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ABSTRACT

Background Neural crest-associated genes play pivotal
roles in tumor initiation, progression, and the intricate
dynamics of the tumor microenvironment (TME). Myeloid-
derived suppressor cells (MDSC) within the TME are
important in dampening T cell activity and contributing to
resistance against immunotherapeutic interventions. The
neural crest-associated gene Forkhead Box D1 (FOXD1)
has been identified as an oncogenic factor that induces
melanoma dedifferentiation and progression. However, the
underlying mechanisms and the impact of FOXD1 on the
antitumor immune response remain unclear.

Methods To investigate the impacts of FOXD1 on the
melanoma microenvironment, we analyzed publicly
available datasets from multiple platforms, including
TNMplot, TIMER2.0, etc. In addition, FOXD1 was
overexpressed (OE) or knocked down in melanoma

cells to identify its biological functions in vitro and in
vivo. Flow cytometry and arginase activity assay were
used to analyze the phenotype and function of MDSC.
Western blot, reverse transcription-PCR, or ELISA assays
were employed to analyze the expression of FOXD1

and its downstream effectors. In vivo experiments were
conducted to investigate the role of FOXD1 in melanoma
progression and the influence on MDSC accumulation
within the TME.

Results We demonstrate that increased FOXD1 levels
inversely correlated with melanoma responsiveness to
immunotherapy. Ex-vivo analyses unveiled that monocytes,
exposed to conditioned medium from FOXD1-0E
melanoma cells, effectively suppressed T cell proliferation
and upregulated the expression of programmed
death-ligand 1 (PD-L1) and other immunosuppressive
factors. FOXD1 was identified as a direct regulator of
interleukin 6 (IL6) expression, which is pivotal for MDSC
induction. Blocking IL6 reversed MDSC-associated
immunosuppression. Additionally, miR-581, a potential
negative regulator of FOXD1, attenuated the impact of
FOXD1 on IL6 expression and MDSC differentiation. In
vivo experiments demonstrated that tumors derived from
FOXD1 OE melanoma cells contained a significantly higher
frequency of PD-L1* MDSC compared with controls, while
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Neural crest-associated genes are critical for tumor
initiation and shaping the tumor microenvironment.
Myeloid-derived suppressor cells (MDSCs) suppress
antitumor activity of T cells and contribute to immu-
notherapy resistance in melanoma. Forkhead Box
D1 (FOXD1), a neural crest-associated transcription
factor, has been described as an oncogenic driver in
melanoma but its impact on the antitumor immune
response is not fully understood.

WHAT THIS STUDY ADDS

= This study demonstrates that FOXD1 upregulates
interleukin 6 (IL6) production in melanoma cells,
thereby promoting the accumulation of MDSC and
Treg within the TME. FOXD1 knockdown reduces
IL6 levels and attenuates the accumulation of these
immunosuppressive cell populations. Additionally,
the study identifies miR-581 as a potential nega-
tive regulator of FOXD1, providing insight into the
molecular mechanisms controlling the FOXD1/IL6/
MDSC axis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= By delineating the FOXD1/IL6/MDSC axis as a key
mechanism of melanoma immunosuppression, our
findings suggest that targeting FOXD1 or IL6 could
improve the efficacy of immunotherapy. This study
also provides a basis for developing predictive bio-
markers to guide personalized treatment strategies
in melanoma.

FOXD1 knockdown resulted in reduced tumor growth and
diminished MDSC accumulation.

Conclusion Our study elucidated a novel function of
FOXD1 in melanoma pathogenesis, highlighting its role in
orchestrating the immunosuppressive TME by promoting
the generation of MDSC via IL6 upregulation.
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BACKGROUND

Melanoma, an aggressive malignancy originating from
melanocytes, continues to present a formidable chal-
lenge in the field of oncology due to its intrinsic aggres-
siveness and resistance to a spectrum of therapeutic
interventions.'™ This malignancy exhibits a pronounced
heterogeneity, characterized by the existence of subtypes
with diverse biological and morphological attributes,
which respond differently to various treatment modal-
ities." ° Despite the notable improvements in survival
rates of patients with metastatic melanoma owing to the
introduction of targeted therapies (eg, BRAF and MEK
inhibitors) and immune checkpoint inhibitors (such
as anti-programmed cell death protein-1 (PD-1) and
anti-CTLA4 antibodies), approximately 50% of patients
ultimately succumb to their disease, often due to the
development of acquired resistance.” ® Hence, there is
a compelling need to identify novel therapeutic targets
to develop effective strategies for the treatment of meta-
static melanoma.

Recent progress in cancer research has underlined the
central role of the tumor microenvironment (TME) in
affecting the progression of melanoma and the efficacy
of immunotherapy.” Among the pivotal constituents of
the TME implicated in tumor progression, the myeloid-
derived suppressor cell (MDSC) population stands out
distinctly.” "' MDSCs constitute a diverse array of myeloid
cells endowed with potent immunosuppressive capabil-
ities.'">'* Their induction is orchestrated by an array of
factors, including well-known actors such as interleukin
6 (IL6)."" '® Through the upregulation of inducible nitric
oxide synthase, arginase-l1, programmed death-ligand
1 (PD-L1), CD73, etc, MDSC efficiently curtail T cell
activity, thereby fostering a milieu conducive to tumor
growth.10 15 Moreover, MDSCs have been implicated in
conferring resistance to immunotherapeutic approaches,
further underscoring their significance with regard to
cancer biology.'”*®

Neural crest-associated genes and their products have
emerged asimportantfactorsinfluencing TME. The neural
crest is a transient, multipotent embryonic cell popula-
tion, which gives rise to an array of cell types throughout
the body, including melanocytes. Intriguingly, mounting
evidence suggests that neural crestassociated genes
extend their influence beyond developmental context,
playing substantive roles in tumor initiation, progression,
and the complex effects of TME.""™ This intersection
between neural crest development and melanoma patho-
genesis underscores the necessity for a comprehensive
exploration of the molecular mechanisms underpinning
their interaction. Among neural crest-associated genes,
the transcription factor Forkhead Box D1 (FOXD1) is of
particular interest due to its high expression levels in both
neural crest and melanoma cells. Previous studies by our
group have demonstrated that FOXDI1 plays a pivotal role
in melanoma invasion and migration.** Elevated FOXD1
levels in melanoma correlated with resistance to targeted

therapies and the initiation of melanoma lung metastases
as substantiated by in vivo experiments.***

In this context, we hypothesize that FOXD1 may have
a profound regulatory influence on the melanoma TME.
This comprehensive study aimed at examining the under-
lying mechanisms of FOXDIl-mediated modulation of
the immunosuppressive microenvironment of melanoma
and the consequent therapeutic implications.

METHODS

Cell culture

Human (A375, HT144) and murine melanoma cell lines
(BI16F10, 5555) were purchased from the American Type
Culture Collection and cultivated in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Gibco, Life Technolo-
gies) supplemented with 10% heat-inactivated fetal calf
serum (FCS, Biochrom), 1% non-essential amino acids
(NEAA) (10mM, Sigma-Aldrich), 0.75% B-mercaptoeth-
anol (0.1mM, Gibco, Life Technologies) and 1% peni-
cillin/streptomycin (Sigma-Aldrich). The immortalized
myeloid suppressor cell line MSC-1 was provided by Dr
S Ugel (University of Verona, Italy).”® MSC-1 cells were
maintained in Roswell Park Memorial Institute (RPMI)-
1640 with Gluta-MAX and supplemented with 1mM
sodium pyruvate (Thermo Fisher), 10% heat-inactivated
FCS (Biochrom) and 1% penicillin/streptomycin (Sigma-
Aldrich). All cell lines were cultured in a humidified incu-
bator with 5% CO, at 37°C.

Vector construction and transfection

Human (A375 and HT144) and murine (B16F10 and
5555) melanoma cell lines were transfected with specific
lentiviral vectors to knockdown (KD) or to overexpress
(OE) FOXDI as described in our previous study.”
Shortly, HEK293T cells were cultured in DMEM supple-
mented with 10% FCS, 1% NEAA, 0.75% mercaptoeth-
anol, and 1% penicillin/streptomycin. For lentiviral
production, HEK293T cells were transfected with the
respective constructs using X-tremeGENE 9 DNA Trans-
fection Reagent (Roche, Basel, Switzerland) following
the manufacturer’s protocol. After 12hours, the trans-
fection medium was replaced, and lentiviral supernatants
were harvested 24, 36, and 48hours post-transfection.
The collected supernatants were filtered through sterile
syringe filters with a pore size of 0.45 pm. 2x10° melanoma
cells were seeded in duplicate wells of a 6-well plate and
transduced with 1mL of the filtered lentiviral superna-
tant per well. FOXD1 KD/OE in human cell lines was vali-
dated by reverse transcription-PCR (RT-PCR) and western
blot as described in our previous study.*

RT-PCR and western blot

Total RNA was extracted with the RNeasy Mini Kit
(QIAGEN) and transcribed into complementary DNA
(cDNA) using the RevertAid First Strand cDNA Synthesis
Kit according to the manufacturer’s instructions. Quanti-
tative RT-PCR was performed with the Fast SYBR Green
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Master Mix System (Invitrogen) using the following
thermocycling conditions: 10min at 95°C, followed by
40 cycles of denaturation (95°C, 15s), annealing (60°C,
30s) and extension (72°C, 30s). The experiment was
performed in triplicates and the data are presented as
mean+SEM. Used primer sequences can be found in the
online supplemental table 1. For protein analysis, cells
were lysed in radio-immunoprecipitation assay (RIPA)
buffer (Invitrogen) supplemented with a complete
protease inhibitor cocktail (Roche). Protein concentra-
tions were determined by the bicinchoninic acid assay
(Thermo Scientific). Western blotting was performed
according to standard protocols, and protein bands were
quantified using Image] software (Fiji). The primary anti-
bodies used were: FOXD1 (LS-B9155, LSBio), B-actin
(51258, Cell Signaling), and o-actinin (H-2) (sc-17829,
Santa Cruz).

Microarray

RNA samples ata concentration of 1 pg/pl were submitted
to the Genomics and Proteomics Core Facility at DKFZ
Heidelberg for microarray analysis. For murine cell lines,
gene expression profiling was performed using the Affy-
metrix GeneChip Mouse Genome 430 2.0 Array (Thermo
Fisher Scientific), while for human cell lines the Affyme-
trix Clariom S Human Assay (Thermo Fisher Scientific)
was employed, following the manufacturer’s protocols.
The raw cell experiment file (CEL) files were normal-
ized using the Robust Multi-array Average algorithm,
and differential gene expression was determined using
a Bayesian statistical test, comparing two groups, each
with a minimum of two biological replicates. Expression
values were then log2-transformed for downstream anal-
yses. Finally, Ingenuity Pathway Analysis (IPA) was used
to perform gene set enrichment analyses and identify
significantly altered biological pathways. Gene expression
datasets were uploaded on the Gene Expression Omnibus
(GEO) database (GSE291167).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed
with the EZ ChIP kit (Merck Millipore) according to
the manufacturer’s protocol. Briefly, 1-2x10° cells were
fixed with 3.6% formaldehyde to crosslink proteins to
DNA, followed by lysis on ice. Chromatin was sonicated
using the Covaris S220 focused ultrasonicator and the
obtained sheared DNA was incubated overnight at 4°C
with agarose bead-coupled antibodies. Next, immuno-
precipitated chromatin was repeatedly washed and the
crosslinks were released. DNA fragments were purified.
Quantitative PCR was carried out to amplify the putative
FOXDI1 binding site using the primers 5-ACACTGCA
TCACGTTCCATCT-3' and b5'-CCAGCTGTTTGATCCT-
GGCT-3'. Results were analyzed using the “% input”
method.

Dual-reporter luciferase assay
The dual-reporter luciferase assay was performed using
the Dual-Luciferase Reporter Assay System (Promega)

according to the manufacturer’sinstructions. Briefly, 2x10°
HEK293T cells were seeded in 6-well plates and co-trans-
fected with miR-581 or miRNA-NC along with either the
control or FOXD1 3'-UTR plasmid, which was cloned into
the pmirGLO Dual-Luciferase miRNA Target Expression
Vector (Promega). Transfections were performed using
Lipofectamine 3000 (Thermo Fisher Scientific) following
the standard protocol. After 24hours, the transfected
HEK293T cells were harvested, counted, and reseeded
into 96-well black plates with a transparent bottom at a
density of 1x10* cells per well. Following an additional
24 hours incubation, firefly and Renilla luciferase activi-
ties were measured using a Tecan multimode microplate
reader. The relative luciferase activity was determined by
normalizing firefly luciferase signals to Renilla luciferase
signals. Each experimental condition was performed in
triplicate, and data were analyzed using GraphPad Prism
software.

Cell viability assay

3x10° cells were seeded into each well of a 96-well plate
in triplicate for each condition. The cells were allowed
to adhere and grow for time periods ranging from 24 to
96 hour. At the designated time points, 20 pL. of Alamar
Blue reagent, diluted to achieve a final concentration of
10%, was added to each well. The plate was then returned
to the cell incubator and incubated for an additional
4 hour. After incubation, the fluorescence was measured
using a Tecan plate reader, and the data were used to
quantify cell viability and proliferation.

ELISA

1x10° cells/mL were cultured in a cell culture flask. After
24hours, the cell supernatant was collected, filtered,
and used to perform the ELISA assay according to the
manufacturer’s instructions (R&D Systems) to detect the
expression of IL6.

Incubation of monocytes with conditioned medium
Melanoma cells were cultured at a density of 1x10°cells/
mL, and the cell supernatant was collected and filtered
through a 0.45 pM filter to obtain the conditioned medium
(cond. med.). Human CD14" monocytes were isolated
from buffy coats of healthy donors using MACS (Miltenyi
Biotec) according to the manufacturer’s protocol. The
isolated CD14" monocytes were then cultured in cond.
med. at 1><106cells/mL for 24-48hour, after which they
were subjected to various assays, including arginase
activity and T cell suppression assays, to evaluate their
functional properties.

Arginase activity assay

Arginase activity of 1x10° cells was determined using the
Arginase Activity Assay Kit (Sigma-Aldrich) according to
the manufacturer’s instructions.

Inhibition of T cell proliferation assay
CD3" T cells were isolated from healthy donor PBMCs
using magnetic-activated cell sorting (Miltenyi Biotec)
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and labeled with 10pM cell proliferation dye eFluor
450 (eBioscience) at room temperature for 20min.
The labeled T cells were then co-cultured with CD14"
monocytes that had been preincubated in cond. med.
for 24hours. Co-cultures were established in stable
isotope labeling with amino acids in cell culture (SILAC)
medium RPMI 1640 (Thermo Fisher Scientific) supple-
mented with 40ng/mL L-lysine hydrochloride (Sigma),
10% fetal bovine serum (Gibco), 1% penicillin/strepto-
mycin (Gibco), and 150nM freshly prepared L-arginine
(Sigma). Cells were seeded in 96-well round-bottom plates
(Sarstedt) that were precoated for 2hours with anti-CD3
(Ipg/mL, clone OKI-3, eBioscience) and anti-CD28
(2pg/mlL, clone CD28.2, Beckman Coulter) antibodies.
After a 3day co-culture period, T-cell proliferation was
assessed by measuring the dilution of the eFluor 450 dye
using a BD LSRFortessa flow cytometer.

Flow cytometry

Cells were first incubated with an Fc receptor Blocking
Reagent (BD Biosciences) and then stained with Fixable
Viability Stain 700 (BD Biosciences) along with the
specific antibodies listed in online supplemental table 2.
For intracellular staining, the cells were fixed and perme-
abilized following the manufacturer’s instructions using
the eBioscience Foxp3/Transcription Factor Staining
Buffer Set (Thermo Fisher). Data acquisition was carried
out using a BD LSRFortessa flow cytometer. The data were
analyzed with FlowJo V.10 software (BD Biosciences).

Mouse in vivo studies

NOG mice and wild-type C57BL/6 mice were used to
assess the effects of FOXDI1 manipulation on tumor
growth. For the tumor growth experiments, both NOG
and CH7BL/6 mice were subcutaneously injected with
1x10° BI6F10 cells and 1x10° 5555 cells in either the
control or FOXD1 KD groups. Tumor length (L) and
width (W) were measured using a vernier caliper at indi-
cated times, and tumor volumes were calculated using the
formula LxW?/2. Mice meeting the termination criteria
were sacrificed and recorded as deceased.

To compare survival rates between FOXDI OE and
control groups, 8-10 weeks old wild-type C57BL/6 mice
were subcutaneously injected with 1x10° FOXD1 OF and
control B16F10 cells per mouse. Tumor growth was moni-
tored daily from day 8 postinjection (n=6 per group, in
total 12 mice were included). In a separate experiment,
wild-type C57BL/6 mice were injected with 1x10° FOXD1
OE, FOXDI1 KD and their respective control BI16F10
cells. Tumors, spleens, and lymph nodes were collected
between days 18 and 20 postinjection for flow cytometric
analysis.

Allinvivo studies were performed in accordance with the
Regulations for the Care and Use of Laboratory Animals.
The NOG mouse tumor model (figure 1B, online supple-
mental figure 1C) and the FOXD1 KD experiments in
the C57BL/6mouse model (online supplemental figure
1B,4A-D) were approved by the Institutional Animal Care

and Use Committee (IACUC) of Beijing Langke Biotech
(TIACUC Number: IACUC-20241217-01). In addition, the
experiments shown in figure 1A and figure 6A-H received
ethical approval from the Regierungsprésidium Karlsruhe
(G-159/19) and were conducted in compliance with all
applicable ethical and legal standards. All mice used in
these studies were 8-10 weeks old and housed either in
the Central Animal Laboratory of the German Cancer
Research Center or at Beijing Langke Biotech under the
care of licensed veterinarians. Mice were maintained in
groups of 3-6 per cage in environmentally controlled
facilities with regulated temperature, humidity, and a
12-hour light/dark cycle. Animals were monitored daily
for health and well-being, and any animal exhibiting
adverse symptoms was promptly humanely euthanized in
accordance with institutional guidelines.

Data retrieval and processing

Public patient datasets were obtained from several online
databases, including TNMplot (https://tnmplot.com/
analysis/), ROC Plotter (https://www.rocplot.org/),
Kaplan-Meier Plotter, the R2 Genomics analysis and
visualization platform (http://hgserverl.amc.nl), and
the GEO. Kaplan-Meier survival curves were generated
using either available survival data from these databases
or through reanalysis with Chipster. The TIMER2.0
database (http://timer.cistrome.org/) was used to
further verify the correlation between FOXDI and the
infiltration of immune cells. Specifically, in TIMER2.0,
MDSC are defined by a gene expression signature that
reflects the expression of immunosuppressive markers,
distinguishing these cells from monocytes isolated from
peripheral blood mononuclear cells.?”” * These data were
obtained in strict accordance with the publication guide-
lines approved by the above database. Therefore, there
was no requirement for ethics committee approval.

Statistical analysis

Data were displayed as mean+SEM of at least three inde-
pendent experiments and student’s two-sided t-test was
used to compare data between two groups. One-way
analysis of variance (ANOVA) test was used to compare
data between three groups. Correlation analysis was done
by Pearson correlation with two-tailed p value. Survival
curves were generated using the Kaplan-Meier approach
and statistical comparison was done by the Logrank
(Mantel-Cox) test. The effect of FOXD1 on tumor growth
was evaluated by two-way ANOVA, and comparisons were
done by Bonferroni’s multiple comparisons test. All calcu-
lations were performed with GraphPad Prism V.9.0.0 for
Windows statistical software package. A value of p<0.05
was considered statistically significant.
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RESULTS

High FOXD1 expression in melanoma is associated with an
immunosuppressive phenotype

Previous studies have highlighted the significant role of
FOXDI1 in regulating melanoma metastasis and resis-
tance to targeted therapy. However, its specific role
within the melanoma microenvironment remains incom-
pletely understood. In this study, we first investigated the
impact of FOXDI KD on melanoma growth using both
immunocompetent (C57BL/6) and immunodeficient
(NOG) mice. Our findings revealed that FOXD1 KD in
BI6F10 and 5555 melanoma cells significantly reduced
tumor growth in immunocompetent mice (figure 1A,
online supplemental figure 1A,B) whereas no significant
difference in tumor size was observed in immunodefi-
cient mice (figure 1B, online supplemental figure 1C).
To determine whether FOXD1 KD affects the intrinsic
replication potential of melanoma cells, we assessed cell
viability using the Alamar Blue assay. Consistent with our
previous study FOXD1 KD did not result in significant
differences in cell proliferation in vitro for both B16F10
and 5555 cell lines (online supplemental figure 1D). 2%
These findings suggest that the TME is likely a predom-
inant factor mediating the observed effects of FOXDI1
on melanoma growth. Next, we conducted a microarray
analysis to compare gene expressions between FOXDI1
KD and control BI6F10 cells, followed by IPA. We found
that FOXD1 KD in melanoma cells showed an activation
of pathways related to melanoma differentiation, for
example, melanocyte development and pigmentation
signaling, which is consistent with our previous study
(online supplemental figure 1E).” Furthermore, several
signaling pathways involved in MDSC stimulation, such as
IL6, IL8 and granulocyte-macrophage colony-stimulating
factor signaling, were deactivated after silencing FOXD1
(online supplemental figure 1E) .2 Reanalysis of the
publicly available data GSE22155 revealed that patients
with melanoma with high FOXD1 expression (FOXD1"8")
showed significantly lower survival compared with those
with low FOXD1 expression (FOXD1"") (figure 1C). In
addition, in this dataset, tumor samples from 27 patients
with melanoma were classified into low and high-immune
response groups according to Jénsson G et al.” We found
that the level of FOXDI was significantly higher in the
low-immune response group compared with the high-
immune response group (figure 1D). Further examina-
tion using the TNMplot online web tool demonstrated
significantly higher FOXDI expression in metastatic
melanoma samples (Metastasis) compared with both
normal skin and non-metastatic melanoma samples
(Primary) (figure 1E).** Using the Kaplan-Meier Plotter
online tool, 67 patients with melanoma were categorized
based on FOXDI1 expression levels into high expression
(top 33%) and low expression (bottom 33%) groups, a
trend of decreased survival was found among patients
with melanoma with high FOXD1 expression under PD-1
treatment (online supplemental figure 1F ). In line
with this, using the Roc Plotter online tool, patients with

melanoma who displayed no responsiveness to anti-PD-1
treatment exhibited higher expression levels of FOXDI1
(figure 1F).” Interestingly, by checking the data from the
TIMERZ2.0 database, analyzing the infiltration of MDSC
using multiple datasets from online published data, we
found a positive correlation between FOXD1 expression
and the infiltration of cells defined by this database as
MDSC (figure 1G).

Effect of FOXD1 KD on MDSC-mediated T cell suppression in
vitro

To investigate whether intratumoral FOXDI1 exerts an
effect on MDSC, we incubated CD14" monocytes for
24hours in the cond. med. collected from either FOXD1
KD or its negative control (NC) human melanoma cells
(figure 2A). We found that the FOXD1 KD group exhib-
ited significantly lower amounts of PD-L1" CD14" mono-
cytes compared with the NC group (figure 2B,C). Of note,
human monocytic MDSC are distinguished from human
monocytes by low expression or absence of HLA-DR
molecules."* On exposure to cond. med., both the NC
and FOXD1 KD groups demonstrated a significantly
decreased expression of HLA-DR among CD14" mono-
cytes compared with the medium control (figure 2D,E).
Moreover, CD14" monocytes from the FOXD1 KD group
exhibited higher expression levels of HLA-DR than those
from the NC group (figure 2D,E). Additionally, the treated
CD14" monocytes from the FOXD1 KD group displayed
markedly lower arginase activity than those from the NC
group (figure 2F). These results indicate that knocking
down FOXDI1 in melanoma cells can reduce the conver-
sion of monocytes into immunosuppressive cells (MDSC-
like cells). To verify the immunosuppressive function of
treated CD14" monocytes, they were co-cultured with
stimulated CD3" T cells for 72hours. Figure 2G,H shows
that the proliferative capacity of activated T cells was
significantly higher in the FOXD1 KD group than in the
NC group after co-culture with CD14" monocytes.

Impact of FOXD1 OE on MDSC-mediated T cell suppression in
vitro

Next, we OE FOXD1 in melanoma cells to assess whether
this can induce T cell suppression via MDSC. Consistent
with previous findings, we observed a significant increase
of the PD-L1" cells among CD14" monocytes on treatment
with cond. med. derived from FOXDI OE melanoma
cells compared with the control group (figure 3A). These
results were corroborated by quantitative RI-PCR (qRT-
PCR) analysis, demonstrating a significantly elevated
expression of PD-LI in monocytes from the FOXD OE
group compared with the control group (figure 3B).
Additionally, culturing CD14" monocytes with cond.
med. from FOXDI1 OE melanoma cells resulted in a
lower expression of HLA-DR compared with the negative
control (figure 3C). Furthermore, CD14" monocytes from
the FOXD1 OE group exhibited higher arginase activity
than those from the control group (figure 3D). Moreover,
when we cultured immortalized myeloid suppressor cells
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Timer 2.0
Figure 1 High FOXD1 expression in melanoma cells is associated with tumor progression. (A) Representative images of
excised tumors at day 14 (top) on subcutaneous injection of 1x10° Foxd1 KD or control B16F10 cells into C57BL/6 mice. The
volume of tumors was measured at day 14 and compared between the control (n=9) and Foxd1 KD group (n=10) (bottom).
One mouse from the control group was excluded from analysis due to death/sacrifice for reasons unrelated to tumor burden
or its complications. (B) Representative images of excised tumors at day 14 (top) on subcutaneous injection of 1x10® FOXD1
KD or control B16F10 cells into NOG mice. The volume of the tumors was measured at day 14 and compared between the
control (n=6) and FOXD1 KD group (n=6). (C) Survival analysis of patients with melanoma was performed using the GSE22155
dataset. Patients were equally categorized into three groups: FOXD1 high expression group (FOXD1 high), FOXD1 intermediate
expression group (FOXD1 med) and FOXD1 low expression group (FOXD1 low). (D) GSE22155 dataset was used to assess the
expression of FOXD1 in relative read counts. The low-immune response group was identified by an absence of expression of
immune response-related genes (n=12); High-immune response group, or proliferative group was characterized by heightened
expression of genes associated with diverse immunologic processes (n=15). (E) The expression level of FOXD1 in normal skin,
primary melanoma and metastatic melanoma. Plots were created using TNMplot analysis based on gene chip data which were
generated from GEO datasets. (F) Intratumoral expression levels of FOXD1 in samples from patients with melanoma treated
with immunotherapy (R: responder, Non-R: non-responder). Analysis conducted using the ROC plotter online tool. (G) The
correlation between expression level of FOXD1 and the MDSC infiltration level from the TCGA_SKCM dataset was shown using
the TIMER2.0 online tool. Data were displayed as mean+SEM. Student’s two-sided t-test was used to compare data between
two groups, *p<0.05, **p<0.01, **p<0.001, “***p<0.0001. FOXD1 KD, Forkhead Box D1 knockdown; GEO, Gene Expression
Omnibus; MDSC, myeloid-derived suppressor cell; mRNA, messenger RNA; PD-1, programmed cell death protein-1; TPM,
transcripts per million.
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Figure 2 FOXD1 knockdown attenuates the acquisition of immunosuppressive properties by human monocytes in vitro.

(A) Schematic diagram of monocyte induction with conditioned medium (cond. med.) derived from melanoma cells. (KD:
knockdown, NC: negative control). (B) Representative gating strategy for PD-L1* CD14* monocytes on treatment with cond.
med. from NC and FOXD1 KD melanoma cells for 24 hours. Isotype for the PD-L1 antibody was used as gating control.

(C) Quantification of the percentage of PD-L1-expressing CD14" monocytes on the treatment with cond. med. from NC or
FOXD1 KD melanoma cells (n=6-8). (D) Representative dot plot showing HLA-DR expression on CD14* monocytes treated with
normal cell medium (MEF) and cond. med. from NC and FOXD1 KD melanoma cells for 24 hours. (E) MFI (median fluorescence
intensity) of HLA-DR among total CD14* monocytes on the incubation with MEF medium control and cond. med. from control
and FOXD1 KD melanoma cells for 24 hours (n=6-8). (F) Arginase activity in CD14* monocytes on the treatment with cond.

med. from NC or FOXD1 KD melanoma cells. Results are shown as unit/L (n=6). (G) Representative histogram for CD3*T cell
proliferation assessed by eFluor 450 dilution after 3days of co-culture with treated CD14" monocytes. (H) Quantification of T cell
proliferation on co-culture with monocytes treated with cond. med. from control or FOXD1 KD melanoma cells. Cumulative data
for T cell proliferation are presented as the percentage of divided T cells normalized to the respective control of stimulated T
cells alone (n=4-5). Statistical analysis was performed with student’s two-sided t-test. *p<0.05; **p<0.01; **p<0.001. Data were
displayed as mean+SEM. PD-L1, programmed death-ligand 1.
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presented as the percentage of divided T cells normalized to the respective control of stimulated T cells alone (n=4). Statistical
analysis was performed with student’s two-sided t-test. *p<0.05; **p<0.01; **p<0.001. Data were displayed as mean+SEM.
cond. med., conditioned medium; FOXD1, Forkhead Box D1; IL, interleukin; MEF, mouse embryonic fibroblast; MFI, median
fluorescence intensity; mRNA, messenger RNA; PD-L1, programmed death-ligand 1; RT-gPCR, reverse transcription
quantitative PCR.

MSC-1 with the cond. med. from FOXD1 OE melanoma such as IL6, IL10, PD-L1, COX-2, PTGES, and TGF-8
cells and parental melanoma cells, we observed an upreg- (figure 3E). Additionally, figure 3F shows a significant
ulation of the expression of factors related to MDSC
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reduction of T cell proliferation following co-culturing
with CD14" monocytes treated with the cond. med. from
FOXDI OE melanoma cells as compared with the control.

Regulation of IL6 expression by FOXD1
Ourpreviousstudyhighlighted therole of IL6in generating
immunosuppressive MDSC in melanoma.'® To investigate
the relationship between FOXDI and IL6, we analyzed its
levels in melanoma cells on ectopic OE of FOXD1 using
qRT-PCR. The results revealed a significantly higher IL6
expression in FOXDI1 OE cells than in parental control
cells (figure 4A). Using ELISA, we detected notably more
IL6 in the supernatant from FOXDI1 OE cells than in
that from the control group (figure 4B). On the other
side, FOXD1 KD in both human and mouse melanoma
cell lines resulted in a significant reduction in IL6 levels
in the cond. med. (online supplemental figure 2A,B).
Furthermore, comparative analysis of expression data
in patients with melanoma from GSE130244 revealed a
positive correlation between FOXDI and IL6 expression
(figure 4C). In order to clarify if FOXDI directly controls
the transcription of IL6, we performed a ChIP-qPCR
analysis that identified a FOXD1-binding site in the IL6
promoter, suggesting that FOXD1 directly regulates IL6
expression (figure 4D). To investigate the role of IL6 in
the FOXD1-MDSC-T cell axis in the melanoma microen-
vironment, we added a neutralizing IL6 antibody (ab) to
the cond. med. from FOXD1 OE melanoma cells, which
was then added to CD14" monocytes, followed by T cell
proliferation analysis. An isotype ab was used as a negative
control. The results indicated that the monocyte popula-
tion treated with cond. med. from FOXD1 OE melanoma
cells supplemented with IL6 ab exhibited significantly
lower amounts of PD-L1" subpopulation of CD14" mono-
cytes compared with the isotype group (figure 4E). More-
over, IL6 ab supplementation increased the expression
level of the HLA-DR of CD14" monocytes and resulted in
a notably lower arginase activity of treated CD14" mono-
cytes compared with the isotype control (figure 4F,G).
Moreover, decreased T cell proliferation was partially
restored on co-culturing T cells with monocytes treated
with cond. med. from FOXD1 OE melanoma cells supple-
mented with IL6 ab as compared with the isotype control-
treated group (figure 4H).

miR-581 downregulates FOXD1 expression, leading to reduced
capacity to induce immunosuppressive activity of monocytes

Given the potential of elevated FOXDI1 expression to
induce an immunosuppressive microenvironment in
melanoma, we focused on identifying strategies to block
FOXDI. By using two databases “miRDB” and “TargetS-
canHuman”, we identified miR-581 as a potential regu-
lator of FOXD1 expression (online supplemental figure
3A,B). To investigate if miR-581 has the capacity to block
FOXDI1 expression in melanoma cells, we transfected
two different melanoma cell lines (A375, HT144) with
either miR-581 mimics or a miR mimic control (miR-NC)
(figure bA). Transfection with miR-581 mimics resulted in

a significant decrease in FOXD1 expression as compared
with the control (figure 5B). Next, we performed a
microarray analysis to investigate expression changes on
miR-581 transfection in more depth. In FOXD1 OE mela-
noma cells, we observed inhibition of MITF activity, a
crucial transcription factor involved in melanocyte differ-
entiation. Conversely, in cells transfected with miR-581
mimics, MITF activity was activated. These findings further
substantiate the notion that miR-581 blocks FOXDI1, at
least partially (online supplemental figure 3C). To deter-
mine whether FOXDI is a direct target of miR-581, we
constructed dual-luciferase reporter vectors containing
the predicted miR-581 seed sequence within the 3'UTR of
FOXDI as well as corresponding mutant vectors in which
random nucleotide substitutions were introduced into the
seed region. On transfection with miR-581 mimics, cells
expressing the wild-type FOXD1 3'UTR construct exhib-
ited a significant reduction in firefly luciferase activity
compared with controls, whereas the mutant construct
showed no significant change. These results confirm that
miR-581 directly targets the FOXD1 3'UTR, thereby regu-
lating its expression (figure 5C). Subsequently, miR-581
mimics also significantly suppressed IL6 expression in
melanoma cells (figure 5D). Moreover, the treatment of
CD14" monocytes with cond. med. from melanoma cells
transfected with miR-581 mimic yielded a lower frequency
of PD-L1" CD14" subpopulation and higher expression of
HLA-DR among CD14" monocytes (figure 5E F). More-
over, the arginase activity of CD14" monocytes treated
with miR-581 mimics was also reduced as compared with
the mimic control (figure 5G). Finally, the T cell prolifer-
ation assay indicated a significantly increased T cell prolif-
eration on co-culture with monocytes treated with cond.
med. from melanoma cells transfected with miR-581
mimics as compared with the mimic control (figure 5H).

FOXD1 expression modulates MDSC accumulation in
melanoma microenvironment

In order to confirm our in vitro experiments in an in
vivo setting, we investigated the impact of FOXD1 OE
on melanoma progression using an immunocompe-
tent CH7BL/6mouse model. Mice received subcuta-
neous injections of 1x10° B16F10 cells that were either
transfected with a FOXD1 OE construct or an empty
control vector. Kaplan-Meier survival analysis revealed
that mice bearing FOXD1 OE tumors exhibited signifi-
cantly reduced overall survival compared with the control
group (figure 6A). The measurement of tumor volume
up to day 18 showed a significant increase in the tumor
size in the FOXD1 OE group (figure 6B). Flow cyto-
metric analysis of tumors and immune organs showed
a markedly higher frequency of CD11b" Grl® cells in
both tumors and spleens, with a similar trend observed
in the lymph nodes, in mice with FOXD1 OE tumors
relative to controls (figure 6C,D). An elevated frequency
of PD-L1" CD11b" Grl” cells was also detected across all
examined organs in the FOXD1 OE group (figure 6E,F).
Additionally, FOXD1 OE tumors displayed an increased
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Figure 4 Regulation of IL6 expression by FOXD1. (A) The expression level of IL6 measured by RT-PCR in FOXD1 OE and
control melanoma cells (n=3-4). (B) The protein level of IL6 in cond. med. from FOXD1 OE and control melanoma cells. The
expression of IL6 was investigated by ELISA (n=5). (C) Correlation of the expression of IL6 and FOXD1 using the GSE130244
dataset. (D) ChlP-gPCR analysis to investigate the recruitment of FOXD1 onto the IL6 promoter region (n=3). (E) Percentage of
PD-L1* cells on stimulation of CD14* monocytes with cond. med. from control or FOXD1 OE melanoma cells supplemented
with an anti-IL6 antibody (n=4-5). (F) MFI of HLA-DR among total CD14" monocytes incubated with cond. med. from control
and FOXD1 OE melanoma cells supplemented with an anti-IL6 antibody (n=4-5). (G) Arginase activity of CD14" monocytes
expressed in units/L on the treatment with cond. med. from control or FOXD1 OE melanoma cells supplemented with an anti-
IL6 antibody (n=4-5). (H) T cell proliferation assay. CD3" T cells were co-cultured with monocytes that were stimulated with
cond. med. from control or FOXD1 OE melanoma cells with or without supplementation with a blocking anti-IL6 ab (n=4-5).
Cumulative data for T cell proliferation are presented as the percentage of divided T cells normalized to the respective control
of stimulated T cells alone (n=4). Statistical analysis was performed with the student’s two-sided t-test. *p<0.05; **p<0.01;
***p<0.001. Data were displayed as mean+SEM. ChIP-gPCR, chromatin immunoprecipitation quantitative PCR; cond. med.,
conditioned medium; FOXD1 OE, Forkhead Box D1 overexpression; IL6, interleukin 6; MFI, median fluorescence intensity; PD-
L1, programmed death-ligand 1; RT-PCR, reverse transcription PCR.
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mimics or mimic control (n=3). (E) Percentage of PD-L1* cells on stimulation of CD14* monocytes with cond. med. from
melanoma cells treated with miR-581-mimics or miR-NC (n=4-5). (F) MFI of HLA-DR among total CD14" monocytes incubated
with cond. med. from melanoma cells treated with miR-581-mimics or mimic control (n=4-5). (G) Arginase activity of CD14"
monocytes expressed in units/L on the treatment with cond. med. from melanoma cells treated with miR-581-mimics or
miR-NC (n=4-5). (H) T cell proliferation assay. CD3* T cells were co-cultured with monocytes that were stimulated with cond.
med. from melanoma cells treated with miR-581-mimics or miR-NC (n=4-5). Statistical analysis was performed with student’s
two-sided t-test. “p<0.05; **p<0.01; **p<0.001. Data were displayed as mean+SEM. cond. med., conditioned medium;

FAM, carboxyfluorescein; FOXD1, Forkhead Box D1; IL6, interleukin 6; MDSC, myeloid-derived suppressor cell; MFI, median
fluorescence intensity; NC, negative control; PD-L1, programmed death-ligand 1; RT-gPCR, reverse transcription quantitative
PCR.
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the frequency of CD11b*Gr1* cells among CD45* leukocytes. (E) Gating strategy for the flow cytometry-based quantification

of PD-L1* cells among total MDSC isolated from tumors, lymph nodes and spleens. PD-L1 FMO was used as gating control.

(F) Quantification of PD-L1" MDSC in spleen, lymph node and tumor. Data are presented as the frequency of PD-L1" cells
among total MDSC (n=8). (G) Quantification of Treg isolated from spleen, lymph node and tumor. Results are shown as the
frequency of CD4*CD25"Foxp3* cells among total CD4" T cells (n=8). (H) The frequency of Treg among total CD4" cells was
plotted against the percentage of MDSC within CD45* leukocytes in tumors and spleens from respective mice (n=11). The
correlation was evaluated by a linear regression analysis. Statistical analysis was performed with the student’s two-sided t-test
and two-way ANOVA. *p<0.05; **p<0.01; **p<0.001. Data were displayed as mean+SEM. ANOVA, analysis of variance; FOXD1
OE, Forkhead Box D1 overexpression; FMO, fluorescence minus one; FSC, forward scatter; MDSC, myeloid-derived suppressor
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proportion of CD4" CD25" FOXP3" regulatory T cells
(Treg) (figure 6G, online supplemental figure 4A,B).
Moreover, the accumulation of intratumoral MDSC was
correlated with an increase in the frequency of tumor-
infiltrating Treg (R=0.589, p=0.006) (figure 6H).

To further elucidate the immune-dependent effects of
FOXDI1, we conducted additional in vivo experiments
using FOXD1 KD B16F10 cells. C57BL/6 mice injected
with FOXD1 KD cells displayed a significantly lower
frequency of CD11b" Grl" and reduced PD-L1 CD11b"
Grl" cells in both tumors and spleens compared with
controls (online supplemental figure 5A,B). Further-
more, Treg infiltration was significantly diminished in
tumors, spleens, and lymph nodes of the FOXDI1 KD
group (online supplemental figure 5C), and a significant
positive correlation between Treg and MDSC frequencies
was also observed in tumor tissues (online supplemental
figure 5D).

DISCUSSION

Malignant melanoma is often associated with poorer
survival rates and resistance to therapy. The underlying
mechanism involves the enhancement of melanoma
stemness and plasticity, the upregulation of migration and
invasion abilities, and the development of a pro-TME.'*"*
Heppt et al reported that a neural crest-associated gene
MSX1 could induce the phenotype switching and migra-
tion of melanoma.”® Boshuizen et al showed that the
expression of NGFR, identified as a putative melanoma
stem cell marker, was a predictor of non-response to
BRAF + MEK inhibition.”” Moreover, they found that high
expression of NGFR correlated with immune exclusion
in patients with melanoma.” Melanoma cell states were
described as undifferentiated, neural crest-like, transi-
tory, and melanocytic subtypes, each of which appears
to modulate immune cells in the TME.® In particular,
the undifferentiated subtype enriched for invasive and
inflammatory gene sets may promote angiogenesis (eg,
via VEGF secretion) and recruit immunosuppressive cells
such as MDSC.™™* The neural crest-like subtype may
affect the interaction with extracellular matrix compo-
nents and modulate immune cell recruitment, whereas
the transitory subtype represents an intermediate state
that could influence tumor metabolism and redox
balance.” The melanocytic subtype, being the most
differentiated, tends to establish a TME with a distinct
mode of immune interaction, such as antigen presenta-
tion.™*! A previous study by our group suggested that the
neural crest marker FOXDI serves as a key factor in regu-
lating melanoma phenotype switching and resistance to
treatment.” In line with our previous research, numerous
studies have highlighted the significant role of the tran-
scription factor FOXDI1 in tumorigenesis, which often
functions as an oncogene.24 24247 Ry instance, Li et al
observed in oral squamous cell carcinoma that increased
FOXDI levels were linked to cervical node metastasis and
poor prognosis.* Similarly, Pan et al demonstrated that

heightened FOXD1 expression prompted the activation
of the ERKI1/2 pathway, contributing to tumor progres-
sion in colorectal cancer.*® Moreover, FOXD1 expression
has been positively correlated with macrophage infiltra-
tion and the expression of immunosuppressive genes in
head and neck squamous cell carcinoma.” However, the
specific impact of FOXDI in the melanoma microenvi-
ronment remains under-explored and warrants further
investigation. As an important component of the immune
cell population in the TME, MDSCs have potent capacity
to impede T cell proliferation and activation, which
highlights their critical role in driving tumor progres-
sion.' 751 I our in vivo experiments, we observed
that knocking down FOXDI expression in melanoma
cells resulted in significantly smaller tumors compared
with the control group. Interestingly, this effect was only
observed in immunocompetent mice, but not in immu-
nodeficient mice, suggesting a critical role of the immune
system in the effect of FOXDI on tumor growth. To eval-
uate the direct influence of FOXDI on the melanoma
microenvironment, we injected FOXDI1 OE and control
melanoma cells into immunocompetent C57BL/6 mice.
As anticipated, the FOXD1 OE group exhibited a notable
increase in tumor volume, distinctly surpassing the tumor
volume of the control group by day 18 (figure 6B). Our
flow cytometry analysis revealed an increased frequency
of CD11b'Grl® MDSC-ike cells, expressing immuno-
suppressive marker PD-L1 within FOXD1 OE tumors
as compared with the control group, suggesting that
FOXDI exerts an immunosuppressive effect in vivo by
modulating MDSC. Intriguingly, we also observed a signif-
icant elevation of the Treg frequency within the FOXD1
OE group, positively correlating with concomitant accu-
mulation of MDSC-like cells (figure 6G,H). This data is
in agreement with multiple studies indicating a bidirec-
tional interaction between MDSC and Treg in cancer.”*”*
Conversely, KD of FOXDI exhibited a lower amount of
MDSC-like cells as well as PD-L1 expression on these cell
populations, and also lower amounts of Treg in compar-
ison with control in vivo. Taken together, these results
provide evidence for the involvement of FOXD1 in facili-
tating MDSC-mediated immunosuppression.

Numerous publications described the association of
elevated IL6 expression with tumor progression and
treatment resistance in various cancers, including mela-
noma. Our previous investigations showed that increased
IL6 expression in melanoma was associated with worse
treatment outcomes and disease progression.'® Similarly,
Bjoern et al linked non-responsiveness to ipilimumab in
patients with melanoma to higher frequencies of MDSC
and elevated IL6 expression.”” Our current results are
consistent with and extend previous findings. First, it has
been shown that in melanoma samples from patients,
FOXDI expression significantly positively correlated with
IL6 expression (figure 4C). Second, we have revealed a
direct regulatory influence of FOXD1 on IL6 expression,
which was confirmed via ChIP-qPCR analysis (figure 4D).
Furthermore, we were able to show that IL6 indeed acted

Sun Q, et al. J Immunother Cancer 2025;13:€010352. doi:10.1136/jitc-2024-010352

13

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

jooyasaboysnwseig
Vv11-739 wswuedsq 1e 520z ‘02 A8l uo jwod fwqg only:diny woly papeojumoq ‘GZ0g [141dV 6 U0 ZGE0TO-720Z-dUI/9ETT 0T Se paysiignd 1siy (J8dued Jsylounwuw| ¢


https://dx.doi.org/10.1136/jitc-2024-010352
https://dx.doi.org/10.1136/jitc-2024-010352
https://dx.doi.org/10.1136/jitc-2024-010352
https://dx.doi.org/10.1136/jitc-2024-010352
https://dx.doi.org/10.1136/jitc-2024-010352
http://jitc.bmj.com/

as a downstream factor of FOXDI1 that mediated T cell
suppression via generating MDSC (figure 4H). These
findings demonstrate that the FOXDI-IL6-MDSC axis
plays a crucial role in shaping the immunosuppressive
microenvironment in melanoma.

Having established a pivotal role of FOXD1 in melanoma
pathogenesis, we sought strategies to inhibit its expres-
sion. Previous studies have highlighted the involvement
of miR-581 dysregulation in cancer progression. Nabat-
chian et al reported the suppressive ability of miR-581
on oncoprotein MUC4 in gastric cancer.” Additionally,
miR-581 was found to be downregulated in hepatocel-
lular carcinoma.’® In contrast, Zhao et al demonstrated a
protumor role of miR-581 in colorectal cancer, suggestin_%
that it could induce metastasis by regulating SMAD7.”
In our current investigation, various online databases
predicted miR-581 as a potential regulator of FOXDI
(online supplemental figure 3A,B). Remarkably, we could
show that melanoma cells treated with miR-581 mimics
displayed a significant decrease in FOXD1 expression at
both RNA and protein levels, leading to a significantly
reduced capacity of melanoma cells to convert mono-
cytes into MDSC (figure 5B,F). Additionally, the cond.
med. from melanoma cells treated with miR-581 mimics
exhibited a notably lower level of IL6 compared with the
control with miRNA control mimics (figure 5D). These
findings suggest that miR-581 may be a pivotal factor
influencing the FOXD1-IL6-MDSC axis in the melanoma
microenvironment.

CONCLUSION

Numerous in vitro and in vivo studies highlighted
the abnormal elevation of FOXDI expression across
various tumor types. Moreover, this heightened FOXD1
expression has been linked to increased tumor growth
and unfavorable prognosis. Our findings indicate that
FOXDI is involved in MDSC-mediated immunosuppres-
sion and here promotes tumor progression, suggesting
FOXDI as a potential novel therapeutic target in mela-
noma. However, additional in vivo studies are needed
to examine the efficacy of FOXDI suppression through
potential inhibitors like miR-581 to improve the existing
melanoma immunotherapies.
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