNU. This facility was accredited by the Association for the Assessment and

Accreditation of Laboratory Animal Care International.

2.8 Immunohistochemistry
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FFPE tissue blocks were cut into slices of 4 pm thickness and subjected to
immunohistochemistry to analyze the expression of IL-17RA (clone 49M4D?2;
1:100, Novus Biologicals, Littleton, CO, USA) and IL-23 (clone ab45420;
1:200, Abcam, Cambridge, United Kingdom). All immunohistochemistry
studies were performed using the Ventana Benchmark XT automated staining
system (Ventana Medical Systems, Tucson, AZ, USA) according to the
manufacturer’s protocol. Double immunohistochemistry staining was
performed with primary antibodies against CD3 (F7.2.38; Dako, Carpinteria,
CA, USA), CD20 (L26; Dako), and RORyT (ab80690; Abcam). After
overnight incubation, slides were washed and incubated with a horseradish
peroxidase-linker antibody and an alkaline phosphatase-linker antibody.
Detection was performed with 3, 3-diaminobenzidine (DAB, brown
chromogen) and Vector Blue. The percentages of stained tumor cells and the
pattern of their staining were assessed; 5% of membranous or cytoplasmic
staining was considered a cut-off point for positive IL-17RA and IL-23
expression. ILC3 was defined as cells expressing RORyT in the absence of
CD3 and CD20 expression. The numbers of ILC3 were measured in each core

of the tissue microarray.

2.9 Immunofluorescence

Frozen sections of tumor tissues were attached to coverslips, fixed in
acetone solution for 15 min, and washed three times with phosphate-buffered
saline (PBS). Sectioned tissues were blocked with 5% bovine serum albumin

in PBS for 30 min at room temperature. After washing with PBS, sectioned
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tissues were incubated at room temperature for 1 h with following antibodies:
anti-CD3-FITC (UCHTI1; BioLegend), anti-RORyT- Alexa Fluor 647
(563620, BD Biosciences), and anti-CD117-DAPI (104D2; BioLegend).
Sectioned tissues were washed, covered with coverslips, and examined under

a fluorescence microscope.

2.10 Quantitative real-time PCR

RNA was isolated from sorted tumor cells and immune cells using TRIzol
(Life Technologies, Carlsbad, CA, USA) and reverse-transcribed into cDNA
using RNAM-MLV Reverse Transcriptase (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. Gene-specific PCR products were
measured using an Applied Biosystems 7500 Sequence Detection System
(PerkinElmer Biosystems, Foster City, CA, USA). The sequences of primers
were summarized in Table 3. Relative gene expression was normalized to that

of glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Hs02758991 gl1).

2. 11 Proliferation assay

Lung SqCC cell lines and tumor cells isolated from SqCC patients were
seeded at a density of 5 x 10" cells/well in 48-well plates. Cells were grown
overnight, and the medium was replaced with maintenance medium
containing the desired concentrations of cytokines or antibodies or medium.
Cell viability was assessed after 96 h based on cell number and the Ki-67

index.
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2. 12 In vitro culture of ILCs

Total ILCs or ILC1 were isolated from fresh tissues of ADCs or SqCCs,
sorted, plated in a 96-well plate (2 x 10* cells/well), and stimulated with
recombinant IL-2 (10 U/mL; Novartis, Basel, Switzerland) and IL-23 (50

ng/mL; R&D Systems) for 5 days.

2. 13 Co-culture experiments using ILCs

Tumor cell lines (4 x 10* cells/well), or tumor cells isolated from fresh
tissues of ADCs or SqCCs (5 x 10 cells/well) were plated in a 48-well plate.
After 24 h, sorted total ILCs or ILC1 (3 x 10* cells/well) from NTLT or
NSCLCs were added and co-cultured for an additional 5 days in the presence
of an anti-IL-23-neutralizing (HNU2319; eBioscience),
anti-IL-1B-neutralizing  (B122;  eBioscience),  anti-IL-17-neutralizing
(eBio64CAP17; eBioscience), or anti-IL-22-neutralizing (22URTI;
eBioscience) antibody. During co-culture, adherent and non-adherent cells
were obtained after stimulation with 10 ng/mL PMA and 0.5 pg/mL
ionomycin for 4 h. Non-adherent cells were stained for 30 min using ILC
panel antibodies, anti-IL-17, or anti-IL.-22 antibody, while adherent cells were
treated with trypsin/EDTA, washed, and stained with anti-Ki-67 antibody or
subjected to RNA isolation for RT-PCR. The amounts of IL-17 were
measured in culture supernatants using enzyme-linked immunosorbent assay

(ELISA) kit (eBioscience)
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2. 14 RNAseq analyses

CD3" T cells were obtained from fresh tumor tissues and NTLT of ADCs
and SqCCs and sorted using flow cytometry. Total RNA was isolated from
sorted CD3" T cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany).
RNA quality and quantity were determined on a Nanodrop (Nanodrop
Technologies, Wilmington, DE, USA) and the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). RNA-seq analyses were
performed at Theragen Bio Institute (Suwon-si, Gyeonggi-do, Korea). Raw
read filtering, gene normalization, and differentially expressed gene analyses

were performed as previously described (59).

2. 15 TCGA data analyses

Gene expression data for pulmonary NSCLC were obtained from TCGA,
which is available through the cBio Cancer Genomics Portal.
Clustering-based analyses were performed for cell proliferation, migration,
and angiogenesis. Each gene cluster was defined as “angiogenesis; GO:
00015257, “epithelial cell proliferation; GO: 00506737, or ‘“positive
regulation of epithelial cell migration; GO: 0010634 according to Gene
Ontology annotation. Comparisons were made between tumors with and
without IL174 expression (mRNA level > 0). Analyses were performed using

the R language and core packages (gplots and RColorBrewer).
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2. 16 Statistics

Comparisons between variables were performed using the y* test,
Student’s t-test, or paired t-test. Survival analyses were performed using the
Kaplan-Meier method with the log-rank test. Two-sided P values less than
0.05 were considered statistically significant in all analyses. Progression-free
survival was measured from the date of surgery to that of recurrent or
metastatic disease occurrence. Prism GraphPad software (San Diego, CA,
USA) was used for most of statistical analyses. And the genomic analysis

with data presentation were performed using the R statistical package 3.4.2
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Table 1. Patient Characteristics of prospective cohort of NSCLC

SqCC (n=40) ADC (n=40)
Variables N (range or %) N (range or %)
Age (years)
Median (range) 69.5 (56-82) 62.4 (48-88)
Gender
Men 38 (95.0) 21 (52.5)
Women 2 (5.0) 19 (47.5)
Smoking statue
Never 3(7.5) 18 (45.0)
Ever 37 (92.5) 22 (55.0)
Smoking PY 43.5 (0.5-135) 30.6 (1-80)
Tumor size
Median (range) 3.97 (1.5-7.5) 3.46(2.2-5.5)
pN stage
NO 22 (55.0) 36 (90.0)
N1-2 18 (45.0) 4 (10.0)
pStage
I 16 (40.0) 30 (75.0)
I 15 (37.5) 6 (15.0)
I 9 (22.5) 3(7.5)
v 0 1(2.5)
EGFR mutation
No 38 (95.0) 21 (52.5)
Yes 0 (0) 18 (45.0)
Unknown 2 (5.0) 1(2.5)

Abbreviations; ADC, adenocarcinoma; NSCLC, non-small cell lung cancer; PY,
pack-year; SqQCC, squamous cell carcinoma
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Table 2. Patient Characteristics of retrospective cohort of NSCLC

SqCC (n=378) ADC (n=497)
Variables N (range or %) N (range or %)
Age (years)
Median (range) 63.8 (46-87) 66.4 (45-83)

Gender

Men 360 (95.2) 231 (46.5)

Women 18 (4.8) 266 (53.5)
Smoking statue

Never 22 (5.8) 299 (60.2)

Ever 356 (94.2) 198 (39.8)
Tumor size

<3cm 214 (56.6) 296 (59.6)

>3cm 164 (43.4) 201 (40.4)
pN stage

NO 230 (60.8) 367 (73.8)

N1-2 148 (39.2) 130 (26.2)
pStage

I 224 (59.3) 342 (68.8)

I 74 (19.6) 46 (9.3)

111 80 (21.1) 109 (21.9)

Abbreviations; ADC, adenocarcinoma; NSCLC, non-small cell lung cancer;
SqCC, squamous cell carcinoma
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Table 3. The list of primers used for quantitative real-time PCR

Primers
CCNBI Forward 5’-GCT GCT ACC GTA GAAATG GAAAGT G-3’
Reverse 5’-GCC ACA GTG AGG CTA GGC CG-3’
CCNA2  Forward 5’-GGA AAA AGT CAC TTAAGC TAA CTA G-3’
Reverse 5’- CAA GTATCC CGC GAC TAT TGA AAT G-3°
CDC25C  Forward 5’-AGA GGG AGA GCC AAT GAT GCG C-3’
Reverse 5’-TGA CCATTC AAA CCTTCC GCC AG-3’
CcDC7 Forward 5’-AGT GCC TAA CAG TGG CTG G-3’
Reverse 5’-CAC GGT GAA CAATAC CAA ACT GA-3’
Cks2 Forward 5’-ACC GGC ATG TTATGT TAC CC-3°
Reverse 5’-TGT GGT TCT GGC TCA TGA AT-3’
IL174 Forward 5’-CGC AAT GAG GAC CCT GAG AG-3’
Reverse 5’-GCC CAC GGA CAC CAGTAT C-3’
1L22 Forward 5’-GCT TGA CAA GTC CAA CTT CCA-3’
Reverse 5’-GCT CAC TCATAC TGA CTC CGT G-3’
ILIB Forward 5’-GCA AGG GCT TCA GGC AGG CCG CG-3’
Reverse 5’-GGT CAT TCT CCT GGA AGG TCT GTG GGC-3’
IL23p19  Forward 5’-CTC TGC TCC CTG ATA GCC CT-3’
Reverse 5’-TGC GAA GGATTT TGA AGC GG-3’
IL12p35  Forward 5’-GCT CCA GAA GGC CAGACA AA-3
Reverse 5’-GCC AGG CAACTC CCATTA GT-3’
IL18 Forward 5’-GCT TGA ATC TAA ATT ATC AGT C-3’
Reverse 5’-CAA ATT GCA TCT TAT TAT CAT G-3’
ILI7RA Forward 5’-ATC CTG CTG GTG GGC TCC GT-3’
Reverse 5’-ACG TAG AGG GGG TGG TCG GC-3°
IL22R1 Forward 5’- CTC CAC AGC GGC ATA GCC T-3’

Reverse

5’-ACATGCAGC TTC CAGCTG G -3’
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3. Results

3.1 The IL-17-IL-17 receptor axis is enhanced in

pulmonary SqCCs but not ADCs

The opposite views of the role of IL-17 in malignancy has been reported.
So I investigated the differential effects of the IL-17-IL-17R axis on two
major types of NSCLC: SqCCs and ADCs, I estimated the expression level of
IL-17R in tumor cells and the /L7 transcript level in CD45" immune cells. I
isolated CD45" immune and CD45" EpCAM" tumor cells from 80 cases of
NSCLCs (40 cases of SqQCCs and 40 cases of ADCs) freshly obtained from
patients who underwent surgery. The transcriptional levels of ILI7RA in
tumor cells were higher in SqCCs and the SqCC cell lines (SK-MES, H1703
and HCC15) than in ADCs and the ADC cell lines (A549 and H522),
respectively (Figure 6A and 6B). In retrospective cohort, SQqCCs exhibited
higher percentages of IL-17R-positive tumor cells (378 cases of SqQCCs and
497 cases of ADCs) and higher expression of the /L17 transcript in CD45"
immune cells freshly obtained from tumors than ADCs (Figure 6C and 6D).
Moreover, the expression of the IL17 transcript in CD45" immune cells was
higher in SqCCs with a high T stage (tumor size > 3cm) than in those with a
low T stage (tumor size < 3cm), whereas ADCs exhibited similar expression
levels of IL17 in the two groups (Figure 6E). Tumor size is one of prognostic
factor in patients, so the correlation of /L/7 expression in immune cells and

tumor size of SqQCC indicates IL-17 play a role in tumor progression.
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Figure 6. The IL-17-1L-17R receptor axis is enhanced in pulmonary
SqCC rather than ADC

(A) Expression levels of the IL1/7RA transcript were measured in tumor cells
of prospective cohorts of patients with squamous cell carcinomas (SqCCs)
and adenocarcinomas (ADCs) (n = 80). (B) Levels of the /L17RA transcript in
the SqCC cell lines (SK-MES1, HCC-15 and H1703) and ADC cell lines
(H522 and AS549). Data are presented as the mean = SEM. (C) The
percentages of IL-17RA-expressing tumor cells in retrospective cohort were
estimated using immunohistochemistry (n = 875). Representative image of
IL-17RA expression in non-small cell lung cancers (NSCLCs). Scale bars,
200 um. (D and E) Expression levels of the /117 transcript were measured in
CD45" immune cells freshly isolated from SqCCs and ADCs in prospective

cohort (D), which are presented according to tumor size (E).
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3.2 IL-17-IL-17R axis is associated with short survival of

SqCC patients

Next, I analyzed The Cancer Genome Atlas (TCGA) data on the
functional effects of IL-17 on angiogenesis, cell migration, and proliferation
of tumor cells in NSCLCs (Figure 7A) (60). A heat map of
proliferation-related genes revealed a clear difference in the expression
patterns of [LI7" and ILI7°% NSCLCs. The expression levels of
proliferation-promoting genes, such as CCNA2, CCNB, Csk2, CDC7, and
CDC25C, were significantly higher in /LI7" NSCLCs than ILI7°% NSCLCs
on TCGA data (Figure 7B). Furthermore, SqCCs expressed higher levels of
these proliferation-related markers than ADCs in prospective cohort (Figure
7C). To evaluate IL-17 effect on tumor cell proliferation, in vitro culture of
SqCC cell line showed that recombinant IL-17 treatment increased the Ki-67
index and the numbers of SK-MESI1 cells (Figure 8A and 8B). These
findings suggest that IL-17-mediated proliferation contributes more to the
tumor progression of SqCCs than ADCs. Consistent with this hypothesis, the
progression free survival of patients with IL-17R" or IL-17" SqCC was
significantly lower than that of those with IL-17R” SqCC or IL-17"" SqCC,
whereas patients with ADC showed similar progression-free survival
regardless of IL-17R or IL-17 expression level in TME (Figure 8C and 8D).
Together, these findings suggest that the IL-17-IL-17R axis is involved in

tumor progression of pulmonary SqCCs but not ADCs.
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Figure 7. The IL-17-1L-17R receptor axis contributes to tumor
progression of pulmonary SqCC

(A) Expression levels of cell proliferation-, cell angiogenesis- and cell
migration-related molecules of IL-17"¢" versus IL-17°% NSCLCs were
analyzed using data from TCGA Iung NSCLC cohort (n =1097). (B)
Expression levels of representative cell proliferation-related genes according
to IL17 expression using data from TCGA lung NSCLC cohort. (C)
Expression levels of proliferation-related molecules were measured in tumor

cells freshly isolated from SqCCs and ADCs.
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Figure 8. The IL-17-1L-17R receptor axis is associated with tumor cell
proliferation and poor prognostic factor in pulmonary SqCC

(A and B) Cell numbers (A) and the expression levels of Ki-67 (B) in
SK-MESI1 cells were measured after incubation with recombinant IL-17 at the
indicated concentrations for 96 h. (C and D) Progression-free survival of
patients with SqCC or ADC was plotted using Kaplan-Meier analyses with
the log-rank test according to the IL-17RA or IL-17 expression in

retrospective cohort, which was estimated using IHC.
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3.3 Higher numbers of ILC3 among IL-17-producing

immune cells in SqCCs

To investigate the mechanism by which SqCCs exhibit IL-17-mediated
proliferation compared to ADCs, 1 estimated the percentages of
IL-17-producing immune cell subsets in SqQCCs and ADCs, because various
types of immune cells produce IL-17 during regulation of the immune
response and inflammation (61, 62). Flow cytometric analyses revealed that
the percentages of IL-17" ILCs were higher in SqCCs than ADCs, whereas
those of IL-17-expresssing lineage’, CD4" T, v§ T, and NKT cells, were
similar (Figure 9A). Moreover, a transcriptome assay revealed that CD3" T
cells from SqCCs and ADCs expressed similar expression levels of various
cytokines including /L17 and IL23p19 (Figure 9B). These findings suggest
that IL-17-producing ILCs regulate the TME of SqCCs but not ADCs. To
explore individual ILC subset further, I identified LinCD117 ST2 NKp44 "
ILC1 by excluding NK cells based on CD49a expression, Lin'ST2" c-kit’
ILC2, and Lin'ST2 c-kit” ILC3 in TME, which expressed their signature
transcription factors and cytokines, respectively (Figure 9C and 9D). SqCCs
exhibited a reduction in the percentage of ILC1 but an increase in both
NKp44~ and NKp44™ ILC3 compared to NTLT in all cases of prospective
cohort. However, the percentages of total ILC and ILC2 were similar in the
two histological types of NSCLCs and NTLT (Figure 10A and 10B).
Fluorescence microscopy revealed more ILC3 in the intra-tumor areas of
SqCCs than ADCs (Figure 10C and 10D). These findings indicate that the

number of ILC3 were higher in SqQCC than ADCs.
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Figure 9. IL-17" ILCs were higher in SqCCs than ADCs among IL-17
producing immune cells and characterstics of ILC subsets in TME

(A) The percentages of IL-17-expressing immune cell subsets were estimated
in the TME of SqCCs and ADCs in prospective cohort. (B) Heat map of the
expression of various cytokines analyzed in CD3" T cells from SqCCs and
ADC:s using the transcriptome. (C) Flow cytometry analysis of the expression
of T-Bet, GATA3 and RORyt in ILC subsets. (D) Expression of TBX2],

GATA3, RORC, IL23R, IFNG, IL13, IL17A4 and IL22 in ILC populations.
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Figure 10. ILC3 was higher in SqCCs than ADCs in TME

(A) Among live lymphocytes, the percentages of total ILCs, ILC1, ILC2, and
ILC3 in SqCCs and ADCs of prospective cohort were compared to matched
non-tumor lung tissues. (B) The percentages of Npk44™ and Npk44™ ILC3 in
SqCCs and ADCs of prospective cohort were compared to matched
non-tumor lung tissues. (C) Image of the immunofluorescence microscopic
examination of ILC3. A circle indicates CD3'CD117 ' RORyt" ILC3 in freshly
obtained tumor tissues. Scale bars, 50 pum. (D) The number of
CD3'CD117 RORyt" ILC3 per 10 high-power fields of each case was
measured using immunofluorescence in SqCCs and ADCs of prospective

cohort.
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3.4 SqQCCs exhibit an inverse correlation between ILC1

and ILC3 compared to ADCs

Before, I found that SqCCs exhibited a reduction in the percentage of
ILC1 but an increase ILC3 compared to NTLT in all cases of prospective
cohort. Regarding the individual subsets of ILCs, increase number of ILC3
population was also observed in the matched cases of SqQCCs and NTLT
among all cases (Figure 11A). By contrast, the percentages of ILC1 and ILC3
were similar in ADCs and NTLT (Figure 10A). Furthermore, an inverse
correlation between ILC1 and ILC3 was detected in SqQCCs with statistical
significance but not in ADCs (Figure 11B), which correlated with the
expression level of the IL17 transcript in CD45" immune cells (Figure 11C).
In study of ILCs in Crohn’s disease, DC promoted the conversion between
ILC1 and ILC3. So I further analyzed the correlation between ILCs and other
immune subsets. The percentages of ILC1 and ILC3 were not related with
those of other immune cell subsets including CD1c” DCs and CD141" DCs in
NSCLCs (Figure 12A and 12B). Collectively, these findings indicate that
high numbers of ILC3, but low numbers of ILC1, are located in the TME of
SqCCs compared to NTLT, which indicates an inverse correlation between

these two subsets in SqCCs but not ADCs.
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Figure 11. Inverse correlation between ILC1 and ILC3 in pulmonary
SqCC.

(A) Comparative analyses of the percentages of ILC1 and ILC3 among ILCs
in SqCCs and ADCs compared to matched NTLT freshly obtained from
patients. (B) Correlations between the percentages of ILC1 and ILC3 among
total ILCs in SqCCs and ADCs were analyzed. (C) Correlations between the
percentages of ILC3 among total ILCs and the expression levels of the /L1717
transcript of CD45 EpCAM™ immune cells freshly isolated from SqCCs and

ADC:s.
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Figure 12. The subsets of ILCs don’t correlated with other immune
subsets in TME.

(A) Correlation analyses between the percentage of ILC1 or ILC3 among total
ILCs and those of CD1c" and CD141" dendritic cells among CD45" immune
cells. (B) Association between ILC and various kinds of immune subsets,
including CD3 T lymphocytes, B lymphocytes, NK cells and M1 phenotype
macrophages. Data are presented as the mean = SEM. *p <0.05, **p <0.01,

*#%*p <0.001. (NS, non-significant)
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3.5 Conversion from ILC1 into ILC3 is promoted by
IL-23-producing SqCCs, rather than immune cells, in the

TME

IL-23 and IL-1P induce the conversion of ILC1 into ILC3 (27, 32). Thus,
to investigate the mechanism by which SqCCs lead to high numbers of ILC3
but low numbers of ILC1 in the TME, I measured the expression levels of
these cytokines in CD45" immune and CD45 EpCAM’ tumor cells freshly
obtained from NSCLCs and analyzed the correlations between these cells and
the percentages of ILC1 and ILC3 subsets. In NSCLCs, the expression level
of IL23p19 transcript in CD45” EpCAM’" tumor cells, but not CD45" immune
cells, was positively correlated with the percentage of ILC3 but inversely
associated with that of ILC1 (Figure 13A). By contrast, none of the /LIp,
IL12, or IL18 transcript levels in tumor and immune cells were significantly
associated with ILC subsets in NSCLCs (Figure 13A and 13B). Moreover,
flow cytometric analyses revealed that the percentage of IL-23" tumor cells
was positively correlated with that of ILC3 in NSCLCs, whereas that in
IL-23" immune cells was not (Figure 13C). These findings suggest that
IL-23-producing NSCLCs are involved in the plasticity of ILC subsets by
converting ILC1 into ILC3 in the TME. Among NSCLCs, SqCCs express
higher transcript levels of /L23 in CD45" EpCAM" tumor cells than ADCs,
whereas CD45" immune cells similarly express these cytokines in the two
histological types of NSCLCs (Figure 13D), consistent with data from TCGA

(Figure 13E). Flow cytometric analyses demonstrated higher percentages of
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IL-23-expressing CD45EpCAM " tumor cells and their cytosolic expression
of IL-23 in SqCCs than ADCs, whereas the percentages of IL-23-positive
CD45" immune cells were similar in the two types of NSCLCs and were not
associated with the percentage of ILC3 (Figure 13F and 13G). These
findings suggest that IL-23-producing SqCCs, rather than immune cells,

promote the conversion of ILC1 into ILC3 in the TME.
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Figure 13. The percentages of ILC3 is associated with the expression of
IL-23 in tumor cells, rather than CD45" immune cells.

(A) Correlations between the levels of IL23p19 and IL1B in EpCAM CD45
tumor cells or CD45" immune cells freshly isolated from NSCLCs and the
percentages of ILC1 or ILC3 in the TME. (B) Correlations between the levels
of IL12 and ILI8 in EpCAMCD45" tumor cells or CD45" immune cells of
NSCLCs and the percentages of ILC1 or ILC3 in the TME. (C) Correlations
between the percentages of IL-23-expressing cells among EpCAM CD45
tumor cells or CD45" immune cells in NSCLCs and the percentages of ILC3
among total ILCs in the TME. (D) Expression levels of the /L23p19 and ILIB
transcripts in EpCAM CD45” tumor cells or CD45" immune cells from SqCCs
and ADCs. (E) Analysis for /123 transcription levels in two types of NSCLCs
using TCGA data. (F) Percentages of IL-23" tumor cells or IL-23" immune
cells of SqCCs and ADCs. (G) Flow cytometric analyses of the cytosolic
expression of IL-23-expressing cells among EpCAM CD45™ tumor cells in
SqCCs and ADCs. Data are presented as the mean + SEM. *p <0.05, **p

<0.01, ***p <0.001.
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3.6 SqQCCs rather than ADCs drive the conversion from

ILC1 into ILC3 subsets by producing IL-23

To support my suggestion, | cultured total ILCs or ILC1 sorted from
NTLT in the presence of IL-2 and IL-23. Recombinant IL-2 + IL-23 or IL-23
increased the percentage of ILC3 after co-culture with total ILCs or ILC1 for
5 days, which was decreased by treatment with an anti-IL-23 neutralizing
monoclonal antibody (mAb), which indicates that IL-23 promotes the
conversion from ILC1 into ILC3 in lung tissue (Figure 14A and 14B). ILC
subsets were defined according to expression pattern of transcription factors
(RORyt and GATA3) as well as cell surface markers (c-kit and IL-7Ra). The
percentage of ILC3 was higher in co-culture of total ILCs from ADCs and
CD45EpCAM’" tumor cells of SqCC, but not those from ADCs with IL-23
dependency (Figure 15A and 15B). Co-culture of ILCs from SqCC and
CD45EpCAM" tumor cells from SqCC or ADC did not alter the ILC3
population (Figure 15C and 15D). Furthermore, co-culture with sorted ILC1
from NTLT or ADC tumor cells, and CD45EpCAM" tumor cells of SqCC
increased the percentage of ILC3 but reduced that of ILCI, which was
inhibited by adding the neutralizing IL-23 mAb (Figure 15E and 15F). By
contrast, CD45EpCAM " tumor cells of ADCs did not alter the percentages of
ILC1 and ILC3 during co-culture with sorted ILC1 (Figure 15E and 15F).
These findings indicate that SqQCCs rather than ADCs drive the conversion

from ILC1 into ILC3 subsets by producing IL-23 in NTLT and TME.
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Figure 14. Conversion from ILC1 into ILC3 is promoted in an
IL-23-dependent manner.

The ILC subsets were defined using suface markers including c-kit and
IL-7Ra. (A) Representative gating figure of the percentage of ILC3 was
measured after total ILCs or ILC1 sorted from non-tumor lung tissues (NTLT)
were co-cultured with recombinant IL-2 or IL-2 + IL-23 in the presence or
absence of anti-IL-23-neutralizing antibody for 5 days. (B) Bar graph of the
percentages of ILC3. The results were pooled from at least five independent
experiments, analyzed, and are presented in graphs. Diagrams for flow
cytometric analyses are a representative result of these experiments. Data are

presented as the mean £ SEM. *p <0.05, **p <0.01, ***p <0.001.
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Figure 15. Conversion from ILC1 into ILC3 is promoted by SqCCs, not
ADCs, in an IL-23-dependent manner.

The ILC subsets were defined using intracellular expression of transcription
facotrs including RORyt and GATA3. (A and B) The percentages of ILC3
among total ILCs were measured after ILCs sorted from ADCs were
co-cultured with tumor cells from SqCCs or ADCs in the presence or absence
of anti-IL-23 antibody for 5 days. (C and D) The percentages of ILC3 among
total ILCs were measured after ILCs sorted from SqCCs were co-cultured
with tumor cells from SqCCs or ADCs for 5 days. (E and F) The percentages
of ILC3 among total ILCs were measured after ILC1 sorted from ADCs was
co-cultured with tumor cells from SqQCCs or ADCs for 5 days. The results
were pooled from at least five independent experiments, analyzed, and are
presented in graphs. Diagrams for flow cytometric analyses are a
representative result of these experiments. Data are presented as the mean =+

SEM. *p <0.05, **p <0.01, ***p <0.001.
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3.7 IL-23-producing SqCCs promote tumor growth by

inducing ILC3-mediated IL-17 production in in vitro

To explore IL-23-ILC3-IL-17 axis in tumor proliferation in vitro, 1
cultured ILC1 from the IL-23"" ADC + IL-23"¢"SqCC cell line (SK-MESI,
H1703, or HCC15) or tumor cells freshly isolated from SqCCs in the presence
of the anti-IL-23, anti-IL-17, or anti-IL-22 mAb (Figure 16A). The
percentages of ILC3 among total ILCs and amounts IL-17 in culture
supernatants were increased after co-culture of ILC1 and the SqCC cell line,
whereas those of ILC1 were decreased. These alterations were inhibited by
adding the anti-IL-23 antibody, but not by the anti-IL-22, anti-IL-17 or
anti-IL-1B-neutralizing antibody (Figure 16A - C). The expression levels of
proliferation markers in tumor cells were also increased during co-culture of
ILC1 and the SqCC cell line, which was inhibited by adding the anti-IL-23 or
anti-IL-17 antibody (Figure 16D). The co-culture experiments using tumor
cells from cancer patients showed increased expression of
proliferation-related markers and Ki-67 index during co-culture of ILC1 and
SqCC tumor cells (Figure 17A and 17B). Moreover, IL-17 production was
detected in ILC3, but not ILC2 (Figure 17C). The percentage of IL-22" ILCs
was similar in SqCCs and ADCs, and the expression level of the /L22
transcript was not significantly associated with percentage of ILC3 in
NSCLCs (Figure 17D and 17E). These findings indicate that
IL-23-producing SqCCs promote tumor growth by inducing ILC3-mediated

IL-17 production, although they increase the production of IL-17 and IL-22.
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Figure 16. IL-23-ILC3-IL-17 axis in tumor proliferation in vitro

The experiments were perfromed by co-culture ILC1 sorted from ADCs with
the SqCC cell lines in the presence or absence of anti-IL-17, anti-1L-22,
anti-IL-23, or anti-IL-1P antibody for 5 days. The results were pooled from
four independent experiments and analyzed.
(A) The cytosolic expression of IL-17 or IL-22 in ILC3 , (B) ILC subsets, (C)
amounts of IL-17 in culture supernatants, (D ) expression levels of Ki-67 in

tumor cells
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Figure 17. IL-23-ILC3-IL-17 axis in tumor proliferation using cancer
cells from patients in vitro

The experiments were perfromed by co-culture ILC1 sorted from ADCs with
tumor cells freshly isolated from SqCCs in the presence or absence of
anti-IL-17, anti-IL-22, anti-IL-23, or anti-IL-13 antibody for 5 days. The
results were pooled from four independent experiments and analyzed.
(A) Expression level of proliferation-related molecules and (B) expression
levels of Ki-67 in tumor cells were analyzed using flow cytometry. Data are
representative of at least three independent experiments. (C) Cytosolic 1L-17
in ILC2 and ILC3 was analyzed using flow cytometry (D) The percentages of
IL-22" ILCs among total ILCs were analyzed in SqCCs and ADCs. (E)
Correlations between the expression level of the /L22 transcript and the

percentage of ILC3 among total ILCs in SqQCCs and ADCs.
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3.8 IL-23-producing SqCCs promote tumor growth by

inducing ILC3-mediated IL-17 production in in vivo

To confirm this in vivo, 1 injected WT mice subcutaneously with
IL-23-overexpressing mouse SqCC cell line (KLN-205 transduced by IL-23-
overexpressing lentivirus) or control cells (KLN 205 with empty vector).
IL-23-overexpressing KLN-205 cells increased tumor sizes more than control
and WT KLN-205 cells, which was abolished by injecting with anti-IL-23
blocking antibody (Figure 18A and 18B). Moreover, the percentages of ILC3
and IL-17-expressing ILCs were higher in tumors from mice injected
IL-23-expressing KLN-205 cells than control or WT KLN-205 cells, whereas
those of ILC1 were lower. This inverse correlation between ILC3 and ILCI
and enhancement of IL-17-expressing ILCs in tumors were also inhibited by
anti-IL-23 antibody injection (Figure 18C - G). However, the percentages of
ILC2 were similar in the tumors of all groups (Figure 18E). These findings
indicate that IL-23 produced by SqCC cells promotes tumor growth by

increasing IL-17-producing ILC3 in TME.
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Figure 18. ILC3 promotes the proliferation of SqCCs in an
IL-17-dependent manner in vivo.

(A) The cytosolic expression of IL-23 in a mouse SqCC line (KLN-205) cells
transduced by IL-23-expressing lentivirus or empty vector, and control
untrasduced KLN-205 cells. (B - G) Measurement of tumor sizes (B),
percentages of ILC subsets (C - E) and IL-17" ILCs (F and G) among total
ILCs in WT mice injected KLN-205 cells transduced by IL-23-expressing
lentivirus or empty vector, and control untrasduced KNL-205 cells in the
presence or absence of anti-IL-23 antibody administration. Data are presented

as the mean + SEM. *p <0.05, **p <0.01, ***p <0.001. n = 4 in each group
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3.9 ILC3 contributes to the poor prognosis of patients
with SqCC

Before, I insisted that I1L-23 produced by SqCC cells promotes tumor
growth by increasing IL-17-producing ILC3 in TME. To address this in
patients with NSCLC, I analyzed the survival of patients with SQCC or ADC
by estimating the numbers of CD3'CD20RORyt" ILC3 and the expression of
IL-23 in tumor cells using immunohistochemistry (Figure 19A - E). The
expression of ILC3 was estimated by loss of brown expression of CD3 or
CD20, positive blue nuclear expression of RORyt. SqQCCs exhibited higher
numbers of IL-23-expessing tumor cells and CD3'CD20RORyt ILC3 in the
TME than ADCs (Figure 19C and 19D). The numbers of
CD3'CD20RORyt TLC3 were higher in IL-23" tumor cells than IL-23" cells in
NSCLCs (Figure 19E). Moreover, the numbers of CD3'CD20RORytILC3
and the expression of IL-23 in tumor cells were significantly associated with
short progression free survival of patients with SqCC, but not ADC (Figure
19F). These findings indicate that the IL-23-ILC3-IL-17 axis contributes to a

poor prognosis of patients with SQCCs among NSCLCs.
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Figure 19. ILC3 contributes to the poor prognosis of patients with SqCC.

(A) Image of IL-23 expression in NSCLCs of retrospective cohort using
immunohistochemistry. Scale bars, 200 um. (B) Image of the expression of
CD3 + CD20 (brown) and RORyt (blue) in SqCCs and ADCs of retrospective
cohort using immunohistochemistry. Arrow indicates CD3'CD20RORyt"
ILC3 cells. Scale bars, 200 pm. (C and D) Percentages of IL-23" tumor cells
and the numbers of CD3"'CD20'RORyt" ILC3 cells in SqCCs and ADCs. (E)
The numbers of CD3'CD20'RORyt ILC3 cells were counted according to the
expression of IL-23 in SqCCs and ADCs. (F) Progression-free survival of
patients with SqCC or ADC was plotted using Kaplan-Meier analyses with
the log-rank test according to the numbers of CD3'CD20'RORyt™ ILC3 cells,
which was estimated using immunohistochemistry. Data are presented as the

mean + SEM. *p <0.05, **p <0.01, ***p <0.001.

66 1] 2 +1 &l



4. Discussion

4.1 The conversion of ILC1 into ILC3 by tumor cells

exists in TME

In this study, IL-17 expression ILC3 has increased in pulmonary SqCC
and inverse correlation between ILC1 and ILC3 was found in pulmonary
SqCCs. The conversion from ILC1 into ILC3 was promoted by
IL-23-producing tumor cells, increased ILC3 promotes tumor cell
proliferation by secreting IL-17. These findings indicate that cancer cells
could modify a specific TME by the functional plasticity of ILCs, in particular,
the conversion from ILCI into ILC3. Regarding the mechanism of the
conversion of ILCs, Bernink et al. reported that the combination treatment of
IL-2, 1L-23, and IL-1B promoted the conversion of CD127  ILC1 into
IL-22-producing ILC3 in vitro, which was reversible and dependent on
RORyt (57). They also demonstrated that CD14" DCs promoted polarization
from ILC3 to ILC1, whereas CD14" DCs promoted the conversion from ILC1
into ILC3 (57). Moreover, the numbers of CD127" ILC1 increased at the
expense of ILC3 in inflamed intestinal tissues from patients with Crohn’s
disease, whereas CD127" ILC1 converted into ILC3 in humanized mice in the
absence of inflammation (57, 63). CX3CR1® DCs contribute to the
homeostasis of CXCR6" NKp46™ ILC3 by producing IL-23 and CXCL16 in
the intestine (64). These findings suggest that the conversion between ILC1
and ILC3 and homeostasis of ILCs in the intestine may be regulated by

hematopoietic cells rather than non-hematopoietic cells, depending on the
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inflammatory status of the microenvironment. In contrast to the intestine, the
percentages of CD141" DCs were not correlated with ILC subsets in my study.
Furthermore, tumor cells from SqCCs, rather than ADCs, produced high
levels of IL-23 and promoted the conversion of ILC1 into ILC3 in an
IL-23-dependent manner. Thus, tumor cells, rather than hematopoietic cells,
in the TME of SqCCs directly regulate the conversion from ILC1 into ILC3
by producing IL-23. However, SqQCC tumor cells or recombinant IL-23
minimally affect conversion of SqCC-derived ILCs. Moreover, tumor cells of
ADC failed to maintain high levels of ILC3 in SqCC-derived ILCs in
co-culture, which was restored by adding recombinant IL-23. To explain these
findings, it is hypothesized that conversion of ILC1 into ILC3 has been
maximally achieved and maintained as plateau status in TME of SqCC.
Combined, these findings suggest that IL-23 might exert effect on

maintenance of ILC3 in addition to conversion of ILC1 into ILC3 in TME.

4.2 Novel finding of IL-23 mediated tumor survival

strategy

In TME, tumor cells provide tumor cell proliferation signals and a
suitable environment for tumor progression by modulating immune cells (65,
66). To this end, tumor cells employ diverse strategies, including decreasing
the expression of antigen-presenting proteins, increasing the expression of
inhibitory proteins in immune cells, and regulating the plasticity of Th cells
and M1/M2 macrophages (15-18). In addition to these strategies, I suggest

that the IL-23-producing tumor-mediated conversion from ILC1 into ILC3 is
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a novel strategy of tumors that favors tumor progression and expansion in the
TME. Similar to lung cancer, SqQCCs in the esophagus also express 1L-23,
contributing to the epithelial-mesenchymal transition via the Wnt/p-catenin
pathway (67). And keratinocyte can induce IL-23 expression by TLR
signaling and so on. Regarding squamous epithelium is one component of
keratinocyte, these findings suggest that IL-23 produced by SqCCs has
diverse effects on tumorigenesis and progression by regulating intrinsic tumor
biology and crosstalk with extrinsic immune cells, which suggests that the
IL-23-ILC3 axis may be a therapeutic target for IL-23-producing SqCCs.
Biological reagents that inhibit the IL-23 pathway have demonstrated efficacy
in clinical trials for the treatment of inflammatory diseases including Crohn’s
disease and psoriasis (68, 69), which suggests that 1L-23 blockade may be a
useful therapeutic strategy for IL-23-mediated human diseases, including
IL-23-producing lung cancers. However, no clinical trials have addressed
human cancers using an IL-23 inhibitor or blockade. Moreover, the effects of
IL-23 blockade on tumor progression may be diverse, because the biological
effects of IL-23 on both tumor and immune cells are more complex,
depending on the activation status of immune and tumor cells and the
patient’s clinical stages. Nevertheless, IL-23 blockade or an IL-23 inhibitor
may efficiently suppress the progression of IL-23-producing lung cancers due
to dual effects on the plasticity of both ILC3 and Th17 cells in the TME,

although further study is needed to validate this strategy.
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4.3 IL-23/ILC3/IL-17 axis: a critical pathway of tumor

progression in SqCCs

Emerging studies have demonstrated that IL-17 promotes the progression
and metastasis of lung cancer by increasing tumor angiogenesis, and cell
proliferation but inhibiting apoptosis (70). However, whether IL-17 regulates
tumor growth in specific histological types of NSCLCs, such as SqCCs and
ADCs remains unknown. My experiments demonstrated that IL-17-IL-17R
axis was enhanced in SqCCs relative to ADCs and contributed to a short
survival of patients with SqQCC, which suggests that IL-17-IL-17R axis
contributes to tumor growth in SqCCs but not ADCs. Among the
IL-17-expresssing immune cells, IL-17+ ILCs were higher in number in
SqCCs than ADCs, whereas the expression level of IL-17 in CD3+ T cells
from the two histological types was similar in transcriptome analyses.
Moreover, co-culture experiments revealed that converted ILC3 promoted
tumor growth in SqCCs by producing IL-17. These findings suggest that the
tumor growth of SqCCs rather than ADCs may be attributable to higher
numbers of IL-17-producing ILC3, although IL-17 produced by other immune
cells similarly affects tumor growth of the two histological types of NSCLCs.
Thus, it is feasible that increased numbers of ILC3 in SqCCs contribute more
to tumor growth than ADCs. By contrast, it was suggested that
NKp46-expressing ILC3 may inhibit tumor growth via the IL-12-dependent
enhancement of adhesion molecules in blood vessels in melanoma (55).
Moreover, Carrega et al. hypothesized that NCR" ILC3 has an anti-tumor
effect on human lung cancer, because NCR" ILC3 upregulated the expression
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of adhesion molecules in endothelial and mesenchymal stem cells in vitro and
they were found in tertiary lymphoid structures (49). These contradictory
outcomes between that study and my study may be due to the different
cohorts of patients with different numbers of cases (50 cases in the study by
Carrega et al. versus 80 cases in the current study) and/or histological types of
NSCLC. However, it is unclear how many cases of SqQCCs and ADCs were
involved in previous study, although the authors reported no difference in the
ILC population between the two histological types. Furthermore, they did not
identify an inverse correlation between ILC1 and ILC3 in NSCLCs and did
not directly address the functional role of ILC3 in tumor progression and the
survival of patients with NSCLC. By contrast, my experiments clearly
demonstrated that the numbers of CD3-RORyt+ ILC3 in the TME, and
IL-17RA-expressing tumor cells were associated with a poor prognosis of
patients with SqCCs but not ADCs. These findings suggest that the
IL-23-ILC3-IL-17 axis is a critical pathway that promotes tumor growth of

SqCCs, thereby shortening progression-free survival.

4.4 Conclusive remarks

In conclusion, these results demonstrate that IL-23-producing SqCCs
promote IL-17-mediated tumor growth by converting ILC1 into ILC3 in the
TME, thereby shortening patient survival. Furthermore, I believe that lung
cancers may utilize the IL-23-ILC3-IL-17 axis to favor tumor growth and
expansion in the TME, which suggests that this axis may be a useful

therapeutic target of IL-23-producing lung cancers.
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In pulmonary SqCC

IL-23

IL-23 secreting
tumor cells

Figure 20. Graphical summary

TME of SqCC showed highly activated IL-17 axis than pulmonary ADC.
So I analyzed IL-17 secreting immune subsets in TME, only ILC3 was
distributed differently between SqCC and ADC. The number of ILC3 was
negatively correlated with ILC1 in SqCC and positively correlated with 1L.-23
expression from tumor cells. According to in vitro and in vivo experiments
demonstrate that IL-23 from tumor cells convert ILC1 into ILC3. And IL-17
from ILC3 affect poor prognosis of patients with pulmonary SqCC by

mediating tumor cell proliferation.
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