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ABSTRACT

IL-17 immune responses in cancer are controversial, with both tumor-promoting and tumor-repressing effects
observed. To clarify the role of IL-17 signaling in cancer progression, we used syngeneic tumor models from
different tissue origins. We found that deficiencies in host IL-17RA or IL-17A/F expression had varying effects on
the in vivo growth of different solid tumors including melanoma, sarcoma, lymphoma, and leukemia. In each
tumor type, the absence of IL-17 led to changes in the expression of mediators associated with inflammation and
metastasis in the tumor microenvironment. Furthermore, IL-17 signaling deficiencies in the hosts resulted in
decreased anti-tumor CD8" T cell immunity and caused tumor-specific changes in several lymphoid cell popula-
tions. Our findings were associated with distinct patterns of IL-17A/F cytokine and receptor subunit expression in
the injected tumor cell lines. These patterns affected tumor cell responsiveness to IL-17 and downstream
intracellular signaling, leading to divergent effects on cancer progression. Additionally, we identified IL-17RC as
a critical determinant of the IL-17-mediated response in tumor cells and a potential biomarker for IL-17 signaling
effects in tumor progression. Our study offers insight into the molecular mechanisms underlying IL-17 activities in
cancer and lays the groundwork for developing personalized immunotherapies.
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IL-17A, IL-17F, and IL-17A/F.° However, IL-17RA can also com-
plex with IL-17RD to allow signaling by IL-17A but not IL-17F,”®
triggering unique gene regulation compared to the canonical
complex.” IL-17RC can also form homodimeric complexes for
IL-17RA-independent IL-17 signaling.'® These different receptor
complexes and particular cytokine/receptor affinities may deter-
mine the response to IL-17 cytokines, leading to variations in the
impact of this pathway on cancer.

IL-17A has been associated with poor outcomes in human
cancers, while Th17 cells have been linked to better prognosis,
though this varies depending on the tumor type.'" IL-17A can
promote tumor growth by directly affecting cancer cells and
indirectly modulating stromal and immune cells in the tumor
microenvironment (reviewed in'?). For example, IL-17A pro-
motes self-renewal, therapy resistance, and survival in cancer
cells of various origins. Additionally, IL-17A induces the
expression of pro-angiogenic factors and MMPs in tumor
cells and surrounding tissues, leading to angiogenesis, cell
invasion, and metastasis. IL-17A can also reshape the tumor

Introduction

The interleukin 17 (IL-17) family is composed of six cytokines, with
IL-17A and IL-17F being the most extensively studied. These cyto-
kines are produced by a range of immune cells and can promote
inflammation by inducing cytokines, chemokines, growth factors,
metalloproteinases (MMP), and antimicrobial peptides.'
Consequently, they have been associated with both the resolution
of infections and the promotion of autoimmune diseases.” In can-
cer, IL-17A has been detected in serum and tumor-associated fluids,
while IL-17-producing cells have been identified in blood, lymphoid
organs, and tumor tissues from various human and experimental
cancer types.”* However, despite intense research in recent years,
the role of IL-17 in cancer is still unclear, with conflicting reports of
both tumor-promoting and tumor-repressing effects.”

IL-17 cytokines mediate their effects through surface receptors
composed of two or three subunits of the IL-17 receptor (IL-17 R)
family.” IL-17RA is a common subunit and forms a canonical
receptor complex with IL-17RC that mediates signaling by

CONTACT Eva V. Acosta Rodriguez @ eva.acosta@unc.edu.ar @ Centro de Investigaciones en Bioquimica Clinica e Inmunologia, Facultad de Ciencias Quimicas,
Universidad Nacional de Cérdoba Haya de la Torre y Medina Allende, Ciudad Universitaria, Cérdoba X5000HUA, Argentina

*Institute for Experimental Immunology, University of Zurich, Zurich, Switzerland.

**Division of Immunology, Transplantation and Infectious Diseases and Experimental Imaging Center, IRCCS San Raffaele Scientific Institute, and Vita-Salute San Raffaele
University, Milan, Italy.

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2261326

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


https://doi.org/10.1080/2162402X.2023.2261326
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2261326&domain=pdf&date_stamp=2023-10-04

2 (&) C RODRIGUEZ ET AL.

immune infiltrates by recruiting myeloid cells that support
immunosuppression and tumor progression. Despite the
potential role of IL-17A in tumorigenesis, studies have shown
that IL-17A and IL-17-producing cells can enhance anti-tumor
immunity by recruiting and activating effector immune cell
subsets (reviewed in®). For instance, IL-17A recruits dendritic
cells and neutrophils, leading to enhanced anti-tumor CD8" T
cell immunity in specific cancer settings. IL-17A also promotes
CXCL9 and CXCL10 production, recruiting effector T cells
and NK cells and sustaining Thl-type responses.
Additionally, IL-17A induced class I and II MHC molecules
in Meth-A fibrosarcoma cells, promoting tumor cell elimina-
tion. These findings suggest that the role of IL-17A in estab-
lished tumors varies depending on the tumor-specific context
and tumor cell responsiveness to IL-17.° Therefore, the IL-17/
IL-17 R pathway may be a potential immunotherapeutic target
for cancer™'?

We investigated the impact of IL-17/IL-17 R signaling on
cancer progression using syngeneic tumor models from
different tissue origins. Our study analyzed the effects of
IL-17A/F:IL-17RA signaling in host cells on tumor growth
and immunity, observing contrasting effects on different
tumor types. We found that deficiencies in host IL-17RA
or IL-17A/F expression resulted in changes in the expres-
sion pattern of several mediators within the tumor micro-
environment in a tumor-type-specific manner, impacting
the anti-tumor CD8" T cell response and the recruitment
of lymphoid cell populations. The tumor cell responsiveness
to IL-17 was determined by the expression pattern of cyto-
kines and receptor subunits of the IL-17 family present in
the injected cell lines. Notably, we identified IL-17RC as an
important determinant of the IL-17-mediated transcrip-
tional response in tumor cells, making it a potential pre-
dictive biomarker for the overall effect of IL-17 signaling in
tumor progression. These findings provide insights into the
molecular mechanisms underlying the divergent activities
of IL-17 in cancer and have important implications for
developing personalized immunotherapies.

Material and methods
Cell lines

The B16.SIY (melanoma), MC57.SIY (fibrosarcoma), C1498.SIY
(leukemia), and EL4.SIY (Iymphoma) cell lines were previously
modified to express a GFP-SIYRYYGL fusion protein.”™"> These
cell lines were kindly provided by Dr. Thomas Gajewski. MC38
cells were provided by Dr. Clothilde Théry. Homogeneous GFP-
positive cells were selected by cell sorting and periodically tested
for mycoplasma contamination. When required, cells were cul-
tured in triplicate with IL-17A and IL-17F (200 ng/mL) under
serum-reduced conditions. For blocking experiments, anti-IL-
17RC or control IgG goat (5 pg/mL) was added."®

Murine tumor models

C57BL/6 WT, IL-17RA KO, and IL-17A and IL-17F double
knockout (IL-17A/F DKO) mice (both sexes, 6-12 weeks-
old) were injected subcutaneously (s.c.) in the right flank

with 2x10° B16.SIY (melanoma), MC57.SIY (fibrosar-
coma), and C1498.SIY (leukemia) cells or 0.5x 10° EL4.
SIY (lymphoma) cells. Experimental protocols with labora-
tory animals were approved by the IACUC (RD732/18).

Tumor harvest, immunofluorescence, and flow cytometry

Tumors were collected at the specified time point for subse-
quent analyses. For B16.SIY and EL4.SIY tumors, the harvest
time (17-18 days post-injection) was chosen based on previous
studies'>'”'® to enable the development of tumor-specific
CD8" T cell responses. Immunofluorescence and flow cytome-
try studies were performed according to standard procedures
described in detail in Supplementary Materials.

Angiogenesis and inflammation related protein array

To evaluate angiogenesis-related proteins, tumor lysates were
prepared and quantified using the Bradford protein assay and
probed in the Proteome Profiler Mouse Angiogenesis Array Kit
(ARY015, R&D). Films were scanned and analyzed using NIH
Image] software. The Excel spreadsheet and ClustVis tool were
used to generate heat maps illustrating relative protein quan-
tities. Enrichment analysis of KEGG pathways was conducted
using EnrichR for upregulated and downregulated proteins in
each condition."”

Transcript quantification

RNA was extracted from the samples using Tri-Reagent
(Sigma). Quality and concentration were assessed by spectro-
photometry at 260 nm and by 260/280 ratio. cDNA was
synthesized using the M-MLV retrotranscriptase Kkit
(M1701, Promega) and random primers (B070-40,
Biodynamics). Real-time qPCR was performed on pooled
samples from two to three replicates with TagMan probes
targeting specific transcripts and 18S as endogenous control
on the StepOnePlus Real-Time PCR System (Supplementary
Table S5). The results were analyzed using the comparative
CT (AACT) method, and fold change of relative expression
was represented as heat maps using the Excel spreadsheet and
ClustVis tool.

Western blots

Whole cell and nuclear extracts were obtained using RIPA or
nuclear extraction buffers containing protease (Complete Mini
EDTA-free; Roche) and phosphatase inhibitors (Halt™
Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific).
Protein concentration was measured using the Bradford assay
and analyzed with SDS-PAGE gel. Membranes were incubated
with specific primary and the appropriate fluorophore-coupled
secondary antibodies (Supplementary Table S4). Blots were
revealed using the Odyssey Infrared Imaging System (LI-
COR Biosciences) at 700-800 nm. Densitometric analysis was
performed using Image] software.



RNA sequencing

Cells were lysed using TCL buffer (Qiagen) containing 1%
B-mercaptoethanol, and RNA was extracted using the
Single-Cell RNA Purification Kit (Norgen) with RNase-
Free DNase Set (Qiagen) treatment. RNA quality was
assessed using the Agilent RNA 6000 Pico Kit (RIN > 8),
and retrotranscription was performed with the SMART-Seq
v4 Ultra Low Input RNA Kit for Sequencing. Illumina-
compatible libraries were generated using the NextEra XT
Preparation Kit and sequenced using the Illumina Novaseq
6000. The RNA-seq analysis pipeline is detailed in
Supplementary Material. The data are available athttps://
www.ncbi.nlm.nih.gov/search/all/?term=PRJNA855854.

TCGA data analysis

mRNA expression data from 31 RNA-seq datasets belong-
ing to The Cancer Genome Atlas (TCGA PanCancer Atlas)
database were retrieved from cBioportal to investigate IL-
17RA, IL-17RC, and IL-17RD gene expression (https://c-
Bioportal.org - mRNA Expression, RSEM (Batch normal-
ized) for each gene). Survival analysis was conducted using
harmonized RNA-seq data from Skin cutaneous melanoma
(SKCM, n =472) and Acute Myeloid leukemia (LAML, n =
151) and overall survival data was defined as time to death
(R TCGADiolinks package). Patients were stratified into
low- and high-expression groups using median gene expres-
sion levels. Kaplan-Meier curves were generated, and sta-
tistical significance was determined using the Log-rank test
with the R survival package.”’ A detailed summary of
TCGA studies retrieved is provided in Supplementary
Materials table S6.

Statistical analysis

Statistical tests (t-test, one-way/two-way ANOVA, and
Kruskal-Wallis) were conducted using GraphPad Prism 8.0
software. Significance was defined as p <.05.

Results

Expression defects of IL-17RA and IL-17A/F in murine hosts
result in distinct progression among syngeneic tumor
models

To investigate the role of host IL-17 signaling in tumor
progression, we conducted an extensive array of in vivo, ex
vivo, and in vitro experiments (Figure 1a). First, we compared
the growth of syngeneic murine models of melanoma (B16.
SIY), fibrosarcoma (MC57.S1Y), lymphoma (EL4.SIY), and
leukemia (C1498.S1Y) in wild-type (WT), IL-17RA KO, and
IL-17A/F DKO mice. We observed that B16.SIY (melanoma)
and MC57.SIY (fibrosarcoma) tumors showed increased
volume in IL-17RA KO and IL-17A/F DKO mice (Figure
1b,c). Conversely, EL4.SIY (lymphoma) and C1498.SIY (leu-
kemia) exhibited delayed progression and reduced tumor
volume in deficient mice compared to the WT mice (Figure
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1d,e). These findings provide insights into the complex and
context-dependent effects of IL-17 signaling on tumor pro-
gression. Considering their distinct growth behaviors in the
absence of IL-17 signaling (Supplemental Figure Sla,b), we
selected B16.SIY (melanoma) and EL4.SIY (lymphoma) mod-
els for further analysis.

Host IL-17RA and IL-17A/F expression deficiencies have
variable effects on inflammatory and angiogenic mediator
expression in different tumotrs.

To investigate the underlying mechanisms of tumor growth in
IL-17 defective murine hosts, we evaluated the expression of 53
inflammation and angiogenesis-related proteins in tumor
lysates from B16.SIY melanomas and EL4.SIY lymphomas in
WT, IL-17RA KO, and IL-17A/F DKO mice using a proteome
profiler antibody array. Our analysis identified 27 proteins
expressed in all tested conditions (Figure 2a and
Supplementary Figure Slc), with 11 to 14 proteins that were
significantly over or under-expressed in tumors from deficient
IL-17 signaling hosts, compared to WT mice (Figure 2b).
Notably, the changes in the expression of VEGF in B16.SIY
tumors developed in WT, IL-17RA KO, and IL-17A/F DKO
mice had no substantial impact on angiogenesis indicated by
consistent vessel density assessed through CD31 staining
(Supplementary Figure S1d).

Further KEGG pathway enrichment analysis revealed five
biologically relevant pathways containing one to three over or
under-expressed proteins in the analyzed combinations
(Figure 2c). Few shared changes in protein expression were
observed in B16.SIY melanomas and EL4.SIY lymphomas from
deficient IL-17 signaling hosts, including downregulation of
IGFBP-3, MMP-3, MMP-9, and Serpin E1, and up-regulation
of IGFBP-2 (Figure 2d). Collectively, these findings indicate
that IL-17 signaling can influence the expression of multiple
proteins in the tumor microenvironment, varying with the
tumor type and, likely, leading to distinct outcomes in tumor
progression.

Defective host IL-17/IL-17RA pathway compromises anti-
tumor CD8* T cell immunity irrespective of tumor type and
progression

Since immune components may play pro- and anti-tumor
roles, we compared the tumor immune infiltrate in B16.SIY
melanomas versus EL4.SIY lymphomas from WT hosts. We
found that melanoma exhibited a higher frequency of
CD45" cells (Figure 3a). Then, we compared CD45+
tumor infiltrating cell composition with multiparametric
flow cytometry followed by unsupervised analysis. We iden-
tified 10 cell clusters (P0-P9) (Figure 3b and Supplementary
Figure S2a) and significant differences in the frequency of
certain infiltrating subpopulations among both tumor mod-
els, with B16.SIY presenting an increased infiltration of
neutrophil-like cells (P8) and a reduced presence of NK
(P7) and CD4" T cells (P3) compared to EL4.SIY lympho-
mas (Figure 3c).
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Figure 1. IL-17 signaling defects in hosts result in distinct tumor progression patterns. (a) Schematic illustration of studies conducted using B16.5lY (melanoma), MC57.
SIY (fibrosarcoma), EL4.SIY (lymphoma), or C1498.5IY (leukemia) cells. For in vivo and ex vivo analysis, cells were injected into the right flank of IL-17RA KO, IL-17A/F DKO,
and WT mice. (b - e) Curves of the average tumor volume measured on different days post-injection. The red line represents IL-17RA KO mice, blue line represents IL-17
A/F DKO mice, and black line represents WT controls. P-values relative to WT were calculated by multiple t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

We then investigated the impact of IL-17 signaling on
immune cell infiltration in B16.SIY melanomas and EL4.SIY
lymphomas (Supplementary Figure S2b). For B16.SIY melano-
mas, deficiencies in host IL-17RA and IL-17A/F expression did
not alter CD45" cell frequencies (Figure 3d) and had minor
effects on myeloid cell subsets, including a reduction in mono-
cytes and M-MDSC, while neutrophils, G-MDSC, and

macrophages remained constant (Supplementary Figure S2c¢).
Notably, lymphoid populations exhibited more pronounced
changes in the absence of IL-17 signaling, with a decrease in
B cells and CD4" T cells, while Treg cell and NK cell frequen-
cies were conserved (Figure 3d). Furthermore, deficient IL-
17RA and IL-17A/F signaling resulted in decreased frequencies
of tumor-specific and effector CD44™8"CD62L'°Y CD8* T
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Figure 2. Defective host IL-17 signaling has variable impacts on tumor inflammation and angiogenesis protein expression depending on tumor type. Mouse
Angiogenesis Array Kit was used to assess the levels of tumor-related proteins in the lysates of B16.5IY melanomas and EL4.SIY lymphomas from WT, IL-17RA KO,
and IL-17A/F DKO mice. (a) Array membranes after sample probing. Selected proteins of interest are annotated. (b) Heat maps showing the pixel intensity of the 27
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cells, while tumor-exhausted-like (PD1"Lag3™) CD8" T cells
were unaffected (Figure 3e). In EL4.SIY lymphomas, host IL-
17RA and IL-17A/F deficiencies did not impact total CD45+
cell infiltration (Figure 3f). Subtle shifts occurred in myeloid
cells, with a reduction in monocytes and an increase in M-
MDSC and macrophages, while neutrophils and G-MDSC
remained unchanged (Supplementary Figure S2d). Lymphoid
compartment alterations showed increased B cell and NK cell
frequencies, with no changes in CD4" T cells and Tregs (Figure
3f). Although total CD8" T cell infiltration in EL4.SIY lympho-
mas was not significantly different across strains, IL-17RA KO
mice displayed reduced tumor-specific and effector CD8" T
cell infiltration, whereas exhausted-like CD8" T cell frequen-
cies were preserved (Figure 3g). Conversely, IL-17A/F DKO
mice demonstrated consistent tumor-specific and effector
CD8" T cell percentages, alongside reduced exhausted CD8"
T cell frequencies. These differences may arise from complete
IL-17 signaling impairment in IL-17RA KO mice, contrasting
with partial compensation in IL-17A/F DKO mice, where the
EL4.SIY lymphoma might counterbalance the absence of endo-
genous IL-17.

Collectively, our results indicate that host IL-17 signaling
has varying effects on immune cell infiltration depending on
the tumor type, and impaired IL-17 signaling decrease tumor-
specific CD8" T cell immunity without necessarily enhancing
tumor progression.

Tumor cell lines express IL-17 cytokines and receptors in
distinct patterns associated with specific gene signatures

Subsequently, we analyzed the expression of cytokines and
receptor subunits of the IL-17A/IL-17RA pathway in tumor
cells to investigate how it may dictate specific IL-17 effects.
We found that only EL4.SIY (lymphoma) and C1498.SIY
(leukemia) cells expressed Il17a transcripts, while I117f
mRNA was present in all four cell lines tested (Figure 4a).
Additionally, I117ra and 1117rd transcripts were detected in all
cell lines, while Il17rc was limited to MC57.SIY (fibrosar-
coma) and B16.SIY (melanoma) cells (Figure 4b). At the
protein level, we validated these results and found that IL-
17A as well as IL-17F production was limited to EL4.SIY
(lymphoma) and C1498.SIY (leukemia) cells, despite II17f
mRNA being present in all evaluated cell lines (Figure 4c).
Consistent with the transcriptional data, we observed the
expression of IL-17RA and IL-17RD proteins in all cell
lines, while IL-17RC was restricted to MC57.SIY and B16.
SIY cells (Figures 4d,e).

We also measured systemic and local IL-17 cytokine con-
centrations in WT, IL-17RA KO, and IL-17A/F DKO mice
bearing B16.SIY melanomas and EL4.SIY lymphomas.
Systemic levels of IL-17A were elevated in B16.SIY-bearing

mice, but not in EL4.SIY-bearing mice lacking IL-17RA com-
pared to their WT counterparts (Figure 4f). IL-17A/F DKO
injected with B16.SIY (melanoma) or EL4.SIY (lymphoma)
cells showed reduced plasma IL-17A concentrations compared
to WT. Plasma IL-17F levels were undetectable in B16.SIY-
bearing mice and low in all strains bearing EL4.SIY lympho-
mas. Local levels of IL-17A and IL-17F in tumor lysates were
similar in all B16.SIY-bearing mice (Figure 4g). EL4.SIY lym-
phomas exhibited higher IL-17A and IL-17F concentrations
than B16.SIY melanomas, but IL-17A level was lower in tumors
from IL-17A/F DKO mice.

Afterwards, RNA sequencing was performed to evaluate
the gene signature associated with the IL-17 pathway in EL4.
SIY (lymphoma) and B16.SIY (melanoma) cells. Analysis of
the differentially expressed genes showed substantial differ-
ences in gene expression between cell lines and confirmed the
particular expression of molecules from the IL-17 pathway in
tumor cells. Thus, Il17rc gene expression was higher in B16.
SIY than in EL4.SIY (lymphoma) cells, while Il17a and Il17f
transcripts were more abundant in EL4.SIY (lymphoma) cells
(Supplementary Figure S3a). Moreover, examination of the 49
genes of the “IL-17 pathway” retrieved from the KEGG data-
base revealed that 28 genes showed contrasting expression
between B16.SIY (melanoma) and EL4.SIY (lymphoma) cells
(Supplementary Figure S3b).

Altogether, these results underscore that cells from dif-
ferent tissue origins show different patterns of expression of
cytokines and receptors of the IL-17A/IL-17RA pathway,
paralleled with activation of particular IL-17 related gene
signatures.

IL-17A stimulation elicits distinct in vitro responses in
tumor cell lines

We investigated the effect of IL-17 stimulation on the four
tumor cell lines by assessing changes in proliferation, migra-
tion, and secretion of cytokines and chemokines. Stimulation
with IL-17A and IL-17F did not affect the cell count of three of
the tumor cell lines, while MC57.SIY (fibrosarcoma) cells
showed a reduction in cell numbers when exposed to IL-17A
(Supplementary Figure S4a). Additionally, neither cytokine
affected the migration capacity of adherent cell lines
(Supplementary Figure S4b). However, the stimulation of
B16.SIY (melanoma) and MC57.SIY (fibrosarcoma) cells with
IL-17A and IL-17F induced the production of CXCLI1, which
was not observed in EL4.SIY (lymphoma) and C1498.SIY (leu-
kemia) (Figure 5a). Furthermore, there was no significant
inducible effect on the secretion of IL-1pB, IL-6, TNF, or
CXCL2 in any of the tumor cell lines (Supplementary
Figure S4c).

proteins found in the lysates of either B16.5IY melanomas (left) or EL4.SIY [ymphomas (right) developed in IL-17RA KO and IL-17A/F DKO mice compared to WT mice.
(c) Bubble chart of significantly enriched KEGG pathways of the proteins that were over or under expressed in the B16.SIY melanomas and EL4.SIY lymphomas
developed in IL-17RA KO or IL-17A/F DKO mice compared to WT mice. (d) Venn diagrams show differentially expressed proteins in B16.SIY versus EL4.SIY tumor lysates
developed in IL-17RA KO compared to WT mice and IL-17A/F DKO mice compared to WT mice. P values are calculated with two-way ANOVA followed by Dunnett’s

multiple comparison. *p <.05; **p <.01; ***p <.001; ****p <.0001.
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Figure 3. Defective host IL-17 signaling affects tumor-specific CD8" T cell immunity and alters tumor-infiltrating subpopulations in a tumor type-dependent manner.
(a) Percentage of CD45+ cells within total live cells in B16.SIY melanomas and EL4.SIY lymphomas from WT mice collected at d18pi and d17pi, respectively. (b) UMAP
projection of CD45+ cells evaluated in (a). Clusters (PO-P9) identified by FlowSOM are overlaid in the indicated colors. (c) Frequency of each cluster defined in (b) within
B16.5Y melanoma (black) and EL4.SIY lymphomas (gray). (d — g) Frequency of the indicated immune subpopulations in B16.SIY melanomas and EL4.SIY lymphomas
collected from WT, IL-17RA KO, and IL-17A/F DKO mice. P-values calculated by two-tailed Student’s t-test. *p < .05; **p <.01; ***p <.001; ****p < .0001.
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Figure 4. Expression profiles of IL-17A/F:RA pathway cytokines and receptors differ among cell lines and tumors of varying tissue origins. (a,b) Relative amounts of //17a
and /117f (a) and ll17ra, Il17rc, and lI17rd (b) transcripts in the indicated tumor cell lines. Transcript amounts determined by RT-qgPCR were normalized to 18S and MC57.
SIY transcript levels. (c) IL-17A and IL-17F concentrations in the culture supernatants of different tumor cells. (d) Representative histograms of IL-17RA and IL-17RC
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displayed. () IL-17RD expression determined by western blot in different tumor cells. (f,g) Concentrations of IL-17A and IL-17F in plasma (f) and tumor lysates (g) of B16.
SIY (melanoma) and EL4.SIY (lymphoma) bearing WT, IL-17RA KO, and IL-17A/F DKO mice. In A-C, n =3 replicates per group. nd: non-detectable. In f and g, p value

calculated with one-way ANOVA. *p <.05; **p < .01; ***p <.001; ****p <.0001.

Then, we examined the transcriptional response of genes
associated with an IL-17 gene signature.” IL-17A stimulation
increased Csfl and/or Saa3 mRNA levels in B16.SIY (mela-
noma) and MC57.SIY (fibrosarcoma) cells, whereas IL-17F
stimulation increased CsfI in B16.SIY cells. Conversely, EL4.
SIY (lymphoma) and C1498.SIY (leukemia) cells did not
respond to or show reduced levels of these transcripts when
stimulated with IL-17A and IL-17F (Figure 5b). IL-17A and/
or IL-17F stimulation induced the transcription of Vegf,

Hifla, Mmp2, Mmp9, Cdhl, and/or Cdh2 in B16.SIY (mela-
noma) and MC57.SIY cells but had no effect or inhibited
these genes in EL4.SIY (lymphoma) and C1498.SIY (leuke-
mia) cells (Figure 5c¢). However, Pdll gene response was
different; it was unchanged in B16.SIY (melanoma) and
MC57.SIY (fibrosarcoma) cells but was induced in EL4.SIY
(lymphoma) cells and inhibited in C1498.SIY (leukemia) cells
upon stimulation with IL-17A and IL-17F. Our results suggest
that IL-17A and IL-17F elicit different patterns of response in
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tumor cell lines likely based on their specific IL-17 R subunit
expression profiles. Using an unsupervised approach, we con-
ducted principal component analysis (PCA) on the responses
to IL-17A stimulation to identify tumor cell lines exhibiting
similar responses (Figure 5d). As anticipated, tumor cell lines
in the medium condition clustered relatively close. Notably,
both B16.SIY and MC57.S1Y, following IL-17A treatment,
exhibited a similar deviation from the medium condition
along PC1 and PC2. In contrast, the response of EL4.SIY
and C1498.SIY cells to IL-17 was more nuanced and diverse.
These data reinforce the concept that IL-17A and IL-17F
trigger distinct response patterns in tumor cell lines, likely
influenced by their unique IL-17 R subunit expression
profiles.

IL-17A induces cell-type specific responses with activation
of canonical and non-canonical signaling pathways

To further explore the distinct response patterns to IL-17, we
investigated the intracellular signaling pathway and gene
expression changes in B16.SIY (melanoma) and EL4.SIY
(lymphoma) cells upon IL-17 stimulation. In B16.SIY (mela-
noma) cells, IL-17A induced a weak and prolonged phos-
phorylation of the p65 NF-kB subunit and increased
translocation of p65 to the nucleus, whereas EL4.SIY (lym-
phoma) cells did not respond significantly (Figure 6a). The
basal phosphorylation of ERK and p38 in both cell types was
unaffected by IL-17A (Supplementary Figure S5a). We then
examined the differential gene expression program triggered
by IL-17A in B16.SIY (melanoma) versus EL4.SIY (lym-
phoma) cells, evaluating their transcriptional profiles using
RNA sequencing. We found 374 differentially expressed
genes (DEGs) in B16.SIY (melanoma) cells and 540 DEGs in
EL4.SIY (lymphoma) cells stimulated with IL-17A compared
to non-stimulated cells. Only 12 genes were commonly
modulated in both cell lines (Supplementary Figure S5b,c),
while the DEGs unique to each cell line belonged to different
gene categories (Figure 6b). Ingenuity Pathway Analysis
(IPA) showed that IL-17A stimulation in B16.SIY (mela-
noma) cells modulated genes associated with top canonical
pathways such as “Role of Cytokines in Mediating
Communication between Immune Cells,” “Thl and Th2
Activation Pathway,” and “IL-17 signaling” and associated
to Inflammation (Figure 6c and Supplementary Figure S5d).
Meanwhile, EL4.SIY (lymphoma) cells exhibited gene mod-
ulation in pathways related to cellular growth and cell-to-cell
interactions like “Axonal Guidance Signaling” and
“Synaptogenesis Signaling Pathway” and were associated
with “Cancer.” Moreover, GSEA revealed that chemokine
activity and ribosomal function were enriched in IL-17A-
stimulated B16.SIY (melanoma) cells, while extracellular
matrix constitution and cation channel activation were

enriched in IL-17A-stimulated EL4.SIY (lymphoma) cells
(Figure 6d). These results indicated that IL-17A induces sig-
nificant transcriptional changes in both cell lines, but with
distinct outcomes.

IL-17RC blockade alters B16.SIY cell response to IL-17.

Our findings suggested that IL-17RC expression may be a
critical determinant of IL-17 effects in tumor cells. To investi-
gate this further, B16.SIY (melanoma) cells were stimulated
with IL-17A in the presence of a blocking IL-17RC antibody.
IL-17RC blockade prevented Cfsl upregulation and reduced
CXCL1 secretion, while increasing PdII transcript levels
(Figure 6e). Comparable results were observed in MC38 cells,
another IL-17-responsive cell line.>' Upon IL-17 stimulation,
MC38 cells exhibited increased CXCL1 production without
significant changes in Csfl and Pdll transcript levels.
Blockade of IL-17RC led to reduced CXCLI1 induction, con-
served Csfl and increased Pdll transcript amounts
(Supplementary Figure S5e). Altogether, these results highlight
the essential role of IL-17RC signaling in activating classical IL-
17A target genes and proteins. Notably, blocking IL-17RC did
not completely eliminate the response to IL-17A, but rather
switched it to a different set of genes, possibly due to signaling
through IL-17RA and IL-17RD.

IL-17 R subunit expression profiles in human cancers are
associated with varying clinical outcomes

Finally, we analyzed IL-17 R subunit expression in human
tumors using data from TCGA, observing heterogeneity across
different cancer types (Supplementary Figure S6a). To investi-
gate the relevance of IL-17 signaling in human tumor progres-
sion, we compared the expression of IL-17 R subunits in patient
samples from SKCM and LAML, two cancer types that shared
tissue origins with B16.SIY (melanoma) and EL4.SIY (lym-
phoma) cells. SKCM samples had lower Il17ra but higher
Il17rc and 1l17rd expression compared to LAML samples
(Figure 7a). In the SKCM cohort, higher IL-17RA expression
was associated with longer survival (Figure 7b), while this corre-
lation was not observed in the LAML cohort (Figure 7c). Finally,
Il17rc or 1l17rd expression levels in SKCM and LAML were not
associated with differences in survival (Supplementary Figure
S6b). These findings suggest that IL-17RA signaling is protective
in tumors expressing high levels of IL-17RC (and IL-17RD),
consistent with our experimental cancer models.

Discussion

IL-17 can have different impacts on cancer progression, making
its role as a therapeutic target controversial.>'> We found that
mesenchymal/epithelial ~ tumors like melanoma and

measured in 48 h culture supernatants. (B) Relative amounts of Csf7 and Saa3 mRNA determined after 24 h of stimulation by RT-qPCR. (c) Heat maps summarizing the relative
levels of Hifla, Vegf, Mmp2, Mmp9, Fgf, Pdl1, E-cadherin (Cdh1), and N-cadherin (Cdh2) transcripts after 24 h of stimulation. Transcript amounts were normalized to 18S and
medium transcript levels. P value calculated with One-way ANOVA. *p < .05; **p <.01; ***p <.001; ****p <.0001. (d) Scatter plot of tumor cell lines along the two principal
components (54% of variance) obtained after principal component analysis of tumor cell lines according to the variables depicted in Figure 5a-5 and Supplementary Figure S4.
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fibrosarcoma exhibited increased progression in hosts with defi-
cient IL-17 signaling. Our findings align with some studies that
associated IL-17 with better control of murine melanoma,**~*
while others show that IL-17 promoted B16 (melanoma) tumor
growth.”>"*” We propose that the immunogenicity of the tumor
may be the key factor in reconciling these contrasting observa-
tions. In fact, the studies that found a pro-tumor role for IL-17
used parental B16 (melanoma) cells, which generate tumors with
relatively poor T cell infiltration and may have reduced
immunogenicity.”**” In contrast, tumors generated by the B16.
SIY (melanoma) cell variant used in our work have a slower
growth rate and may be more responsive to IL-17-mediated
immune 1'esponses.14’17 Thus, in implanted tumor models, the
expression of foreign antigens can increase immunogenicity and
influence anti-tumor responses, potentially tipping the balance
of IL-17 function toward tumor elimination.>>>°? Also, IL-17
would stimulate the anti-cancer response and tumor elimination
in immunocompetent mice, but promote angiogenesis and
tumor growth in immunocompromised mice.”> A definitive
understanding of the relevance of immunogenicity in the impact
of IL-17 signaling on tumor growth may require a comprehen-
sive comparison of cell lines with differing immunogenic pro-
files, such as the B16 variants (F1, F10, variants transfected with
OVA, SIY, etc.). Although such a comparison is beyond the
scope of the current manuscript, we determined that IL-17
signaling also facilitated the control of the MC57.SIY fibrosar-
coma, previously linked to robust CD8" T cell responses.'>*
This finding reinforces the fact that the presence of tumor-
specific immune cells within the tumor microenvironment
may be a critical requirement for IL-17 anti-tumor functions.
Conversely, deficiencies in the expression of IL-17RA and IL-
17A/F in the host resulted in reduced growth of hematopoietic
tumors such as the EL4.SIY lymphoma and the C1498.SIY
leukemia. The IL-17A/F:RA pathway was shown to promote
immunosuppressive tumor microenvironments and angiogen-
esis through stromal cell activation in EL4 tumors.>*** Thus, the
dominant IL-17 effector mechanisms in these settings may
exacerbate pro-angiogenic and pro-tumorigenic pathways via
direct signaling in the tumor microenvironment. In this direc-
tion, our proteomic data analysis revealed that host IL-17 signal-
ing had either activating or inhibiting effects on proteins
associated with cytokine and chemokine signaling, as well as
transcriptional regulation in cancer, with significant differences
observed between B16.SIY melanomas and EL4.SIY lymphomas.
Although exploratory, our findings suggest that IL-17 signaling
has a profound, tumor-specific impact on the tumor microen-
vironment. It is noteworthy that alterations in the expression of
specific mediators may not consistently align with the antici-
pated biological effects. For instance, variations in VEGF or
CXCL10 expression within B16.SIY melanomas from IL-17

signaling-deficient mice did not align with changes in vascular
density or cellular infiltration, respectively. These discrepancies
could be attributed to the intricate influence of IL-17 signaling
on the expression of various mediators within the tumor micro-
environment, potentially counteracting the impact of individual
changes. In-depth proteomic investigations may be required to
establish connections between the modulation of specific angio-
genic and inflammatory proteins and the outcomes associated
with deficient IL-17 signaling in hosts.

IL-17A has been reported to promote a cytotoxic microen-
vironment by developing and recruiting anti-tumor myeloid
cells, antigen-presenting cells, and activated effector T cells,
which restrict tumor growth.>® Also, this cytokine pathway
may sustain NK cell and CD8" T cell responses against
infections.”” > Conversely, IL-17 could facilitate a tumor-per-
missive environment by recruiting an immunosuppressive
myeloid compartment and inducing regulatory molecules like
PD-L1.*** We found that IL-17RA or IL-17A/F deficiency in
murine hosts modulated lymphoid subsets rather than mono-
cyte and neutrophil tumor infiltration. Thus, IL-17 signaling
was critical for the infiltration of tumor-specific and effector
CD8" T cells in B16.SIY melanoma but it did not influence
exhausted-like PD1 and LAG3 co-expressing CD8" T cells.
These findings contrast with previous research showing that,
in the absence of CD4+ T cell help, Tcl7 cells favored the
generation of terminally exhausted CD8" T cells, linking IL-
17 to poorer tumor growth control in a murine model of
metastatic melanoma.*' Depletion of CD4+ T cells may emerge
as a source of divergence, as it is a widely reported approach to
induce a high percentage of exhausted CD8" T cells in models
of chronic LCMV infections,** and to improve anti-tumor
response in certain cancer models likely by targeting regulatory
T cells.*>** Notably, reduced tumor-specific CD8" T cells were
also detected in EL4.SIY lymphomas developed in IL-17RA KO
hosts. Altogether, our data suggest that the positive effect of IL-
17 on CD8" T cell immunity may be a general mechanism
operating not only in infections®®” but also in cancer, inde-
pendent of the tumor type and not necessarily linked to better
tumor progression.

Deficiencies in host IL-17 signaling also influenced the
infiltration of NK and B cells in B16.SIY melanomas and
EL4.SIY lymphomas with divergent outcomes. In agreement
with our results with the EL4.STY model, IL-17 signaling was
reported to limit NK activity and promote MC38 and B16F10
tumor growth.*” However, this cytokine pathway does not
affect NK cell infiltration in the B16.SIY model, and it was
essential for the development of functional NK cells during a
fungal infection.”” These contrasting results highlight that
further research is required to decipher the role of NK cells
in IL-17-mediated effector responses in different settings. Also,

performed in B16.5IY (melanoma) and EL4.SIY (lymphoma) cells stimulated or not with IL-17A (100 ng/mL) for 24 h. (b) Heat maps show top 50 genes modulated by IL-
17 in B16.SIY (melanoma) or EL4.SIY (lymphoma) cells, grouped by biological function. (c) Bubble chart displays top enriched canonical pathways after IPA of DEGs
induced in B16.SIY (melanoma) and EL4.SIY (lymphoma) cells by IL-17A stimulation. (d) GSEA plots show two top enriched pathways identified in the whole
transcriptome of B16.5lY (melanoma) and EL4.SIY (lymphoma) stimulated cells, using the M5 (gene ontology sets) mouse collection from MSigDB. NES: normalized
enrichment scores. FDR: false discovery rate. (e) Bar graph shows relative Csf7 and/or PdIT mRNA levels in cell lysates and CXCL1 concentration in culture supernatants of
B16.SlY (melanoma) cultured with or without IL-17A and a blocking IL-17RC antibody or isotype control for 24 h under serum-reduced conditions. The results are shown
as mean + SD of three replicates for each condition, and the p-values were calculated by two-tailed unpaired t-test. ns indicates non-significant.
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Figure 7. High IL-17RA expression correlates with increased survival probability in patients with skin cutaneous melanoma (SKCM) but not in patients with leukemia
(LAML). (@) mRNA levels of Il17ra, lI17rc, and lI17rd in tumor samples from SKCM and LAML patients. (b,c) Kaplan Meier curves of survival probability in patient cohorts
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B cell infiltration was shown to be impacted by deficiencies in
host IL-17A/F:RA pathway according to the tumor type. IL-17
was previously shown to influence the development and
recruitment of B cells to the inflammatory site in an esophageal
cancer model.*® Notably, studies have indicated that tumor-
infiltrating B cells play a prominent role in tumor progression,
with both beneficial and detrimental impacts.*” Given the
relatively recent focus on understanding the role of B cells in
tumor immunity, the potential link between IL-17, B cell
responses, and tumor progression presents an exciting and
promising area for further investigation. Overall, our findings
may reorient the evaluation of the immune cell populations
modulated by the IL-17 pathway in different cancer contexts,
with a focus on lymphoid subsets.

When considering the impact of IL-17 signaling on tumor
progression, it is essential to acknowledge a limitation in our
study - our use of subcutaneous tumor models, which largely
represent heterotopic locations for most of the studied tumor
types. While orthotopic models may better mimic the tumor
microenvironment and biological responses,*® subcutaneous
models are favored due to practical benefits like easy implan-
tation, monitoring, and enabling direct comparisons among
various tumor models. Therefore, we selected these models to
overcome the impact of differing implant locations and to
focus on tumor cells, which due to their abundance, may
crucially influence the IL-17-mediated permissiveness or
restrictiveness of the microenvironment for tumor growth.
Consistent with previous literature,* 2 we observed that
non-hematopoietic tumor cells expressed IL-17RA, IL-
17RC, and IL-17RD and did not produce IL-17A or IL-17F,
while hematopoietic cell lines expressed only IL-17RA and IL-
17RD and produced both cytokines. The differential expres-
sion of IL-17 R subunits among the tumor cell lines was
biologically relevant, as it elicited distinct responses upon
IL-17 stimulation. B16.SIY (melanoma) cells exhibited a con-
ventional response with moderate phosphorylation and
nuclear translocation of NF-kB, and showed a transcriptional
signature associated with cytokine and chemokine activity, as
well as ribosomal function, which is commonly associated
with the IL-17 signature.53’54 On the other hand, IL-17 acti-
vated gene transcription in hematopoietic EL4.SIY (lym-
phoma) cells with a response characterized by the induction
of cellular biological processes not typically associated with
IL-17 functions but linked to tumor promotion due to their
role in apoptosis inhibition, cell migration, and neural net-
work formation.”®>” Furthermore, the gene sets enriched in
EL4.SIY cells stimulated with IL-17 were associated with
extracellular matrix dynamics and cation channel activity
whose physiological function is to sustain cell proliferation
and death, and their dysregulation is linked to cancer devel-
opment and progression.”®>’

Studies evaluating the role of IL-17 in cancer have primarily
focused on the expression of IL-17RA or IL-17RC separately,

with few exceptions systematically analyzing the relevance of the
heterodimer’>**®" or the influence of IL-17RD.%* The varied
expression of IL-17 R subunits in different tumors may contri-
bute to the dual role of IL-17 in cancer progression, as suggested
by our findings on distinct signaling pathways and signatures.
Interestingly, blocking IL-17RC affected the response to IL-17
stimulation in B16.SIY (melanoma) and MC38 cells, resulting in
a similar immunoregulatory and potentially pro-tumor profile
as that of EL4.SIY (lymphoma) cells. This implies that IL-17RC
could play a pivotal role in dictating the response to IL-17 at a
molecular level, though further research is necessary to deter-
mine whether these changes observed in vitro have a corre-
sponding effect in vivo. For instance, IL-17RC silencing was
found to change in vitro basal proliferation and in vivo tumor
growth in a tumor-type dependent manner.®> These unique IL-
17RC signaling functions were attributed to variations in the
basal expression of downstream molecules involved in intracel-
lular signaling and tumor cell proliferation rather than the IL-
17RC expression levels. Moreover, the different signaling capa-
cities of IL-17 cytokines provide another layer of regulation of
the IL-17 pathway. IL-17F can signal through an IL-17RC/RC
homodimer without the requirement of IL-17RA in humans."
Additionally, the signaling of IL-17A, but not of IL-17F, through
the IL-17RA/IL-17RD pathway is involved in the pathogenesis
of psoriasis.” Although the remarkably similar phenotypes in IL-
17RA KO and IL-17A/F DKO mice suggest that IL-17A/F may
be the cytokine predominantly underlying the observed out-
comes, other cytokines of the family that signal through IL-
17RA, such as IL-17C and IL-17E (IL-25),? cannot be excluded
as potential influencers of tumor progression in vivo. Our find-
ings, along with reported results, suggest that the effects of IL-17
cytokines are context-dependent and can be influenced by var-
ious factors, such as the source of cytokines, the balance among
different cytokines of the family and the profile of IL-17 R
subunit expression by the tumor cells.

Differences in the expression and binding affinities of cyto-
kines and receptors in the IL-17 pathway between mice and
humans may limit the translation of experimental results to
clinical settings.”® In humans, IL-17RA and IL-17RD are
expressed in all tissues, while IL-17RC is expressed in certain
tissues, including the liver, prostate, skin, colon, stomach, lung,
and thyroid.”® Analysis of TCGA data showed significant
variability in the expression of IL-17 R subunits across different
cancer types. We correlated the subunit expression profiles
with the effect of the IL-17 pathway on tumor progression,
focusing on SKCM and LAML. Our findings suggest that
differences in tumor IL-17RA expression levels correlate with
differences in overall survival time in SKCM patients with high
tumor IL-17RC expression but not in LAML patients with low
tumor IL-17RC expression. Notably, recent studies suggest that
deletion of IL-17RA or IL-17RC in the colon is associated with
advanced stages and worse progression in colorectal cancer.”*
Furthermore, during the revision process of this manuscript, a

with SKCM (b) and LAML (c) tumors based on high (red) and low (blue) expressions of the IL-17RA subunit. Data were obtained from the TCGA portal and analyzed with

R package “survival”.
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study revealed that the IL-17 gene expression signature in
BRAFV600-mutated melanomas contributes to clinical bene-
fits in immune checkpoint therapy by promoting T cell and
neutrophil activation.®” In contrast, other studies have shown
that higher levels of IL-17A are more frequently associated with
a worse prognosis in cancer patients, although an association
with improved survival has also been reported for tumors of
different histological origins and the same tumor type.'' These
findings underscore the need to study each cancer setting to
position the IL-17 pathway as a putative target for personalized
anti-tumor therapies.

Our findings, as summarized in Figure 8, suggest that the IL-
17A/IL-17 R pathway plays a complex role in the tumor micro-
environment, influencing various aspects of tumor development.
This includes promoting the generation of effective CD8" T cell
responses and influencing NK and B cell responses that could aid
in tumor control. However, IL-17A also triggers diverse responses
in tumor cells, leading to inflammation and enhanced tumor
growth. These distinct downstream pathways are associated with
specific expression patterns of IL-17 R subunits, with IL-17RC
identified as a crucial molecular determinant of the global pro-
or anti-tumor effect of IL-17 signaling. Based on our work, we
suggest that a comprehensive analysis of the expression profile of
IL-17 R subunits and cytokines of this pathway could help define
the potential usefulness of therapies aimed at modulating the IL-
17 axis for personalized anti-tumor immunotherapies.
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