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Prognostic immunological
Implications of OX40L
expression in the tumor
microenvironment of melanoma
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Background: Immunotherapy targeting immune checkpoint proteins (ICPs) has
transformed cancer care, yet current treatments focus on a narrow set of
inhibitory ICPs and bene t only a subset of patients. The co-stimulatory pair
OX40—0X40L, implicated in in ammation and autoimmunity, also plays roles in
cancer immunity. We previously showed that high OX40L mRNA expression in
melanoma correlates with favorable prognosis and improved responses to PD-1
blockade. However, the protein-level expression and functions of OX40L in
melanoma remain poorly de ned.

Methods: Formalin- xed paraf n-embedded primary tumor samples from 30
patients with stage Il—Ill melanoma were analyzed by multiplex
immuno uorescence combined with quantitative image analysis. OX40L and
OX40 expression were evaluated alongside immune cell phenotyping markers.
Regulatory T cells (Tregs) isolated from human peripheral blood were examined
by ow cytometry and RT-gPCR. Associations with recurrence were assessed in
depth-matched subsets (n=22) using Kaplan—Meier analysis.

Results: OX40L was detected across tumor, immune, and stromal
compartments, with marked intertumoral heterogeneity. OX40™ cells were less
frequent but were often found in spatial proximity to OX40L™ cells. OX40L was
infrequently detected in melanoma cancer cells, and was more prevalent in
antigen-presenting cells, CD4*/CD8™ T cells, and regulatory T cells. Strikingly,
intratumoral Tregs expressed OX40L more frequently than OX40 or other ICPs,
whereas blood-derived Tregs showed the opposite pattern, with OX40
predominating over OX40L. Disease recurrence following resection of the
primary tumor was associated with lower proportions of OX40L-expressing
myeloid cells, providing preliminary evidence for a potential link between
myeloid OX40L expression and recurrence risk.
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Conclusions: OX40L protein expression is a heterogeneous but prominent
feature of the melanoma microenvironment, with cell type—speci c expression
patterns that include regulatory T cells. An exploratory association was seen
between myeloid OX40L expression and clinical outcome, warranting
further investigation.

KEYWORDS

melanoma, OX40L (TNFSF4), recurrence/prognosis, regulatory T cells (Treg), tumor
microenvironment (TME)

Introduction

The discovery of immune checkpoint proteins (ICPs) and the
development of monoclonal antibodies targeting them have enabled
robust and reproducible activation of the immune system against
cancer (1). Currently approved immune checkpoint inhibitors
(ICls) act on inhibitory ICPs at the cancer—-immune synapse,
including PD-1/PD-L1, CTLA-4, and LAG-3. Despite major
clinical success, these therapies bene t only subsets of patients
across select malignancies and seldom achieve durable cure. This
has prompted efforts to expand immunotherapeutic strategies
toward additional targets at the cancer-immune interface—often
designated ‘the immunological synapse’-encompassing both
inhibitory and co-stimulatory pathways (2).

One such co-stimulatory pair is OX40 and its ligand OX40L,
members of the tumor necrosis factor superfamily, also designated
TNFRSF4 and TNFSF4, respectively. OX40 is induced on
activated—but not resting—T cells, where it delivers co-
stimulatory signals that enhance effector activity, prolong T-cell
responses, and promote memory formation. Its ligand, OX40L, is
preferentially expressed on antigen-presenting cells (APCs) such
as B cells, dendritic cells, and macrophages, but is also found on
other cell types including Langerhans cells, endothelial cells, mast
cells, and natural killer (NK) cells. This distribution suggests that
OX40-OX40L interactions shape diverse physiological responses
between T cells and both immune and non-immune

Abbreviations: OX40 (TNFRSF4), Tumor necrosis factor receptor superfamily
member 4; OX40L (TNFSF4), OX40 ligand, tumor necrosis factor ligand
superfamily member 4; Treg, Regulatory T cell; APC, Antigen-presenting cell;
ICP, Immune checkpoint protein; Foxp3, Forkhead box P3; IL-2RA, Interleukin-
2 receptor a-chain; DAPI, 4, 6-diamidino-2-phenylindole; TIM3, T-cell
immunoglobulin and mucin-domain containing-3; LAG3, Lymphocyte
activation gene-3; PD1, Programmed cell death protein 1; GITR,
Glucocorticoid-induced TNFR-related protein; mlF, Multiplex
immuno uorescence; ROI, Region of interest; RT-PCR, Reverse transcription
polymerase chain reaction; FACS, Fluorescence-activated cell sorting; TME,
Tumor microenvironment; ICPs - Immune checkpoint proteins; ICI, Immune
checkpoint inhibitor; RU, Relative units; RT, Room Temperature; TCGA, Tumor
Cancer Genome Atlas; TSA, Tyramide-based signal ampli cation.
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compartments (3, 4). Consistent with these roles, OX40-OX40L
signaling is centrally involved in in ammatory and autoimmune
diseases (5).

In cancer, OX40 agonist antibodies or OX40L-based gene
constructs have produced robust anti-tumor immune responses
and tumor regression in animal models (6). However, early-
phase clinical trials employing these strategies have so far yielded
limited ef cacy, though combinations with ICls are actively under
investigation (reviewed in (6); clinicaltrials.gov IDs NCT03323398,
NCTO03739931). We previously analyzed RNA-sequencing data
from The Cancer Genome Atlas (TCGA) and observed that low
OX40L expression correlated with poorer prognosis across
melanoma stages. Moreover, metastatic melanoma patients with
low OX40L mRNA had signi cantly worse outcomes and reduced
response rates to anti-PD-1 therapy (7). However, evidence of
OXA40L protein expression in melanoma tumors is still lacking, and
further studies are required to delineate the role of OX40L in the
tumor microenvironment (TME). To address this gap, we
conducted an in-depth analysis of OX40L protein patterns in
primary melanoma, aiming to study their distribution across
tumor and immune compartments and their potential impact on
immune regulation within the tumor microenvironment (TME).

Materials and Methods
Patients and tissue specimens

Samples of primary tumors from 30 patients with stage I-I1l
cutaneous melanoma who underwent biopsy or resection at Shamir
Medical Center (2016—-2023) were analyzed following IRB approval.
Patients with prior systemic therapy or non-cutaneous melanoma
were excluded. Clinicopathologic features and follow-up data (median
43 months, range 12-92) are summarized in Supplementary Table S1.

Multiplex immuno uorescence and image
analysis

Multiplex immuno uorescence (mIF) was performed on FFPE
sections using sequential tyramide signal ampli cation (Tyramide
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SuperBoost kit, Thermo Fisher Scienti ¢, Waltham, MA, USA).
Slides were counterstained with DAPI to visualize all nucleated cells
and mounted in EverBrite" Hardset medium (Biotium, Fremont,
CA, USA).

Regions of interest (ROIs) were manually selected, and images
were acquired using a Biotek Lionheart FX microscope (Agilent,
Santa Clara, CA, USA). Quantitative analysis was performed with
GEN5 Prime software (Agilent) for automated cell segmentation
and cell counting, while auto uorescent structures and normal skin
elements with physiological OX40L expression, such as vessels, were
manually excluded. Distinct distance thresholds were applied to
differentiate marker co-expression within the same cell (<2 m)
from spatial proximity between different cells (<20 m). Other
quanti cation, co-expression, and proximity analyses are detailed in
Supplementary Methods and Supplementary Table S2. Anti-OX40L
antibody speci city was validated using melanoma cell lines stably
overexpressing OX40L and matched negative controls, with
con rmation of expression at the mRNA and protein levels and
by immuno uorescence in FFPE-processed cell blocks, as detailed
in Supplementary Methods and Supplementary Figure S7.

Treg isolation and expansion

Peripheral blood mononuclear cells (PBMCs) were isolated
from fresh buffy coat obtained from an anonymous healthy donor
(Blood Bank Laboratories, Sheba Medical Center, Tel Hashomer,
Israel) by density-gradient centrifugation. Tregs were enriched
using a CD4*CD25"CD127 selection kit (EasySep , STEMCELL
Technologies, Vancouver, Canada), yielding ~1.6  10° Tregs per
batch from 5 10" PBMCs; three independent batches were
processed. Post-enrichment, 80-90% of viable cells were
con rmed as CD4"CD25" by ow cytometry.

Tregs were expanded in ImmunoCult™ -XF medium
(STEMCELL Technologies) supplemented with recombinant
human IL-2 (Sigma-Aldrich, St. Louis, MO, USA) and antibiotics
(Biowest, Nuaille, France). Cells were stimulated with CD3/CD28
activator (STEMCELL Technologies) on days 0 and 7. Expansion
was monitored by cell counts and viability.

Flow cytometry

Cells were stained with uorophore-conjugated antibodies
against CD4, CD25, OX40, OX40L, and intracellular Foxp3 using
the Foxp3 Buffer Set (Miltenyi Biotec, Bergisch Gladbach,
Germany). Cell viability was assessed using ViobilityTM dye
(Miltenyi Biotec). Data acquisition and analysis followed a
prede ned sequential gating strategy. Brie vy, cells were rst gated
on forward scatter (FSC-A) and side scatter (SSC-A) to exclude
debris, followed by singlet discrimination using FSC-A versus FSC-
H. Live cells were identi ed by exclusion of ViobiIityTM-positive
events. Regulatory T cells were then de ned as Foxp3™ cells within
the live singlet population, and subsequent analyses were performed
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by gating Foxp3* cells for expression of OX40L versus OX40 or
CD25 versus CD4, as indicated.

Gating thresholds for each marker were de ned individually
using unstained control samples freshly prepared at each
experimental time point. Data were acquired on a MACSQuant®
Analyzer 10 and analyzed using MACSQuantifyTM software v3.02
(Miltenyi Biotec). Spectral overlap was compensated using single-
stained antibody controls and pre-stained compensation beads
(Miltenyi Biotec). Antibody details and uorophore combinations
are provided in Supplementary Table S3.

RNA extraction and RT-qPCR

RNA was extracted with the SV Total RNA kit (Promega,
Madison, WI, USA). Purity was con rmed by NanoDrop
(Thermo Fisher Scienti c). cDNA synthesis was performed with
the SuperScript Il First-Strand kit (Thermo Fisher Scienti c), and
gPCR was run in duplicate using PerfeCTa SYBR Green FastMix
(Quantabio, Beverly, MA, USA) on a Rotor-Gene 6000 instrument
(Corbett, Sydney, Australia). Expression was normalized to
GAPDH, b-actin, and TFRC. Primer sequences are listed in
Supplementary Table S4.

Statistical analysis

Quantitative data are presented in box plots displaying means,
medians, and interquartile ranges to account for non-normal
distributions and potential outliers. Comparisons between groups
were performed using two-tailed Student’s t-tests applied to ROI-
level data (8—15 ROIls per tumor) to assess differences in mean
proportions of marker-positive cells. Categorical associations
between immune checkpoint markers (e.g.,, OX40L* vs. LAG3"
Tregs) were evaluated using ¢ tests on tumor-level frequency data.
Correlations between continuous variables were analyzed using
Pearson’s correlation coef cient. Recurrence-free survival was
assessed by Kaplan—Meier analysis with log-rank testing; cases
without recurrence were censored at last follow-up. Patients were
dichotomized using the median OX40L™ myeloid cell proportion, a
standard non-parametric cutoff commonly applied in Kaplan—
Meier analyses of small cohorts. Exploratory subgroup analyses,
including strati cation by patient sex, were performed but did not
reveal signi cant associations. Analyses were performed using excel
or Statistics Kingdom (http://www.statskingdom.com), and p < 0.05
was considered statistically signi cant.

Results

Tumor samples were obtained from 30 patients with cutaneous
primary melanoma, representing a range of clinicopathological
characteristics, including variable vertical depths (1-15 mm),
differing lymphocyte in Itration scores, and prognostic features
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such as ulceration, regional lymph node involvement, and
recurrence (Supplementary Table S1).

OX40L is broadly distributed across
melanoma and adjacent skin
compartments

To assess the abundance and spatial distribution of OX40L
protein, we performed multiplex immuno uorescence (mIF)
microscopy using antibodies against OX40L, OX40, the
melanoma marker SOX10, and DAPI. OX40L" cells were detected
in intratumoral regions, the tumor—stroma interface, and peripheral

10.3389/ mmu.2026.1745742

tumor zones (Figure 1a). In some specimens, elongated OX40L™*
cells arranged in linear or branched chains were observed among
stromal cells, though the signi cance of this nding remains unclear
(Supplementary Figure Sla).

Outside the tumor bed, OX40L™ cells were present in benign
tissues including vascular endothelium, smooth muscle,
myoepithelial cells of sweat glands, and epidermal or follicular
keratinocytes (Supplementary Figure S1b—d), with similar patterns
in adjacent normal skin (Supplementary Figure Slc). Notably,
OX40"* cells were frequently located near OX40L* cells within
both tumors (Figure 1b) and normal skin structures
(Supplementary Figure Sle), consistent with potential receptor—
ligand interactions.

FIGURE 1

Spatial distribution of OX40L™ cells in the melanoma TME. (a) Representative mIF image showing OX40L (green), SOX10 (melanoma nuclei; orange
when alone, magenta when overlaid with DAPI), and DAPI (blue). OX40L" cells localize within intratumoral (IT), tumor—stroma margin (TM), and
tumor-peripheral (TP) regions. (b) Representative image including OX40 (red), illustrating OX40L™ and OX40" cells in spatial proximity suggestive of
receptor—ligand co-localization (white-dashed squares). Right: higher-magni cation view of the star-marked area.
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OX40L™ cells vary widely in abundance
among tumors, exceed OX40™ levels, and
frequently colocalize with OX40™
counterparts in the melanoma TME

We next quanti ed OX40L™ and OX40" cells and their
proximity in the entire cohort of 30 tumors. Entire miF-stained
sections were manually screened to select 5-10 ROIs (3 mm each)
enriched for OX40L" cells, which were analyzed with GEN5-prime
software. Co-localization was de ned as a distance of less than 20
mm between OX40* and OX40L" cells (Supplementary Figure S2),
excluding skin structures. Across all ROls, the mean nucleated cell
density was 7,141 — 1,371 cells per ROI (Figure 2a). The average
number of OX40L" cells per ROI across all tumors was higher than
that of OX40" cells (287 — 197 vs. 67 — 56; n = 30), corresponding to
mean frequencies of 4.3 — 3.2% and 1.0 — 1.0% of all cells per ROI,
respectively (Figure 2a). The abundance of OX40L" cells varied
widely among tumors, ranging from 1.0% to 17.5% of all nucleated
cells, and exceeded that of OX40™ cells in most cases (Figure 2b).
The mean number of co-localization events per ROl was 31.0 — 44.0
(Figure 2A) and involved 48.0 — 32.0% of OX40" cells compared
with 13.0 — 13.0% of OX40L™ cells (Figure 2c). These ndings
indicate that OX40L" cells are considerably more abundant than
OX407 cells, yet a substantial fraction of OX40™ cells are in close
proximity with OX40L, pointing to potentially functional
interactions within the melanoma TME.

Infrequent expression of OX40L on
melanoma cancer cells

To assess OX40L expression in melanoma cells, we analyzed the
entire tumor cohort (n = 30; 5-10 ROIs per tumor) for OX40L
signal within <2 m of SOX10* nuclei. In 20 of 30 tumors, no
OX40L expression was detected in melanoma cells. In seven tumors,
only rare OX40L*/SOX10™ cells were identi ed across all ROls (<10
cells per tumor), displaying either scattered or clustered
distributions. In contrast, substantial and widespread OX40L
expression was observed in only three of 30 tumors, with
approximately 10% of SOX10" melanoma cells expressing OX40L.
Overall, melanoma cell-associated OX40L expression was detected
in 10 of 30 tumors (33%), with patterns ranging from sparse to
widespread (Figure 3a; Supplementary Figure S3a-b).

Exploratory mIF analysis identi es OX40L
expression across multiple immune cell

types

To delineate the immune cell populations expressing OX40L
within the melanoma tumor microenvironment, we performed an
exploratory multiplex immuno uorescence analysis with software-
based quantitative assessment on serial tissue sections from three
melanoma tumors with suf cient material, using an expanded
immune marker panel. OX40L expression was detected across
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multiple immune populations, including macrophages (CD68":
18.0 — 14.6%; CD163™: 13.7 — 9.0%), dendritic cells (CD11c*: 4.0
—3.5%), CD4™ T cells (6.0 — 3.7%), and CD8" T cells (15.0 — 11.0%)
(Figure 3b-d; Supplementary Figure S3c—g). Rare OX40L
expression was observed on CD19" or CD20" B cells,
predominantly within tertiary lymphoid structures, but was not
further analyzed due to its low frequency in this panel
(Supplementary Figure S3h). Notably, OX40L expression was
detected in CD4"Foxp3™ regulatory T cells (Tregs) (Figure 3b;
Supplementary Figure S3i), with a mean prevalence of 35 — 19%
(Figure 3d). To our knowledge, OX40L expression in Tregs has not
been previously reported, in contrast to the well-established
expression of OX40 in this population (4, 8, 9). This nding
prompted a subsequent cohort-wide analysis of OX40L
expression in regulatory T cells.

Tregs in the melanoma microenvironment
express OX40L more frequently than OX40

Subsequent analyses of OX40L and OX40 expression were
conducted across the entire cohort of 30 tumors. Using Foxp3 as
a Treg marker, we identi ed distinct subsets de ned by expression
of OX40, OX40L, both, or neither (Figure 4a, Supplementary Figure
S4a-b). Quantitative analysis (10-20 ROls/tumor) showed
signi cantly higher frequencies of OX40L" compared with OX40*
Tregs (23.0 — 12.5% vs. 6.0 — 4.6%, p < 0.001), with 3.5% co-
expressing both (Figure 4b). The prevalence of OX40L™ Tregs
varied widely among individual tumors (2.5-56%) and in
most cases exceeded that of OX40" Tregs (0.6-18.5%),
with no correlation between the two subsets (Pearson r =

0.165) (Figure 4c).

To corroborate that Treg are capable of expressing OX40L
protein, Tregs enriched from the peripheral blood of a healthy
donor were expanded under stimulatory culture conditions. Serial

ow cytometry throughout 13 days in culture con rmed that the
majority of Foxp3™ cells (88-98%) co-expressed CD4 and CD25
(Supplementary Figure S4d), validating their identity as Tregs.
Within this population, a small fraction expressed OX40L (0.2—
5.0%), whereas OX40 expression was consistently much higher (22—
63%) (Figure 4d). Gene expression analysis of total cells on days 9
and 13 further con rmed lower OX40L mRNA compared with
OX40, IL-2RA, and Foxp3 (Supplementary Figure S4e). These

ndings clearly con rm that Tregs can express OX40L mRNA
and protein, although its expression in blood-derived Tregs was rare
compared with predominant OX40 expression, suggesting tissue-
speci ¢ and context-speci ¢ regulation.

Differential co-expression of OX40L and
OX40 with other immune checkpoint
proteins in tumor-resident Tregs

We next examined the co-expression of OX40 and OX40L with
additional immune checkpoint proteins (ICPs) commonly
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FIGURE 2

Quantitative analysis of OX40L" and OX40™ cells and their spatial co-localization in melanoma. Multiplex immuno uorescence analysis of OX40L
(green), OX40 (red), and DAPI (blue) was performed across 30 melanoma tumors. Quanti cation was based on 5—10 regions of interest (ROIs; 3 mm
each) per tumor. Co-localization was de ned as a distance of <20 mm between OX40" and OX40L™" cells. (a) Total nucleated cell counts (left), OX40L"*
and OX40™ subpopulation counts (middle), and the corresponding percentages of each subpopulation relative to total cell counts (right) across tumors.
Each dot represents the mean value across all ROIs within a single tumor. (b) Percentages of OX40L™ cells (green), OX40™" cells (red), and the number of
co-localization events normalized to all DAPI™ nuclei for individual tumors, ordered by increasing OX40L™ frequency. Each dot represents a single ROI.
(c) Box plots showing the proportion of OX40L" cells (green) and OX40™ cells (red) within their respective populations that co-localize with the
corresponding counterpart. The mean is indicated by a “X” mark and the median by a horizontal line. ***p < 0.001, Student’s t-test.

associated with activated Tregs, including LAG3, TIM3, PD1 and  Figure 4b) but also exceeded that of other ICPs, including LAG3
GITR (representative images in Supplementary Figure S5a-h). An  (8%), TIM3 (12%), PD1 (7%) and GITR (8%) (Figure 5a).

exploratory quantitative analysis of three tumors (815 ROIls per Within ICP* Treg subsets, OX40L expression was signi cantly
tumor) revealed that among all Tregs, OX40L expression was not  higher than expected in LAG3", TIM3*, and PD1" cells (65%, 61%,
only more frequent than OX40 (37% vs. 13%, consistent with  and 80%, respectively) compared with its frequency in the total Treg

Frontiers in Immunology 06 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org






















	Prognostic immunological implications of OX40L expression in the tumor microenvironment of melanoma
	Introduction
	Materials and Methods


