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Background and purpose: Promoting adaptive immunity with ICls has drastically
improved melanoma prognosis, but not for all patients. Some cases relapse in the
first few months, while others keep durable benefit, even after immunotherapy
discontinuation. To identify cellular/molecular signatures in peripheral blood that
could differentiate advanced from metastatic melanoma and predict dynamics
for primary/secondary immune escape, we examined 100 consecutive patients
with stage I1lI/IV melanoma scheduled to start ICls.

Materials and methods: At melanoma diagnosis, a multiparameter flow
cytometric analysis and purification scheme using standard conjugated
antibodies were performed for all individuals prior to ICI initiation. In each
stage(lll/IV) according to their RFS/PFS, we retrospectively selected the cases
with the clearest clinical outcomes and focused our analysis on the extreme
responders(n=7) and non-responders(n=7) to characterize the transcriptomes of
circulating CD4*T-cells by bulk RNA-seq, Differential Expression Analysis(DEA)
and Gene Ontology(GO)enrichment analysis. Based on our selected patient
cohort, we examined for differentially expressed genes(DEGs)and key-
pathways that appear preferentially activated in stage lll vs. IV melanoma, and
in long vs. short immunotherapy responders.

Results: Although circulating immune-cells did not numerically differ in both sets
of analysis(staging and ICl responsiveness), DEA and GO data showed that
patients could be clustered separately, identifying 189vs.92 DEGs in stage V/III
and 101vs.47 DEGs in early progressors/long responders. These DEGs were
functionally implicated in distinct pathways. For metastatic cases: inflammatory
response(logp-value=-9.2:ADGRE5/2,CYBA,GRN,HMOXL,IRF5,ITGAM), adaptive
immunity(logp-value=-7.7:CD1C,CD74,CYBB,NCF2,CTSA,S100A8/9,BCL3,
FCER1G), T-cell activation(logp-value=-6.3:BCL3,CD1C,CD74,FCER1G,FGL2)
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and lipid metabolism/catabolism(logp-value=-2.5/-2.6:ARF3,GPX1,MVD,OCRL,
PCCB,CTSA,PNPLA2,NAGLU,GBA2,ABHD4); while in early-progressors to ICls:
immune effector processing(logp-value=-13.7:BCL6,FGR,HLA-DQA1/DQB1,
HLA-DRA,HLA-DRB1/DRB5,NKG7,SLC11AL, TYROBP,SPON2,HAVCR?2),PD-1
(logp-value=-10.2:HLA-DQA1/DQB1,HLA-DRA,HLA-DRB1/DRB5)and IFN
signaling(logp-value=-8.5: HLA-DQA1/DQB1,HLA-DRA,HLA-DRB1/DRB5,
NCAML,IFITM3),positive regulation of T-cell activation(logp-value=-7.7:BCLS6,
HLA-DQA1/DQB1,HLA-DRA,HLA-DRB1/DRB5,SASH3,HAVCR2)and CD28 co-
stimulation(logp-value=-10.3:HLA-DQA1/DQB1,HLA-DRA HLA-DRB1/DRB5),
supporting an immune-mediated behavior.

Conclusions: Specific pathways and marker genes in the peripheral CD4"T-cells
may predetermine melanoma staging and immunotherapy resistance.

immune checkpoint inhibitors, immunotherapy, resistance, CD4+T-cells, differentially

expressed genes, bulk RNA-seq

1 Introduction

Melanoma, even from its less advanced stages, has a natural
propensity to spread and metastasize that is critically regulated via a
constant interaction with the immune system. Blocking melanoma
escape via inhibiting checkpoint molecules has remarkably
improved the clinical outcomes of patients with advanced or
metastatic disease. In the adjuvant setting, more than half of
melanoma patients treated with anti-PD-1 agents survive free of
their disease after 5 years (5-year Relapse-Free Survival, RES% for
pembrolizumab: 55.4% and for nivolumab: 51.7%) (1, 2), while in
the metastatic setting, the 10-year overall survival rate (OS%)
reached to 34% for pembrolizumab (3), to 37% for nivolumab
and to 43% for nivolumab and ipilimumab combination in
treatment-naive cases (4). However, not all melanoma patients
have a standard evolution pattern and a similar response to
immune checkpoint inhibitors (ICIs). Some of them exhibit an
early relapse or progression in the first few months with no clinical
benefit, while others experience durable disease control and
prolonged survival, even after the discontinuation of
immunotherapy (5). It is not clear how melanoma cells overcome
immunosurveillance and enter into the circulation and whether any
cellular or molecular signatures in tumor or blood cells could
predict success or lack of response (primary resistance) to ICIs (5).

Until now, the majority of biomarker analyses have focused on
the tumor cells per se, the tumor-infiltrating lymphocytes (TILs)
and the surrounding tumor microenvironment (TME) to identify
specific intra-tumoral features that could predetermine the
melanoma behavior (e.g., plasticity and migratory potential) and
the outcomes to anti-PD-1 therapy (6). An aspect that has received
less attention is that the dynamic cross-talk of melanoma and
immune system initiates from TME, but extends also outside the
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TME, and involves many different peripheral immune cells (e.g., T-
cells (7-9), NK cells (10) and B-cells (11)) (12). Among implicated
immune subpopulations, T-cells are the second most frequently
detected subpopulation in human tumors after macrophages, and
are extensively studied in diverse cancer types (13-17). They can
polarize immune responses as T-helper cells (CD4"cells);
orchestrate humoral reactions as T-follicular helper cells (a
specialized subset of CD4" cells); modulate the activity of effector
cells as Tyeg cells (there are both CD4" and CD8'T,, cells); or
directly kill targeted cancer cells as cytotoxic T-cells (mainly CD8"
and a small subset of CD4") (18). During the early melanoma
stages, naive T-cells will be primed in the draining lymph nodes,
followed by their concomitant activation and migration to the TME
(12, 19). Recent studies have further highlighted the multiple
involvement of peripheral CD4"T-cells in both innate and
adaptive immune response (20-22), enhancing the antigen
presentation machinery, increasing CD8'T-cell effector
differentiation (21, 23), expressing even direct cytotoxic activity
(24), driving B-cell activation and antibody affinity maturation (20—
22), sustaining the immune surveillance during melanoma
evolution via targetable checkpoint molecules (20-22, 25). For all
these abovementioned reasons, the CD4" subpopulation was
predetermined in our study as a potential cellular biomarker to
explore its distinct transcriptomic profiles.

The difficulty in obtaining clinically useful cellular or molecular
biomarkers from tissue or blood reflects the deep complexity and
variability of melanoma biology. Particularly, the peripheral blood
offers an accessible and minimally invasive “biopsy” that could help
to identify patients at higher risk of progression or relapse, as well as
those most likely to benefit from an ICI. Despite the extensive
research, data on blood-borne biomarkers correlating with clinical
outcomes are limited; myeloid-derived suppressor cells (MDSCs)

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1529707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Palli et al.

have been found to contribute in melanoma evasion, being also
negatively associated with the natural course of several other
malignancies (7, 26), while absolute lymphocyte count and serum
LDH are characterized by higher prognostic rather predictive value
of response to ICIs (27-30), as well as by low specificity. Recently,
bioinformatics technology and high-throughput sequencing
platforms gave the opportunity for a deeper molecular analysis of
diverse circulating immune subpopulations in order to reveal
melanoma-related genes with significant differences in expression
(differentially expressed genes, DEGs) in these cellular subsets that
can be used as blood-borne biomarkers and to detect potential
targetable biological processes for further functional research (31).

In our cohort, a multiparameter flow cytometry approach was
used to detect numerical differences in the main circulating immune
cellular subpopulations between patients with locally advanced (stage
III) or metastatic (stage IV) melanoma who were scheduled to start
ICIs. Next, peripheral CD4T-cells were isolated from retrospectively
selected patients according to their RFS/PES, focusing on those with
the best and worst behavior to ICIs in each stage. Bulk RNA
sequencing followed by differential gene expression analysis (DEA)
and gene ontology (GO) enrichment analysis were performed in the
peripheral CD4"T-cells from the patients with the clearest clinical
outcomes (extreme responders or non-responders) to limit the
potential technical difficulties to deconvolute multi-parameter and
difficult to interpret signatures. Doing this, we tried to extract
more specific prognostic/predictive gene sets associated with
metastatic spread and responsiveness to ICIs (32). While being a
hypothesis-generating study, the aim of this work is to show that
there is a well-defined segregation of specific transcriptional patterns
that can be detected in circulating CD4 " T-cells among patients with
different staging; and these transcriptomic findings may serve as
stepping stones to future studies that will further elucidate the
immune-mediated melanoma behavior and will drive to more
personalized immunotherapy decisions.

2 Materials and methods

2.1 Study design

This is an exploratory, hypothesis-generating, study designed to
identify specific DEGs and GO enriched pathways from peripheral
blood CD4"T-cells collected at the time of initial patient diagnosis
and propose candidate genes that can predict responsiveness
to immunotherapy.

2.2 Human subjects-assessment
of response

The study population comprised 100 consecutive newly
diagnosed patients with advanced or metastatic melanoma at our
university-affiliated center (Laikon General Hospital, School of
Medicine, National and Kapodistrian University Athens, Greece)
between February 2019 and August 2019. The study follow-up
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ended in August 2022. All included patients were adults (>18years
of age at diagnosis), had a recent histologically confirmed diagnosis
of stage III or stage IV melanoma according to the latest version of
the International Staging System (AJCC, 8th Edition) and were
about to start the following ICIs (either as adjuvant or first line
treatment): Nivolumab (anti-PD-1, Opdivo: 240mg flat dose IV
every 2 weeks), Pembrolizumab (anti-PD-1, Keytruda: 200mg flat
dose IV, every 3 weeks), or Nivolumab/Ipilimumab (1mg/kg
Nivolumab IV and subsequently 3mg/kg Ipilimumab IV for 4
times within a 3-week interval; combination therapy was followed
by Nivolumab maintenance). Prior initiating their immunotherapy,
all patients underwent complete clinical examination and
peripheral blood sampling. Informed written consent was
obtained from every participant before the collection of blood
samples. The study protocol was approved by the local Ethics
Committee and all procedures in this study involving human
subjects were performed in accordance with the Internal Review
Board of our institution as well as with the Declaration of Helsinki
(1964) and its later amendments. Tumor response was assessed by
using Response Evaluation Criteria in Solid Tumors (RECIST),
version 1.1, every 8-12 weeks. Retrospectively, we re-evaluated our
cohort of ICI-treated melanoma patients and split them to early
progressors (e.g., RES/PES<12 months) and to long responders (e.g.,
RFS/PFS>12 months). For the subsequent Differential Expression
Analysis and Gene Ontology enrichment analysis, we exclusively
focused on the 7 cases that showed the best clinical outcomes (e.g.,
the 7 cases with the longest RFS/PFS) and the 7 extreme non-
responders to ICIs (e.g., the 7 cases with the shortest RES/PES) in
each stage, according to their RFS/PFS.

2.3 Blood sample collection

Peripheral blood (5-7 mL) was collected in EDTA Vacutainer
blood collection tubes (Becton Dickinson) from melanoma subjects.
Peripheral blood mononuclear cells (PBMC) were isolated on
Histopaque-1077 density gradient (cat. #10771, Sigma), according
to the manufacturer’s instructions. Blood was initially diluted 1:1 with
PBS and carefully layered over Histopaque medium. Ficoll gradients
were centrifuged at 1800 rpm for 30 minutes with no brake at room
temperature. After the centrifugation, the PBMC layer was collected
from each sample and cells were washed with PBS.

2.4 Flow Cytometry immunophenotyping
and gating strategy

The PBMC:s pellet was resuspended in 5% FBS/PBS followed by
immunophenotypic analysis. MFI (mean fluorescence intensity)
values were not normalized to a Fluorescence Minus One (FMO)
control but using a single-cell staining control. Before any other
action, the staining protocol was standardized for characterizing
myeloid and T-cell immune cell subpopulations. Immunostaining
was done using an unstained sample (a sample with the staining
buffer but without the addition of antibodies to remove the
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background and debris), single-cell staining samples (containing
each different antibody in a different separate sample), and a sample
with all antibodies of interest. The Supplementary Table 1 describes
the antibodies used in Flow Cytometry. The levels of compensation
were determined by using the single stain controls as they provide
the requisite information to identify the amount of spillover of each
antibody into a non-specific binding context and correct for this
spillover through the process of compensation. PBMCs were
stained with carefully selected conjugated antibodies in order to
characterize and identify specific immune cell subtypes, including
three monocytes’ subpopulations from myeloid lineage (HLA-
DR'CD14'CD16’, HLA-DR'CD14'CD16" and HLA-DR'CD14
CD16") and MDSCs (HLA-DR CD33"CD15") and CD4'T-cells
(helper T-cells), CD8"T-cells (cytotoxicT-cells), and
CD4"FOXP3"T-cells (Tregs) from lymphoid lineage. Intracellular
staining was performed using eBioscience Foxp3/Transcription
Factor staining buffer set (#00-55-23-00) according to the
manufacturer’s instructions. Cells of interest were acquired on a
FACS ARIA III (BD Biosciences) using BD FACSDIVA v8.0.1
software (BD FACSDiva Software, RRID: SCR_001456). Flow
cytometry analysis was performed with FlowJo software and MFI
was assessed by using the algorithm in the Flow]Jo software (Flow]Jo,
RRID: SCR_008520). The gating strategy is presented in
Supplementary Figure 1 (Supplementary Figures 1A-C). The MFI
measurement was calculated by the sum of the integrated density
(fluorescence intensity of cells) divided by the total number of each
cell subpopulation. Based on the absolute number of MFI, the
expression levels of checkpoint molecules PD-1 for T-cells as well as
PD-L1 and PD-L2 for myeloid cells were also estimated.

2.5 Fluorescent-activated cell sorting of
CD4*T-cell subpopulation

After PBMCs isolation, an amount of approximately 10x10° cells
per sample was resuspended in Iml of freezing medium and was
stored in cryovials at -80°C. In order to sort CD3"CD4"cell
subpopulation from frozen PBMCs, thawing procedure was
followed for the selected 28 samples. Briefly, cryopreserved PBMCs
were resuspended in a nutrient medium consisting of FBS and plain
RPMI (Thermo Fisher Scientific, USA) and placed into 37°C on water
bath for a few seconds. Centrifugation was followed at 400g for 7
minutes at room temperature and the pellet was resuspended in 5%
FBS/PBS. PBMCs were stained with the conjugated antibodies CD3
(PE, Cat. #300308, Clone: HIT3a, Biolegend) and CD4 (PerCP/Cy5.5,
Cat. #317428, Clone: OKT4, Biolegend) to identify and sort
CD3"CD4"T-lymphocytes. After sorting, the CD3"CD4"T-cell
population was resuspended in B-mercaptoethanol and cell lysis
solution, to continue with RNA extraction.

2.6 Isolation of RNA and 3’ RNA sequencing

Total RNA was extracted using NucleoSpin RNA XS
(Macherey-Nagel; cat. #740955.50) as per the manufacturer’s
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protocol. The quantity and quality of RNA samples were analyzed
using Agilent RNA 6000 Nano kit with the bioanalyzer from
Agilent. The 26 of 28 RNA samples with RNA integrity number
(RIN)>7 were used for library construction using the 3’ mRNA-Seq
Library Prep Kit FWD for Illumina (QuantSeq-LEXOGEN) as per
the manufacturer’s instructions. Amplification was controlled for
obtaining optimal unbiased libraries across samples by assessing the
number of cycles (ranging from 20-24) required by qPCR. Indexes
were used as described in Supplementary Table 2. DNA High
Sensitivity Kit for bioanalyzer was used to assess the quantity and
quality of libraries, according to the manufacturer’s instructions
(Agilent). Libraries were multiplexed and sequenced on an Illumina
Nextseq 500 at the genomics facility of IMBB FORTH according to
the manufacturer’s instructions. After QC we discarded two
samples that did not show satisfactory sequencing metrics (M11
and M96). For the final samples used in the analysis, we show the
number of reads obtained in the Supplementary Table 2.

2.7 Differential expression analysis and
gene ontology enrichment analysis of bulk
RNA sequencing data

The quality of the raw sequences in output FASTQ files was
assessed with the FastQC software (33). Reads were aligned to the
human (hg38) genome (34) with the Hisat2 aligner (35) (hisat2
-p32 -x $REFERENCE_GENOME -q fastq/$FILE_ID.fastq -S
$FILE_ID.sam -score-min L,0,-0.5 -k 2). Htseq-counts (36) was
utilized to summarize reads at the gene level (htseq-count -f bam -s
yes-I gene_id bam/$FILE_ID.bam data/refs/Homo_sapiens/UCSC/
hg38/Annotation/Genes/genes.gtf>$ COUNTS_DIR/NGS
$FILE_ID). DEA was conducted by running EdgeR (37) via
SARTools 1.5.0 (38) using weighted trimmed mean of the log
expression ratios (trimmed mean of M values (TMM)) as a.
normalization method, no batch correction and a cpmCutoff of 1
for genes to be tested. For each pairwise comparison (stage IV, S4 vs.
stage III, S3) and early progressors (Short RES/PES, S) vs. long
responders (Long RFS/PFS, L), DEGs in either group of the
comparison were defined by applying the following thresholds |
Log2FC or LFC| >1 and p-value <0.05, which was considered
statistically significant in order to limit the stringency of FDR
testing and help us to account for anticipated interpatient
variability. Heatmaps and boxplots were created in R with an in-
house-developed script (available upon request) relying on the
complex heatmap R package. GO analysis and Transcription
Factor Binding Sites (TFBS) enrichment analysis were run on the
web tool Metascape (39).

3 Results
3.1 Patients groups

The entire cohort of 100 consecutive melanoma patients
included 57 cases with stage III and 43 with stage IV disease
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(with equal gender distribution, 51% males in both stage groups). At
the time of diagnosis, the median age of included patients with
melanoma stage III and IV were 67.51 and 66.77 years, respectively.
Both stage groups had similar proportions of patients with elevated
LDH at melanoma diagnosis (LDH>UNL, 25% and 37%, p=0.192;
median LDH: 230IU and 239IU, p=0.635, respectively). The only
significant differences were detected in the therapeutic approach,
where the majority of patients with stage III disease received
monotherapy with nivolumab following the physicians’ decision
(60%, compared to 28% of individuals with melanoma stage IV) in
parallel with the reasonably limited use of nivolumab/ipilimumab to
only 3 patients (5%) in the adjuvant setting, while in the metastatic
setting 39% of cases received the ICI-doublet (p<0.0001). Despite
these differences in treatment selection, median RFS was not
reached in ICI-treated patients with melanoma stage III and
median PFS was 21.6 months for ICI-treated patients with
melanoma stage IV (log-rank test, p=0.017) while median OS was
not reached for both stage groups, probably due to immature data
(log-rank test, p=0.485).

After retrospectively re-grouping our 100 patients with
advanced and metastatic melanoma according to their RFS/PES,
32 cases relapsed/progressed under immunotherapy in less than 12
months (“early progressors”) while 68 had no event of progression
or death in the first 12 months of immunotherapy (“long
responders”) (median RFS/PFS: 4.4 months in early progressors
vs. not reached in long responders, log-rank test p<0.0001). Gender
and age distributions were comparable to both groups. No
differences were found among the administered ICI-regimens in
this set of analysis. As expected, the values of LDH (median LDH:
2421U vs. 229.51U, p=0.010) and the proportions of individuals with
LDH>UNL (44% vs. 24%, p=0.005) were significantly higher in the
early progressors compared to the long responders. In consistence

10.3389/fimmu.2025.1529707

with other melanoma studies (40), the RFS/PFS was a surrogate
marker of OS (median OS 14.3 in early progressors vs. not reached
in long responders, log-rank test p<0.0001). Baseline demographic
characteristics and outcomes of included patients for both sets of
analysis are presented in Table 1.

3.2 Immunophenotyping profile of
peripheral blood immune cells in
melanoma patients according to their
stage and their RFS/PFS

The flow cytometry analysis (FCA) of immune cell subpopulations
between stage III (n=57) and stage IV (n=43) melanoma patients did
not reveal any statistically significant differences. More specifically, the
percentages of CD4*, CD4"FOXP3", CD4"FOXP3" and CD8'T-cells
(mean + SD: 22.87 + 7.60 vs. 21.98 + 8.33, p=0.58; 90.36 * 2.64 vs. 90.05
+ 3.38, p=0.62; 8.38 + 2.40 vs. 8.65 * 3.11, p=0.65 and 3.87 + 3.51 vs.
4.71 + 4.89, p=0.34, respectively) as well as the percentages of
monocytes’ subtypes, HLADR"CD14"CD16",
HLADR'CD14'CD16", HLADR'CD14°CD16*, and HLADR"
CD33'CD15" myeloid cells (mean + SD: 66.42 + 14.12 vs. 68.73 +
8.47,p=0.31;12.19 £ 5.50 vs. 11.98 + 4.54, p=0.84; 7.97 + 4.10 vs. 7.87 *
3.31, p=0.89 and 0.15 + 0.24 vs. 0.20 + 0.24, p=0.31, respectively) were
comparably similar between the two groups by stage (Figure 1A).
Moreover, the MFI of PD-1 on CD4", CD4'FOXP3", CD8"T-cells
(mean * SD: 603.03 + 805.10 vs. 459.13 + 721.08, p=0.35; 1216.89 *
1573.47 vs. 1084.14 + 1829.87, p=0.7 and 605.69 + 1023.86 vs. 923.40 +
2109.77, p=0.37, respectively) have shown no significant differences
between stage III and stage IV melanoma patients. In the same concept,
we have analyzed PD-L1 and PD-L2 on HLADR'CD14"CD16
monocytes (mean + SD: 1178.47 + 1769.68 vs. 1096.84 + 1496.87,

TABLE 1 Patient and melanoma characteristics at the time of blood collection and immunotherapy outcomes, according to their initial staging
groups and according to their retrospective stratification based on their RFS/PFS to ICls.

Baseline Total Stage Stage p-value Early Long p-value (Early

characteristics (n=100) Il (n=57) IV (n=43) (Stll Progressors Responders = Progressors vs.
vs. IV) (n=32) (n=68) Long Responders)

Male gender, (%) 51 (51) 29 (51) 22 (51) 0.981 18 (56) 33 (48) 0.524

Median age at melanoma 67.4 67.5 66.8 0.168 65.5 67.9 >0.999

diagnosis, range (years) (18.8-91.5) (18.8-91.3) (33.2-91.5) (24.2-91.5) (18.8-89.8)

Median LDH at melanoma 235.5 230.0 239.0 0.635 242.0 229.5 0.010

diagnosis, (IU)

LDH>UNL, (%) 30 (30) 14 (25) 16 (37) 0.192 14 (44) 16 (24) 0.005

Nivolumab, (%) 46 (46) 34 (60) 12 (28) 0.002 15 (49) 31 (46) >0.999

Pembrolizumab, (%) 34 (34) 20 (35) 14 (33) 0.834 12 (38) 22 (32) 0.655

Nivolumab/Ipilimumab, (%) = 20 (20) 3(5) 17 (39) <0.0001 8 (25) 12 (18) 0.428

RFS/PFS from blood Not reached Not reached 21.6 0.017 44 Undefined <0.0001

collection, median (months) log-rank test log-rank test

OS from blood collection, Not reached Not reached Not reached 0.485 143 Undefined <0.0001

median log-rank test log-rank test

(months)

LDH, Lactate Dehydrogenase; RFS, Relapse Free Survival; Progression Free Survival; OS, Overall Survival.

Bold values are reaching to statistical significance.
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A.

Immune Cell Populations Stage Il (n=57) Stage IV (n=43) p-value Early Progressors (n=32) Long Responders (n=68) p-value
Mean + SD Mean + SD Mean + SD Mean + SD
CD4+ (%) 22.87 +7.60 21.98 +8.33 0.58 22.74+9.83 22.38+6.88 0.85
PD1 on CD4+ (MFI) 603.03 + 805.10 459.13 + 721.08 0.35 412.46 + 609.19 601.71 + 831.83 0.20
CD4+FOXP3-(%) 90.36 + 2.64 90.05 + 3.38 0.62 89.76 £ 3.23 90.44 +2.84 0.31
PD1 on CD4+FOXP3- (MFI) 533.23 £ 748.93 388.18 + 602.64 0.29 355.48 + 494.90 525.15 + 762.56 0.19
CD4+FOXP3-Tbet+ (%) 9.05+12.56 11.88+£19.33 0.40 13.96 + 22.73 8.53 +10.97 0.21
PD1 on CD4+FOXP3-Tbet+ (MFI) 686.68 + 881.14 505.40 £ 691.78 0.25 481.93 £ 599.69 668.41 + 885.02 0.22
CD4+FOXP3-RORyt+ (%) 9.19+12.77 12.22 +20.02 0.39 13.31+22.71 9.16 +12.11 0.34
PD1 on CD4+FOXP3-RORyt+ (MFI) 857.94 + 1085.30 597.20 £ 903.55 0.19 620.15 +905.11 804.96 + 1063.48 0.32
CD4+FOXP3+ (%) 8.38 + 2.40 8.65+3.11 0.65 8.92 +3.04 8.30+2.55 0.32
PD1 on CD4+FOXP3+ (MFI) 1216.89 +1573.47 1084.14 +1829.87 0.70 991.27 + 1804.22 1239.12 +1627.48 0.51
CD8+ (%) 3.87+3.51 4.71+4.89 0.34 4.16 +4.50 4.27 +4.02 0.91
PD1 on CD8+ (MFI) 605.69 + 1023.86 923.40 + 2109.77 0.37 669.68 + 1537.31 776.48 £ 1614.37 0.75
HLADR+CD14+CD16- (%) 66.42 + 14.12 68.73 +8.47 0.31 66.59 + 13.43 67.80 + 11.38 0.66
PDL1 on HLADR+CD14+CD16- (MFI) 1178.47 £1769.68 1096.84 +1496.87 0.80 861.75 + 1227.64 1275.90 +1808.75 0.18
PDL2 on HLADR+CD14+CD16- (MFI) 846.75 +435.15 934.86 + 761.59 0.49 921.97 + 868.46 867.07 + 418.04 0.74
HLADR+CD14+CD16+ (%) 12.19 +5.50 11.98 +4.54 0.84 12.46+4.72 11.93+5.28 0.61
PDL1 on HLADR+CD14+CD16+ (MFI) 1622.91 +2150.01 1597.91 +2248.37 0.95 1359.88 +2022.07 1730.88 +£2257.48 0.41
PDL2 on HLADR+CD14+CD16+ (MFI) 5805.42 +3099.14 6474.58 +£3112.53 0.29 5901.84 +2663.33 6183.19 +3310.12 0.65
HLADR+CD14-CD16+ (%) 7.97 £4.10 7.87+£3.31 0.89 7.64 +3.42 8.06 +3.93 0.58
PDL1 on HLADR+CD14-CD16+ (MFI) 1272.11 £1729.92 1346.33 £2048.38 0.85 1134.94 +1656.48 1383.59 +1960.58 0.51
PDL2 on HLADR+CD14-CD16+ (MFI) 3789.53 +2257.30 4106.72 +2375.53 0.50 3956.38 +2331.65 3911.59 +2305.88 0.93
HLADR-CD33+CD15+ (%) 0.15+0.24 0.20+0.24 0.31 0.17 +0.24 0.16 +0.24 0.85
PDL1 on HLADR-CD33+CD15+ (MFI) 862.86 + 1221.08 909.62 + 1520.34 0.87 747.40 £ 1361.50 946.76 + 1351.08 0.49

PD1+CD4+ T cells

CD4+ T cells
60 pvalue= 0,42 4000+ p-value= 0,41
v .
° 3000 L] v
_. 40 K ° \
S v
< Yy = °
@ y < 2000 v
@ ‘* 'vaw 2 ] i
20 q . ‘
(4 1000 v
hd -
[ ]
0 . : o-_*j;
Stage lll Stage IV Stage lll Stage IV
CD4+ T cells PD1+CD4+ T cells
60 p-value= 0,87 4000 '—|p‘value= 051
3000
_ 404 v
X Y vy
= vy Z 2000
2 ML 2 v
20+ Yy w
vva¥'y 1000 v
v D i
Vv
0 : : oL iy e
Long Early Long Early
Responders Progressors Responders Progressors

FIGURE 1

(A) Flow cytometry results of the main immune cell subpopulations of the peripheral blood in both sets of analysis (stage Il vs. stage IV and long
responders vs. early progressors). (B) Scatter plots of CD4*subpopulations and PD-1*CD4*subpopulations in both sets of analysis (stage Il vs. stage
IV and long responders vs. early progressors)

p=0.8; 846.75 + 435.15 vs 934.86 + 761.59, p=0.49), on HLADR, HLA-  7.64 + 3.42 vs. 8.06 + 3.93, p=0.58 and 0.17+ 0.24 vs. 0.16 + 0.24,
DR'CD14°CD16’, HLA-DR'CD14"CD16" and HLA-DR'CD14"  p=0.85, respectively) between the two groups of stage III and
CD16", as well as the HLA-DR'CD33"CD15" myeloid cells, we have IV (Figure 1A).

not found any statistically significant differences (mean * SD, 66.59 + Moving to the other set of analysis between early progressors
13.43 vs. 67.80 £ 11.38, p=0.066; 12.46 + 4.72 vs. 11.93 + 5.28, p=0.61;  (n=32) and long responders (n=68), the percentages of lymphoid
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and myeloid subpopulations were similar (Figure 1A). In addition,
the MFI of immune checkpoint molecules of PD-1 on CD4%, on
CD4"FOXP3", and on CD8'T-cells have shown no significant
differences (mean + SD: 412.46 + 609.19 vs. 601.71 + 831.83,
p=0.2; 991.27 + 1804.22 vs. 1239.12 + 1627.48, p=0.51 and 669.68
+ 1537.31 vs. 776.48 + 1614.37, p=0.75, respectively) and of PD-L1
and PD-L2 on HLA-DR'CD14"CD16 monocytes (mean + SD,
861.75 + 1227.64 vs. 1275.90 + 1808.75, p=0.18; 921.97 + 868.46
vs. 867.07 + 418.04, p=0.74), on HLADR"CD14"CD16 monocytes
(mean + SD: 1359.88 + 2022.07 vs. 1730.88 + 2257.48, p=0.41;
5901.84 + 2663.33 vs. 6183.19 + 3310.12, p=0.65), on
HLADR'CD14 CD16 ‘monocytes (mean + SD: 1134.94 + 1656.48
vs. 1383.59 + 1960.58, p=0.51; 3956.38 + 2331.65 vs. 3911.59 +
2305.88, p=0.93) and PD-L1 on HLA-DRCD33"CD15" myeloid
cells (mean + SD, 747.40 + 1361.50 vs. 946.76 + 1351.08, p=0.49)
did not also differ significantly. All immunophenotyping profiles of
FCA results between the two sets of analysis are presented in
Figure 1. Given that CD4"T-cells was the most abundant
subpopulation in both sets of FCA and its role in adaptive
immunity, this specific subpopulation entered into the focus for
subsequent study. The scatter plot of Figure 1B depicts the similar
percentages and MFI of peripheral CD4" and PD-1"CD4"T-cells
between patients with stages III and IV and between early
progressors and long responders.

3.3 Transcriptomic signatures of peripheral
CD4*T-cells in patients with stage Il and
IV melanoma

RNA-seq followed by DEA and GO enrichment analysis was
performed to discover specific signatures of peripheral CD4"T-cells
(e.g., gene functions and pathways relationships) prior to
immunotherapy initiation. To avoid anticipated difficulties in
analysis of patients with heterogenous clinical outcomes, we
focused on the cases that showed most extreme clinical outcomes,
including: the 7 best (longest RFS/PFS) and the 7 worst responders
to ICIs (shortest RFS/PFS) in each stage (III and IV, total 28
samples) retrospectively (see Methods). The RNA isolation
procedure was assessed for total RNA degradation prior to
proceeding to library preparation and sequencing. Poor RNA
quality (2 samples) and low metrics in RNA-seq fastQC (2
samples)(see Methods) led us to exclude 4 out of our selected 28
samples (1 in the metastatic subgroup and 3 in the adjuvant
subgroup). We thus used a still representative number of 24
samples to compare the gene expression levels between stage III
and IV melanoma patients. We identified 189 upregulated genes in
patients with stage IV (Figure 2A) and in parallel, these genes
showed lower expression in stage III melanoma cases. In contrast,
we found 92 upregulated genes in patients with stage IIT melanoma
that were downregulated in individuals with stage IV melanoma
(Figure 2A). The identified DEGs defined a robust clustering of the
diagnosed patients (Figure 2A’, except from 3 cases with stage IV
melanoma, M51, M95 and M102, resembling stage III patterning in
patient cluster 3) and constitute an exploitable signature for
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molecular staging. In particular, we found segregation of stage IV
patients in clusters 2 + 4 and 5 + 6, while stage IIT patients clustered
mainly in 1 + 3 patients’ clusters. As a consequence, we noted that
genes upregulated in stage IV were functionally implicated in
distinct relevant GO categories such as inflammatory response
(log p-value=-9.2: ADGRE5/2, CYBA, GRN, HMOX1, IRF5,
ITGAM, etc.), adaptive immune system’s processes (log p-value=-
7.7: CD1C, CD74, CYBB, NCF2, CTSA, S100A8/9, BCL3, FCERIG,
etc.), T-cell activation in immune response (log p-value=-6.3: BCL3,
CD1C, CD74, FCERIG, FGL2, etc.) in gene cluster 3, lipids’
metabolism (log p-value=-2.5: ARF3, GPX1, MVD, OCRL, PCCB,
CTSA, PNPLA2, etc.), lipid catabolic process (log p-value=-2.6:
NAGLU, PNPLA2, GBA2, ABHD4, etc.) and proteasome-mediated
ubiquitin-dependent protein catabolic process (log p-value=-3.3:
GSK3A, NAGLU, 0S89, ANAPCI15, TMUBI, etc.) in gene cluster 1
(Figure 2B, Supplementary Table 2B). In patients with stage III, GO
pathways of cellular response to DNA damage response (log p-
value=-2.8: RPA1/3, STK11, SUMO1, XPC,TIPIN, etc.), response to
ultraviolet (UV) damage (log p-value=-2.7: CASP7, STK11, TAF1,
XPC, TIPIN, etc.), double-strand break (DSB)(log p-value=-2.3:
RPA1, MTA1, HELQ, etc.), protein glycosylation (log p-value=-2.5:
FKTN, COG3, POMGNT?2, etc.) and vesicle-mediated transport
(log p-value=-3.56: ARCN1, OCRL, SEC22B, HSPH1, SCOC,
COG3, etc.) were more enriched. A curation of particularly
relevant genes is presented in Figure 2C and shows how they
could constitute a relatively robust panel of genes that control
functions involved in melanoma progression and that can be used
to segregate patients with advanced melanoma from those with
metastatic disease (despite the few exceptions). Therefore,
harvesting RNA from CD4"T-cells and performing RT-qPCR on
these DEGs, we are able to pre-determine the advanced or
metastatic status of melanoma. This is the first report suggesting
that melanoma staging may be detectable by analysis of the
peripheral CD4"T-cell profiles.

3.4 Transcriptomic signatures of peripheral
CD4*T-cells in long responders and early
progressors to ICls

Looking for additional ICI-specific transcriptomic signatures, a
similar analysis of CD4"T-cells in the same selected group of
extreme individuals with advanced/metastatic melanoma (n=24)
was performed to recognize candidates with greater likelihood for
durable response or early relapse/progression upon immunotherapy.
We first identified DEGs between long responders (LONG, n=12)
and early progressors (SHORT, n=12) with either III or IV stages
(Figure 3A) and present in the heatmap i) 101 genes found to be
upregulated in early progressors (and down-regulated in long
responders) and ii) 47 genes upregulated genes in long responders
(and down-regulated in early progressors). Importantly, these DEGs
defined a relatively robust clustering of a fraction of the diagnosed
patients (Figure 3A’, patients’ cluster 2 + 3 vs. 4 + 5 + 6) and
constitute an exploitable signature for molecular prediction of ICIs’
efficacy. Indeed, we show a clear segregation of early-progressors
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FIGURE 3

Transcriptomic analysis of CD4"T-cells from peripheral blood prior to ICl initiation of long responders and early progressors to immunotherapy.
(A) and A'Heatmap showing normalized expression (Z-score) levels (rows) for DEGs between the selected patients with extreme clinical outcomes
stratified them as long responders and early progressors under ICls. (columns, see Methods). The panel A gives a general overview of normalized
expression (Z-score) of unclustered, deregulated genes (rows) that are sorted according to LFC (shown in a separate column, most up to most
down) and selected patients are grouped arbitrarily according to their immunotherapy response (47 upregulated genes in long responders and 101
upregulated genes in early progressors)(columns, see Methods). Column labels are derived from sampling ID. The panel A" is k-mean unsupervised
clustering of patients (columns) and genes (rows) according to normalized expression values (Z-score) to identify group of genes that characterize
specific patients. (B). Gene Ontology (GO) enrichment analysis using the clusters of genes found in A" for long responders and early progressors
under ICls. Darker red color signifies most enriched GO categories and gene names contributing to the signatures are highlighted on the right. B'.
Transcription Factor Binding Sites (TFBS) enrichment analysis found on the promoter of genes found in A". (darker green signifies most enriched
TFBS categories and gene names contributing to the signatures are highlighted on the right. (C). Same as in panel A’, the panel C is a manually
curated subset of the gene hits from GO analysis focusing on particular functions shown in B. LFC: the Log2 Fold Change of the gene in the one
group compared to the other group (control group). Positive LFC values indicate upregulation relative to control, while negative LFC values

indicate downregulation.
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cluster 4 + 5 + 6 and vs. long responders (patients clusters 2 + 3)
(Figure 3A”). We first focused on genes of early progressors (gene
clusters 4 + 5 + 6 in Figure 3A’) and found that these were mainly
involved in the following functions: Immune effector process/PD-1
signaling/Positive regulation of T-cell activation/Co-stimulation by
the CD28 and IFN signaling (respective log p-value=-13.7, -10.2, -7.7,
-10.3 and -8.5: sharing some common genes HLA-DQA1/DQBI,
HLA-DRA, HLA-DRB1/DRB5), as well as regulation of IL-1
production (log p-value=-3.3: CD33, EGR1, TYROBP, AIM2,
HAVCR2) and IL-18 signaling/ERBB1 downstream pathway
(respective log p-value=-3.3, -2.4 respectively: BCL2L1, PTPN7,
PIGT, EGR1, SLC9A1) (Figures 3A, A’, B, Supplementary
Table 3B). Notably, HLA-DRB and HLA-DQ genes have been
recently highlighted to be key players in different immune cells of
healthy individuals as well as in whole blood samples of patients with
chronic inflammatory conditions such as rheumatoid arthritis (41).
Finally, we found some early-progressed patients with positive
regulation of I-kappaB kinase/NF-kappaB signaling (log p-value=-
3.0: CASP10, PPP5C, TRIM62) and cellular lipid catabolic process
(log p-value=-4.4: LIPE, PLA2G6, SESN2, DAGLB). In contrast,
when we analyzed the genes expressed more in long-responders to
ICIs (gene clusters 1 + 2 + 3, Figure 3A’), we found the activation of
pathways for negative regulation of intracellular signal transduction
(log p-value=-2.2: DAGI, PERI1) and focal adhesion via PI3K-Akt-
mTOR-signaling (log p-value=-4.1: FGFR1, ITGA5, PFKFB3). In
Figure 3C, we present a curation of genes that can constitute the basis
for designing a panel of genes that predict response efficacy upon
ICIs. In practice, RT-qPCR analysis on sorted CD4 T-cells can
determine the propensity of patients to express genes associated
with long response or early progression. In order to hint to regulatory
mechanisms ruling these transcriptomic patterns, we checked
transcription factors (TFs) that might regulate the expression of
these identified genes. Indeed, the TF binding sites for REXAP,
REX5, REXANK, CIITA and ILF3 were significantly upregulated in
cluster 5 including HLA-DQA1/DQB1, HLA-DRA, HLA-DRB1/
DRB5 gene promoters (Figure 3B'). The regulation of these genes’
expression by REXANK, RFXAP, and RFEX5 TFs has been pointed
across 18 different cancer types. The REXANK, RFXAP, and RFX5
TFs form the REX trimeric complex (42) which cooperates with
NLRC5 to drive the transcription of abovementioned MHC-
associated genes (e.g., HLA-DQA1/DQB1, HLA-DRA, HLA-DRB1/
DRB5) (43).

3.5 Integration of molecular signatures
defining melanoma staging and ICI effects

To further take advantage of our results, we performed an
integrative analysis by combining all the genes we found in Figure 2
and Figure 3. In Figure 4A we observed a relatively robust clustering
of a fraction of the diagnosed patients with stage IV patients
exclusively segregated to patients’ cluster 1 + 2 + 4 + 5), while
stage III patients were gathered in cluster 3 + 6. This result
constitutes another exploitable signature for molecular staging of
melanoma and for predicting of response to ICIs but it should be
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interpreted with caution. In particular, defined groups of these
genes characterize long responders vs. early progressors stage IV
patients (patients’ clusters 1 + 2 + 4 vs. 5 in Figure 4A), while the
stage III patients appear to show limited segregation as far as their
predictive output to ICIs (patients” clusters 3 + 6 show both long
responders and early progressors). On the other hand, looking
among these clusters (for example, in clusters 4 + 3 + 5) we can
detect both stage IV early progressors (SHORT) and stage IV long
responders (LONG). Functional GO analyses probably reveal a
limited overlap in functions demarcating stage III vs. stage IV and
for the latter the genes dictating the differences between long
responders vs. early progressors (Figure 4B, Supplementary
Table 4B). The implication of such a GO enrichment analysis in a
bigger cohort of melanoma patients could give us a clearer
separation of DEGs and could allow us to find more specific
differences in gene expression between early progressors
(SHORT) vs. long responders (LONG) within each stage. Even
though, current analysis highlights some cases of particular clinical
interest. First, we note that 3 out of 4 stage IV patients with
inflammatory signature prior to ICI show early progression
phenotype (Figure 4A, gene cluster gl and patient cluster p5).
Other GO pathways that were found to be enriched in stage IV
(Figure 2, adaptive immune system, T-cell activation, etc.) are not
found in long responders (gene cluster 1 low in patients’ clusters 1 +
2 + 4) (Figures 4A, B). In fact, long responses under
immunotherapy can be obtained based on a given transcriptomic
profile especially for stage IV patients expressing genes involved
with metabolism of lipids, ubiquitin-dependent protein catabolic
process or IL-18 signaling pathway (cluster 1 + 2, Figure 4A).

4 Discussion

In this hypothesis-generating study, we initially examined
whether the baseline immune subpopulations of peripheral blood
differ among patients with locally advanced and metastatic
melanoma, or among early progressors (e.g., RFS/PFS<12
months) and long responders (e.g., RES/PFS>12 months) to ICIs;
next, since CD4"T-cells serve as a central nexus directing the
initiation and coordination of immune response, we focused on
this cellular subset and explored in selected individuals with
extreme clinical outcomes if there are any transcriptomic
signatures on circulating CD4"T-cells that reflect melanoma
staging and ICI responsiveness. Our findings of similar immune
cellular populations in both sets of analysis (e.g., staging and ICI
responsiveness) are consistent with those in patients with biliary
tract cancers; when they were analyzed according to their
immunotherapy response (44), but differ from those reported in
other melanoma patients, in which a lower frequency of CD4%and
CD8"T-cells, and a higher frequency of CD19"HLA-DR"myeloid
cells at baseline was observed in responders compared to non-
responders to ICIs (32). Several studies have targeted peripheral
CD4"T-cells in human cancers in peripheral blood or in tertiary
lymphoid structures (45-47). Kagamu et al. showed that NSCLC
patients with decreased numbers of circulating CD4"T-cells and
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FIGURE 4

Integrated transcriptomic analysis of CD4*T-cells from peripheral blood prior to ICl initiation of patients with stage Il and IV melanoma
distinguished them as long responders and early progressors to immunotherapy. (A) The panel A is a comparative heatmap of selected GO terms
found to be enriched in both comparisons (between patients with stage lll vs. patients with stage IV melanoma of Figure 2 and between long
responders vs. early progressors to ICls of Figure 3). (B) The panel B is k-mean clustering of patients (columns) and genes(rows) to identify group of
genes that characterize better specific subsets of patients (e.g., the long responders with stage IV melanoma). Darker red color signifies most
enriched GO categories and gene names contributing to the signatures are highlighted on the right.
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low CD62 expression(e.g., a mediator of T-cell priming and
migration to secondary lymphoid tissue), developed earlier
acquired anti-PD-1 resistance, in contrast to long responders
characterized by increased numbers of these CD4"T-cells in the
peripheral blood (45). In melanoma patients after anti-CTLA-4
treatment, peripheral CD4"T-cell clones proliferate and are
enriched in corresponding tumors (47). Recently, Lucca et al.
analyzed paired transcriptome and TCRaf repertoire of
circulating CD4"T-cells and TILs from matched samples of
patients with metastatic melanoma and found that in circulating
CD4'T-cells matching clonally expanded TILs, gene signatures of
effector functions reflect those observed in the tumor (46). In
parallel, activated CD4"memory T-cell abundance in the
peripheral blood and TCR diversity at baseline were recognized as
predictors of irAEs in metastatic melanoma patients (48). A notable
correlation between early T-cell clonal expansion and the onset of
severe irAEs was also confirmed in patients treated with ICI
doublets. These studies have exemplified the usefulness of single-
cell RNA-sequencing (scRNA-seq) in immunotherapy research
while the paired technique of scRNA-seq with single cell T-cell
receptor sequencing (sc-TCRseq) may provide further information
on T-cell differentiation, specificity and activation to better
understand underlying etiology and guide future strategies (49, 50).

After sampling of our study cases with extreme clinical outcomes
to ICIs, DEA and GO enrichment data showed that some individuals
clustered separately, independently of their staging at diagnosis, since
specific biological pathways and potential marker genes are
upregulated. However, it is unclear whether these transcriptomic
alterations and activated pathways of adaptive immunity are
reflections of the intra-tumoral plasticity to the peripheral blood or
if these modifications in circulating CD4"T-cells actually allow
melanoma to differentiate, to resist and to metastasize. The
transcriptional switching from the proliferative-to-invasive
phenotype of melanoma cells remains one of the main escape
mechanisms of immune surveillance, mainly induced through
extracellular TME signals (51). The involvement of different
immune cells (52), the metabolic conditions such as oxygen and
nutrient supplies (53), as well as the administered therapies can
dynamically affect these outcoming phenotype (54). The Innate anti-
PD-1 Resistance (IPRES) changes are mainly transcriptional and
non-genomic modifications that drive the heightened mesenchymal-
to-invasive transition and concurrent overexpression of genes
involved in the cell adhesion, extracellular matrix remodeling, and
angiogenesis (55, 56). Checking for upregulated RNA-seq only in
tumor samples, Hugo et al. suggest that attenuating these biological
processes that underlie IPRES may improve anti-PD-1 melanoma
response (55). Herein, we argue that the intra-tumoral plasticity may
be functionally depicted to the peripheral immune components (and
especially in the vital CD4" subpopulation) and vice versa; the
changes in adaptive immunity upon TME modifications and
mesenchymal-to-invasive transition, are two processing profiles of
the same interplay that are happening simultaneously, with unknown
priority and yet this interplay fosters too little attention.

The CD4"T-cell profile of metastatic melanoma patients was
more enriched for inflammatory response, adaptive immunity

Frontiers in Immunology

12

10.3389/fimmu.2025.1529707

processes, T-cell activation and lipids’ metabolism. Tumor growth
is affected by abnormal adaptive immune responses such as
inflammatory environment, aggressive clones, induced
immunosuppression and metastatic potential (57). In preclinical
models, COX-2 inflammatory activity was suggested as key
determinant of immune escape in multiple cancer types (58, 59).
When mice with growing tumors were treated with an ICI along
with an anti-inflammatory COX-2 inhibitor (celecoxib), up to 70%
of them responded to the combined treatment with many having
their tumors fully eradicated, compared to <30% responded to ICI
monotherapy (60). Non steroid anti-inflammatory drugs such as
COX-2 inhibitors can rapidly alter the immune landscape by
cutting off the cancer’s escape route and by increasing the
intratumoral accumulation of effector T-cells, enhancing tumor
immunogenicity and susceptibility to ICIs. Similar results were
also achieved when combining ICIs with steroid anti-
inflammatory drugs - a surprising finding, as steroids are widely
considered to suppress the immune system. In fact, concurrent
targeting of tumor inflammatory profile with a COX-2 inhibitor
together with an ICI significantly improved 6-month PES and ORR
in patients with metastatic melanoma and NSCLC compared with
ICI alone (61). In patients with dMMR/MSI-high locally advanced
rectal cancer, the addition of celecoxib to neoadjuvant toripalimab
offered a pCR of 88% (62). Even in patients with pMMR/MSS
disease, NICHE trial observed a pathological response rate of 30%
(9 of 30) after a single dose of ipilimumab and two doses of
neoadjuvant nivolumab with 4 of 9 responders receiving celecoxib
(63). Combinations of celecoxib with ICIs are also being tested in
other cancer types (e.g., LION trial). Following our transcriptomic-
based hypothesis, directly metastatic cases or non-responders to
ICIs could be those that overexpressed inflammatory genes. Our
stage III melanoma patients don’t show an enhanced inflammatory
profile, and for this reason may be able to keep an active and stable
response while some patients with metastatic spread seem to have
an already solicited immune system (Figure 3A; patients’ clusters 5
and 6) that probably could not keep immune surveillance for a long
duration after triggering by anti-PD-1/anti-PD-L1 ICIs. Indeed, the
pre-ICIs inflammatory response pathway is significantly
upregulated to stage IV and early progressors subgroups
(Figure 2A” - gene cluster 3 high in patient cluster 5, and in 3A
‘gene cluster 5 high in patient cluster 5 + 6), and we even find that 3
out of 4 stage IV patients with inflammatory signature prior to ICI
show early progression phenotype (Figure 4A, gene cluster gl and
patient cluster p5). The biomarker analysis of Checkmate76K phase
II trial announced that the lower CRP levels at the serum were
associated with longer RFS with adjuvant nivolumab in stage 1IB/
IIC melanoma (64). In a simplified interpretation, patients with
stage III over-expressing genes on DNA repair pathways (e.g. DNA
repair, response to UV, DSB repair, regulation of cell cycle, DNA
damage response, chromatin organization) (Figure 2A” and GO
panel, gene clusters ¢5 and 6 and patient cluster 1 + 3) and in
parallel, under-expressing inflammatory genes (e.g. involved
in inflammatory response and adaptive immunity: expressed in
Figure 2A’ - gene cluster 3, Figure 4A’ gene cluster 3) seem to have
greater possibility to not experience a metastasis (11 stage III
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patients out of 14 in patient cluster 1 + 3) or to avoid an early
relapse of their disease under adjuvant immunotherapy especially
for stage IV patients (2 stage IV patients out of 3 with long response
in patient cluster 3 Figure 4A’) as stage III patients show half-half
chance to respond (Figure 4A’ patient cluster 3).

In early progressors, highly upregulated transcripts were
recognized in immune effector processing, PD-1 signaling,
positive regulation of T-cell activation, co-stimulatory molecules
of CD28 family and IFN signaling. The interaction of TCR with an
MHC-presented antigen is followed by the concurrent binding of a
CD28 costimulatory molecule, providing a second signal alongside
TCR ligation, more complex in both binding pattern and
biological effects. The subsequent downstream propagates with
various effector enzymes, such as kinases, phosphatases, and
phospholipases (65, 66). Gathering of mutations in the
phosphorylation of CD3 molecules may disrupt their ability to
bind to the TCR molecules forming a functional complex or may
impair its transduction ability (67). In continuation, the receptors of
CD28 family (e.g., CD28, CTLA-4, PD-1, TIGIT, ICOS, and BTLA)
may have diverse effects on T-cell functions, including membrane
raft trapping at the immunological synapse, transcriptional changes,
downstream post-translational modifications, and actin cytoskeletal
remodeling, leading to many intracellular biochemical events such
as survival and proliferation signals, induction of IL-2, activation of
telomerase, stabilization of mRNA for several cytokines, increased
glucose metabolism, and enhanced T-cell migration and homing
(68-70). For instance, CD28 (activating) and CTLA-4 (inhibitory)
are highly homologous and compete for the same ligands (CD80
and CD86) and regulate immune response by providing opposing
effects (68, 69). On the other hand, blocking of PD-1/PD-L1 axis has
been proven to restore the effector function of T-cells and improve
T-cell priming, with significant survival benefit for treated patients
(71). However, as described above, it is known from chronic
infections, that continuous stimulation of PD-1 expression on
antigen specific T-cells is also positively associated with T-cell
exhaustion (72). The timing and the duration of expression of the
identified MHC-associated genes (e.g., HLA-DQA1/DQBI1, HLA-
DRA, HLA-DRB1/DRB5) and concurrently of the targetable
checkpoint receptors (e.g., CTLA-4, PD-1, LAG-3, TIGIT, etc.)
looks to be more crucial than their baseline levels before the
initiation of ICIs (73). In the early progressors, the RFX-mediated
upregulation of identified HLA genes and MHC-associated
pathways may confirm a pre-existing inflammatory condition and
an already exhausted immune system, unable to inhibit melanoma
spread. At this point, it is worth to be noticed that the upregulation
of some genes in a cellular pathway (for instance, the PD-1
signaling) does not mean that the related targetable checkpoint
molecules are definitely overexpressed). In our sub-cohort of early
progressors, the over-expressed BCL6 in many GO pathways is a
major negative regulator of PD-1 signaling that directly binds to the
promoter region of PD-L1 and to the intron 2 of PD-L2 to suppress
their transcription and in addition, represses the expression of
STAT1/STAT3/IRF1 and indirectly inhibits the transcription of
PD-1 ligands. This could justify the similar MFI expression of PD-1
on circulating CD4"T-cells in contrast to the different levels of
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enrichment of PD-1 signaling in the two sets of analysis. Recently
published complementary data on the TME of HNSCC, NSCLC,
and melanoma: i) discriminated five different implicated T-cell
subtypes (e.g., naive, activated, exhausted, effector memory, and
central memory T-cells), ii) recognized that CD39"and PD-
1"surface markers could accurately predict response or
exhaustion, and iii) identified specific T-cell subpopulations or
specific T-cell gene profiling associated with anti-PD-1 response
(74). Both in vitro and in-patient findings agreed that many
traditional markers were correlated with, but not specific to, T-
cell exhaustion (74). Antigen-specific T-cells represent a
heterogenous subpopulation whereby the increased expression of
co-inhibitory receptors additional to PD-1 (e.g., TIGIT, TIM3, and
LAG3) and some unique transcriptomes contribute to their overall
dysfunctional status (73, 75, 76).

Unplugging the exclusiveness of PD-1 with the ICI-response,
Beasley et al. found in four melanoma patients with durable
response to anti-PD-1 treatment (median PFS=2.3 years) higher
pretreatment tumor CD8 T-cell infiltrates and significantly higher
effector memory (CD8"/CCR7/CD45RA") but lower CD8PD-
1"and CD4"PD-1"cells compared to eight patients with a median
PFES 1.6 months (77). The expression of PD-L1 in melanoma cells is
mainly regulated by IFN-v signaling through the JAK1/2-STAT2/3-
IRF1 axis, whereas PD-L2 is regulated by IFN-3 and IFN-y through
both IRF1 and STAT3, which bind directly to PD-L2 promoters and
promote immunosuppression (78).The upregulation of IFN-y
signaling with HLA-DQA1, HLA-DQBI1, HLA-DRA, HLA-DRBI,
HLA-DRB5, NCAMI1 genes popping up was also observed in our
analysis of early progressors vs. long responders in gene cluster 5 as
shown in Figure 3A’. Chronic triggering of IFN-y signaling is
associated with the expression of other checkpoint ligands via
STAT1-regulated epigenetic mechanisms (79) and with the
induction of IDO expression, which recruits immunosuppressive
Tiegs in the TME (80, 81). After the establishment of an
inflammatory TME through IFN networks, tumor cells gain
STAT3 activity through immune-derived IL-10, IL-6, NF-xB, or
Bcl2, which promote proliferation, antiapoptotic signals, and
angiogenesis and additionally, these secreted factors drive
expansion of MDSCs and T,.e, which, together with
macrophages and DCs, produce immunosuppressive TGF- and
IL-10 cytokines and also express other immunoregulatory
molecules, including arginase, inducible NO synthase, and IDO
(82, 83). In the same direction, Benci et al. showed that IFN
signaling in cancer cells and immune cells oppose each other to
establish a regulatory relationship that limits both adaptive and
innate immunity. While inhibiting tumor IFN-y signaling decreases
IFN-stimulated genes (ISGs) in cancer cells, it increases ISGs in
immune cells by enhancing IFN-y mediated T-cell exhaustion. In
preclinical models, type I IFN receptor or JAK/STAT inhibition
suppresses melanoma-PD-1 expression and disrupts ICI efficacy
(84). In the neoadjuvant setting of stage III melanoma, preliminary
data connect initially increased IFN signature with tumor
inflammation and immune sensitivity (85, 86). Baseline high IFN
signature is associated with similar responses and EFS for ICI-
monotherapies and ICI-doublets while only the nivolumab/
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ipilimumab combination can restore the immunotherapy response
in melanoma patients with low IFN signature (85, 86). In addition,
patients with IFN algorithm low who remain low on treatment do
not respond even in nivolumab/ipilimumab combination
(87).Together, these findings indicate the existence of a molecular
context linking melanoma dedifferentiation and IFN-y-signaling
and the perturbation of this balance by the IFN-regulated messages
may lead to immune evasion and may adjust ICI responsiveness,
independent of tumor mutational burden (88).

Last, we provide evidence that the lipids metabolism may be
implicated in melanoma metastatic status and its response to
immunotherapy (Figures 2B, 3B, 4B). In general, cellular
metabolism controls T-cell differentiation, survival, and effector
functions in many types of cancer. Recently, Liu et al. observed that
both malignant cells and T,g can alter the lipid metabolism via
elevated expression of group IVA phospholipase A,, and can induce
T-cell senescence (89). Senescent T-cells have active glucose
metabolism but exhibit unbalanced lipid metabolism, which, in
turn, results in accumulation of lipid droplets in T-cells. In
responder T-cells during senescence, MAPK signaling and STAT
signaling coordinately control lipid metabolism and activity of
group IVA phospholipase A,. Inhibition of group IVA
phospholipase A, reprogrammed effector T-cell lipid metabolism,
prevented T-cell senescence in vitro, and enhanced antitumor
immunity and immunotherapy efficacy in melanoma mouse
models. In agreement with our findings, the authors concluded
that there are mechanistic links between the regulation of lipid
metabolism and the T-cell senescence, providing further insights for
tumor immunotherapy (89).

The exploratory nature of our study has several critical gaps and
limitations. Our sample of consecutive melanoma subjects used for
peripheral immunophenotyping represents a small and
heterogeneous population that could not disclose meaningful
differences among the two sets of analysis. Therefore, we
exclusively focused on the RNAseq of peripheral CD4"T-cells of
extreme responders and non-responders. This selective sampling,
although unrepresentative of the full spectrum of patient responses,
was performed to develop an initial idea and hypothesis and to
identify initial patterns for further testing and definitely not for
extracting strong conclusions. Further validation and replication of
these results into other larger cohorts are required to establish
broader applicability. Moreover, the study skips over subjects with
stages I and II melanoma that could work as controls to verify if our
findings hold up across earlier stages, supporting a gradual escalation
of GO expression and making these results more universally
applicable. Our initial cohorts were equivalent regarding age and
gender (Table 1) but following the different therapeutic options in
each stage, the impact of treatment selection is not correctly
estimated on the extreme responders and non-responders.
Following the investigational setting of our study, there are also
imbalances in the marker antibodies used for immunophenotyping;
markers to identify three monocyte populations were included
whereas our T-cell subpopulations are not comprehensively
characterized; for example, by adding the CD25-antibody for
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activated Tyegs, or by adding the CD3-antibody for the T-cell
origin in the flow cytometry panel to avoid overlap of spectra and
minimize compensation and spillover. Another limitation concerns
the different detection of CD4 " cell subpopulation with fluorochrome
for flow cytometry and with a clonal CD4-antibody for CD4cells’
isolation and RNA-seq, inserting the bias of the higher affinity of
antibody-linkage. As with the majority of studies on blood-borne
biomarkers, we examined a single immune cell subtype in isolation,
rather than attempting to integrate the genetic information from the
multiple components of peripheral immunity. Given the broader
lack of differences among peripheral immune subsets, the additional
analysis narrowing to CD4"T-cells in a predetermined population
further limit the generabilityof our data rather than objectively
offering genuine insight. For instance, the study overlooks
CD8"T-cells, which are critical in antitumor immunity and we
could have a more comprehensive picture of the peripheral
immune landscape by including CD8" and other immune cell
populations. It would be also insightful to compare the peripheral
blood immune subsets with those identified directly in the tumor.
This could shed light on whether these circulating cells truly reflect
the TME.

Our study has not identified a specific panel of genes or
transcriptomic signatures that could be implemented in clinical
practice, but mainly outlined the potential utility of DEGs in
detecting intracellular biomarkers and pathways in the peripheral
CD4"T-cells that may characterize a totally different,
individualized, behavior of patient’ adaptive immunity. RNA-seq
is reasonably proposed here as a possible diagnostic tool but still
more work needs to be done and many challenges like scalability
and cost to be improved, to unveil the effect of “dark” melanoma
epigenomic background and to find practical implementations of
any transcriptomic signature. Adding on the already known
biomarkers of LDH and of IFN-y signature, this study provides
an initial novel idea based on more time-consuming and expensive
methods, compared to current existing ones, focusing mainly on
better understanding of the various CD4"T-cell mediated systemic
reactions, and on recognizing distinct extra-tumoral phenotypes.
Deeper knowledge of the behavior of CD4"T-cells holds vast
potential in guiding future cellular anti-melanoma treatments. As
noticed previously, this is an exploratory study including
bioinformatic analysis from a small cohort and cannot support
any stronger conclusion without further validation data. Additional
transcriptomic information from replicated melanoma cohorts and
functional RNA-seq analyses including all immune cellular
components is required to illuminate more the complex network
of immune-mediated interactions in the peripheral blood of
melanoma patients.
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SUPPLEMENTARY FIGURE 1

(A). Gating strategy for identifying T-cell immune populations by using flow
cytometry (CD4*, CD8*, CD4*FOXP3*, CD4*FOXP3", CD4*FOXP3 Tbet*
and CD4"FOXP3 RORyt*). (B). Gating strategy for identifying myeloid cell
populations by using flow cytometry (HLA-DR*, HLA-DR*CD14*CD16~, HLA-
DR*CD14*CD16* and HLA-DR*CD14°CD16%). (C). Gating strategy for
identifying myeloid immune cell populations by using flow cytometry (HLA-
DR", HLA-DRCD15*CD33%)

SUPPLEMENTARY TABLE 1
Summary of antibodies’ information used in Flow Cytometry.

SUPPLEMENTARY TABLE 2

Indexes and number of reads obtained. S4L means a patient with stage 4
melanoma and long PFS under ICls/long immunotherapy responder while
S3S means a patient with stage Ill melanoma and short RFS under ICls
experiencing an early immunotherapy relapse. RFS=Relapse Free Survival;
PFS=Progression Free Survival.

SUPPLEMENTARY TABLE 2

. GO enrichment analysis using the cluster of genes found in Figure 2A’ for
stage Il and stage IV. Darker red color signifies most enriched (decreasing
-Log Pval) GO categories and gene names contributing to the signatures are
highlighted on the right.

SUPPLEMENTARY TABLE 3

. GO enrichment analysis using the clusters of genes found in Figure 3A’ for
early progressors and long responders. Darker red color signifies most
enriched GO categories and gene names contributing to the signatures are
highlighted on the right.

SUPPLEMENTARY TABLE 4

. GO enrichment analysis using the combined list of DEGs found in Figure 4A.
Darker red color signifies most enriched GO categories and gene names
contributing to the signatures are highlighted on the right.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1529707/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1529707/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1529707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Palli et al.

References

1. Ascierto PA, Del Vecchio M, Mandala M, Gogas H, Arance AM, Dalle S, et al.
Adjuvant nivolumab versus ipilimumab in resected stage iiib-C and stage iv melanoma
(Checkmate 238): 4-year results from a multicentre, double-blind, randomised,
controlled, phase 3 trial. Lancet Oncol. (2020) 21:1465-77. doi: 10.1016/S1470-2045
(20)30494-0

2. Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson VG, Dalle S, et al.
Adjuvant pembrolizumab versus placebo in resected stage iii melanoma (Eortc 1325-
mg/keynote-054): distant metastasis-free survival results from a double-blind,
randomised, controlled, phase 3 trial. Lancet Oncol. (2021) 22:643-54. doi: 10.1016/
$1470-2045(21)00065-6

3. Long GV, Carlino MS, McNeil C, Ribas A, Gaudy-Marqueste C, Schachter J, et al.
Pembrolizumab versus ipilimumab for advanced melanoma: 10-year follow-up of the
phase iii keynote-006 study. Ann Oncol. (2024) 35:1191-9. doi: 10.1016/
j.annonc.2024.08.2330

4. Wolchok JD, Chiarion-Sileni V, Rutkowski P, Cowey CL, SChadendorf D,
Wagstaff J, et al. Final, 10-year outcomes with nivolumab plus ipilimumab in
advanced melanoma. N Engl ] Med. (2025) 392:11-22. doi: 10.1056/NEJMoa2407417

5. Ziogas DC, Theocharopoulos C, Koutouratsas T, Haanen J, Gogas H.
Mechanisms of resistance to immune checkpoint inhibitors in melanoma: what we
have to overcome? Cancer Treat Rev. (2023) 113:102499. doi: 10.1016/j.ctrv.
2022.102499

6. Clemente CG, Mihm MC Jr., Bufalino R, Zurrida S, Collini P, Cascinelli N.
Prognostic value of tumor infiltrating lymphocytes in the vertical growth phase of
primary cutaneous melanoma. Cancer. (1996) 77:1303-10. doi: 10.1002/(SICI)1097-
0142(19960401)77:7<1303::AID-CNCR12>3.0.CO;2-5

7. Weide B, Martens A, Zelba H, Stutz C, Derhovanessian E, Di Giacomo AM, et al.
Myeloid-derived suppressor cells predict survival of patients with advanced melanoma:
comparison with regulatory T cells and ny-eso-1- or melan-a-specific T cells. Clin
Cancer Res. (2014) 20:1601-9. doi: 10.1158/1078-0432.CCR-13-2508

8. Zelba H, Weide B, Martens A, Derhovanessian E, Bailur JK, Kyzirakos C, et al.
Circulating cd4+ T cells that produce il4 or il17 when stimulated by melan-a but not by
ny-eso-1 have negative impacts on survival of patients with stage iv melanoma. Clin
Cancer Res. (2014) 20:4390-9. doi: 10.1158/1078-0432.CCR-14-1015

9. Dechanet-Merville J. Promising cell-based immunotherapy using gamma delta T
cells: together is better. Clin Cancer Res. (2014) 20:5573-5. doi: 10.1158/1078-
0432.CCR-14-1371

10. Waldhauer I, Steinle A. Nk cells and cancer immunosurveillance. Oncogene.
(2008) 27:5932-43. doi: 10.1038/0n¢.2008.267

11. Yuan J, Adamow M, Ginsberg BA, Rasalan TS, Ritter E, Gallardo HF, et al.
Integrated ny-eso-1 antibody and cd8+ T-cell responses correlate with clinical benefit
in advanced melanoma patients treated with ipilimumab. Proc Natl Acad Sci U.S.A.
(2011) 108:16723-8. doi: 10.1073/pnas.1110814108

12. Speiser DE, Ho PC, Verdeil G. Regulatory circuits of T cell function in cancer.
Nat Rev Immunol. (2016) 16:599-611. doi: 10.1038/nri.2016.80

13. Cachot A, Bilous M, Liu YC, Li X, Saillard M, Cenerenti M, et al. Tumor-specific
cytolytic cd4 T cells mediate immunity against human cancer. Sci Adv. (2021) 7(9):
eabe3348. doi: 10.1126/sciadv.abe3348

14. Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer CG, Jenkins RW, et al.
Defining T cell states associated with response to checkpoint immunotherapy in
melanoma. Cell. (2018) 175:998-1013 €20. doi: 10.1016/j.cell.2018.10.038

15. Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R, et al. Clonal
replacement of tumor-specific T cells following pd-1 blockade. Nat Med. (2019)
25:1251-9. doi: 10.1038/s41591-019-0522-3

16. Wu TD, Madireddi S, de Almeida PE, Banchereau R, Chen YJ, Chitre AS, et al.
Peripheral T cell expansion predicts tumour infiltration and clinical response. Nature.
(2020) 579:274-8. doi: 10.1038/s41586-020-2056-8

17. Oh DY, Kwek SS, Raju SS, Li T, McCarthy E, Chow E, et al. Intratumoral cd4(+)
T cells mediate anti-tumor cytotoxicity in human bladder cancer. Cell. (2020)
181:1612-25 el3. doi: 10.1016/j.cell.2020.05.017

18. Oliveira G, Stromhaug K, Cieri N, Iorgulescu JB, Klaeger S, Wolft JO, et al.
Landscape of helper and regulatory antitumour cd4(+) T cells in melanoma. Nature.
(2022) 605:532-8. doi: 10.1038/541586-022-04682-5

19. Donadon M, Hudspeth K, Cimino M, Di Tommaso L, Preti M, Tentorio P, et al.
Increased infiltration of natural killer and T cells in colorectal liver metastases improves
patient overall survival. ] Gastrointest Surg. (2017) 21:1226-36. doi: 10.1007/s11605-
017-3446-6

20. Borst J, Ahrends T, Babala N, Melief CJM, Kastenmuller W. Cd4(+) T cell help
in cancer immunology and immunotherapy. Nat Rev Immunol. (2018) 18:635-47.
doi: 10.1038/s41577-018-0044-0

21. Guo M, Liu MYR, Brooks DG. Regulation and impact of tumor-specific cd4(+) T
cells in cancer and immunotherapy. Trends Immunol. (2024) 45:303-13. doi: 10.1016/
j.it.2024.02.005

22. Montauti E, Oh DY, Fong L. Cd4(+) T cells in antitumor immunity.
Trends Cancer. (2024) 10:969-85. doi: 10.1016/j.trecan.2024.07.009

Frontiers in Immunology

10.3389/fimmu.2025.1529707

23. Ramirez DE, Dragnev CPC, Searles TG, Spicer N, Chen T, Lines JL, et al.
Depletion of conventional cd4(+) T cells is required for robust priming and
dissemination of tumor antigen-specific cd8(+) T cells in the setting of anti-cd4
therapy. ] Immunother Cancer. (2024) 12(11):e010170. doi: 10.1136/jitc-2024-010170

24. Oh DY, Fong L. Cytotoxic cd4(+) T cells in cancer: expanding the immune
effector toolbox. Immunity. (2021) 54:2701-11. doi: 10.1016/j.immuni.2021.11.015

25. Tay RE, Richardson EK, Toh HC. Revisiting the role of cd4(+) T cells in cancer
immunotherapy-new insights into old paradigms. Cancer Gene Ther. (2021) 28:5-17.
doi: 10.1038/s41417-020-0183-x

26. Kalathil S, Lugade AA, Miller A, Iyer R, Thanavala Y. Higher frequencies of garp
(+)Ctla-4(+)Foxp3(+) T regulatory cells and myeloid-derived suppressor cells in
hepatocellular carcinoma patients are associated with impaired T-cell functionality.
Cancer Res. (2013) 73:2435-44. doi: 10.1158/0008-5472.CAN-12-3381

27. Postow MA, Chasalow SD, Kuk D, Panageas KS, Cheng ML, Yuan J, et al.
Absolute lymphocyte count as a prognostic biomarker for overall survival in patients
with advanced melanoma treated with ipilimumab. Melanoma Res. (2020) 30:71-5.
doi: 10.1097/CMR.0000000000000633

28. Martens A, Wistuba-Hamprecht K, Yuan J, Postow MA, Wong P, Capone M, et al.
Increases in absolute lymphocytes and circulating cd4+ and cd8+ T cells are associated
with positive clinical outcome of melanoma patients treated with ipilimumab. Clin Cancer
Res. (2016) 22:4848-58. doi: 10.1158/1078-0432.CCR-16-0249

29. Diem S, Kasenda B, Spain L, Martin-Liberal J, Marconcini R, Gore M, et al.
Serum lactate dehydrogenase as an early marker for outcome in patients treated with
anti-pd-1 therapy in metastatic melanoma. Br J Cancer. (2016) 114:256-61.
doi: 10.1038/bjc.2015.467

30. Weide B, Martens A, Hassel JC, Berking C, Postow MA, Bisschop K, et al.
Baseline biomarkers for outcome of melanoma patients treated with pembrolizumab.
Clin Cancer Res. (2016) 22:5487-96. doi: 10.1158/1078-0432.CCR-16-0127

31. Wistuba-Hamprecht K, Martens A, Weide B, Teng KW, Zelba H, Guffart E, et al.
Establishing high dimensional immune signatures from peripheral blood via mass
cytometry in a discovery cohort of stage iv melanoma patients. J Immunol. (2017)
198:927-36. doi: 10.4049/jimmunol.1600875

32. Krieg C, Nowicka M, Guglietta S, Schindler S, Hartmann FJ, Weber LM, et al.
High-dimensional single-cell analysis predicts response to anti-pd-1 immunotherapy.
Nat Med. (2018) 24:144-53. doi: 10.1038/nm.4466

33. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
(Accessed February 10, 2025).

34. Available online at: https://Genome.Ucsc.Edu/Cgi-Bin/Hgtracks?Db=
Hg38&Lastvirtmodetype=Default&Lastvirtmodeextrastate=&Virtmodetype=
Default&Virtmode=0&Nonvirtposition=&Position=Chr2%3a25160915%
2d25168903&Hgsid=1568041805_0jhiowraaqzetatOcara37kOywth (Accessed February
10, 2025).

35. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome
alignment and genotyping with hisat2 and hisat-genotype. Nat Biotechnol. (2019)
37:907-15. doi: 10.1038/541587-019-0201-4

36. Putri GH, Anders S, Pyl PT, Pimanda JE, Zanini F. Analysing high-throughput
sequencing data in python with htseq 2.0. Bioinformatics. (2022) 38:2943-5.
doi: 10.1093/bioinformatics/btac166

37. Available online at: https://Bioconductor.Org/Packages/Release/Bioc/Html/
Edger.Html (Accessed February 10, 2025).

38. Available online at: https://Github.Com/Pf2-Pasteur-Fr/Sartools (Accessed
February 10, 2025).

39. Available online at: https://Metascape.Org/Gp/Index.Html (Accessed February
10, 2025).

40. Nie RC, Yuan SQ, Wang Y, Zou XB, Chen S, Li SM, et al. Surrogate endpoints for
overall survival in anti-programmed death-1 and anti-programmed death ligand 1
trials of advanced melanoma. Ther Adv Med Oncol. (2020) 12:1758835920929583.
doi: 10.1177/1758835920929583

41. Houtman M, Hesselberg E, Ronnblom L, Klareskog L, Malmstrom V, Padyukov
L. Haplotype-specific expression analysis of mhc class ii genes in healthy individuals
and rheumatoid arthritis patients. Front Immunol. (2021) 12:707217. doi: 10.3389/
fimmu.2021.707217

42. Lapuente-Santana O, van Genderen M, Hilbers PAJ, Finotello F, Eduati F.
Interpretable systems biomarkers predict response to immune-checkpoint inhibitors.
Patterns (N Y). (2021) 2:100293. doi: 10.1016/j.patter.2021.100293

43. Meissner TB, Liu YJ, Lee KH, Li A, Biswas A, van Eggermond MC, et al. Nlrc5
cooperates with the rfx transcription factor complex to induce mhc class I gene
expression. J Immunol. (2012) 188:4951-8. doi: 10.4049/jimmunol.1103160

44. Keenan BP, McCarthy EE, Ilano A, Yang H, Zhang L, Allaire K, et al. Circulating
monocytes associated with anti-pd-1 resistance in human biliary cancer induce T cell
paralysis. Cell Rep. (2022) 40:111384. doi: 10.1016/j.celrep.2022.111384

45. Kagamu H, Kitano S, Yamaguchi O, Yoshimura K, Horimoto K, Kitazawa M,
et al. Cd4(+) T-cell immunity in the peripheral blood correlates with response to anti-

frontiersin.org


https://doi.org/10.1016/S1470-2045(20)30494-0
https://doi.org/10.1016/S1470-2045(20)30494-0
https://doi.org/10.1016/S1470-2045(21)00065-6
https://doi.org/10.1016/S1470-2045(21)00065-6
https://doi.org/10.1016/j.annonc.2024.08.2330
https://doi.org/10.1016/j.annonc.2024.08.2330
https://doi.org/10.1056/NEJMoa2407417
https://doi.org/10.1016/j.ctrv.2022.102499
https://doi.org/10.1016/j.ctrv.2022.102499
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:7%3C1303::AID-CNCR12%3E3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:7%3C1303::AID-CNCR12%3E3.0.CO;2-5
https://doi.org/10.1158/1078-0432.CCR-13-2508
https://doi.org/10.1158/1078-0432.CCR-14-1015
https://doi.org/10.1158/1078-0432.CCR-14-1371
https://doi.org/10.1158/1078-0432.CCR-14-1371
https://doi.org/10.1038/onc.2008.267
https://doi.org/10.1073/pnas.1110814108
https://doi.org/10.1038/nri.2016.80
https://doi.org/10.1126/sciadv.abe3348
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1038/s41586-020-2056-8
https://doi.org/10.1016/j.cell.2020.05.017
https://doi.org/10.1038/s41586-022-04682-5
https://doi.org/10.1007/s11605-017-3446-6
https://doi.org/10.1007/s11605-017-3446-6
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1016/j.it.2024.02.005
https://doi.org/10.1016/j.it.2024.02.005
https://doi.org/10.1016/j.trecan.2024.07.009
https://doi.org/10.1136/jitc-2024-010170
https://doi.org/10.1016/j.immuni.2021.11.015
https://doi.org/10.1038/s41417-020-0183-x
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.1097/CMR.0000000000000633
https://doi.org/10.1158/1078-0432.CCR-16-0249
https://doi.org/10.1038/bjc.2015.467
https://doi.org/10.1158/1078-0432.CCR-16-0127
https://doi.org/10.4049/jimmunol.1600875
https://doi.org/10.1038/nm.4466
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://Genome.Ucsc.Edu/Cgi-Bin/Hgtracks?Db=Hg38&Lastvirtmodetype=Default&amp;Lastvirtmodeextrastate=&amp;Virtmodetype=Default&amp;Virtmode=0&amp;Nonvirtposition=&amp;Position=Chr2%3a25160915%2d25168903&amp;Hgsid=1568041805_0jhiowraaqzetat0cara37k0ywth
https://Genome.Ucsc.Edu/Cgi-Bin/Hgtracks?Db=Hg38&Lastvirtmodetype=Default&amp;Lastvirtmodeextrastate=&amp;Virtmodetype=Default&amp;Virtmode=0&amp;Nonvirtposition=&amp;Position=Chr2%3a25160915%2d25168903&amp;Hgsid=1568041805_0jhiowraaqzetat0cara37k0ywth
https://Genome.Ucsc.Edu/Cgi-Bin/Hgtracks?Db=Hg38&Lastvirtmodetype=Default&amp;Lastvirtmodeextrastate=&amp;Virtmodetype=Default&amp;Virtmode=0&amp;Nonvirtposition=&amp;Position=Chr2%3a25160915%2d25168903&amp;Hgsid=1568041805_0jhiowraaqzetat0cara37k0ywth
https://Genome.Ucsc.Edu/Cgi-Bin/Hgtracks?Db=Hg38&Lastvirtmodetype=Default&amp;Lastvirtmodeextrastate=&amp;Virtmodetype=Default&amp;Virtmode=0&amp;Nonvirtposition=&amp;Position=Chr2%3a25160915%2d25168903&amp;Hgsid=1568041805_0jhiowraaqzetat0cara37k0ywth
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btac166
https://Bioconductor.Org/Packages/Release/Bioc/Html/Edger.Html
https://Bioconductor.Org/Packages/Release/Bioc/Html/Edger.Html
https://Github.Com/Pf2-Pasteur-Fr/Sartools
https://Metascape.Org/Gp/Index.Html
https://doi.org/10.1177/1758835920929583
https://doi.org/10.3389/fimmu.2021.707217
https://doi.org/10.3389/fimmu.2021.707217
https://doi.org/10.1016/j.patter.2021.100293
https://doi.org/10.4049/jimmunol.1103160
https://doi.org/10.1016/j.celrep.2022.111384
https://doi.org/10.3389/fimmu.2025.1529707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Palli et al.

pd-1 therapy. Cancer Immunol Res. (2020) 8:334-44. doi: 10.1158/2326-6066.CIR-
19-0574

46. Lucca LE, Axisa PP, Lu B, Harnett B, Jessel S, Zhang L, et al. Circulating clonally
expanded T cells reflect functions of tumor-infiltrating T cells. ] Exp Med. (2021) 218
(4):¢20200921. doi: 10.1084/jem.20200921

47. Nakamura K, Okuyama R. Changes in the immune cell repertoire for the
treatment of Malignant melanoma. Int ] Mol Sci. (2022) 23(21):12991. doi: 10.3390/
ijms232112991

48. Lozano AX, Chaudhuri AA, Nene A, Bacchiocchi A, Earland N, Vesely MD,
et al. T cell characteristics associated with toxicity to immune checkpoint blockade in
patients with melanoma. Nat Med. (2022) 28:353-62. doi: 10.1038/s41591-021-01623-z

49. Wang Y, Fan JL, Melms JC, Amin AD, Georgis Y, Barrera I, et al. Multimodal
single-cell and whole-genome sequencing of small, frozen clinical specimens. Nat
Genet. (2023) 55:19-25. doi: 10.1038/s41588-022-01268-9

50. PaiJA, Satpathy AT. High-throughput and single-cell T cell receptor sequencing
technologies. Nat Methods. (2021) 18:881-92. doi: 10.1038/s41592-021-01201-8

51. Hoek KS, Schlegel NC, Brafford P, Sucker A, Ugurel S, Kumar R, et al. Metastatic
potential of melanomas defined by specific gene expression profiles with no braf
signature. Pigment Cell Res. (2006) 19:290-302. doi: 10.1111/j.1600-0749.2006.00322.x

52. Hoek KS, Eichhoff OM, Schlegel NC, Dobbeling U, Kobert N, Schaerer L, et al. In
vivo switching of human melanoma cells between proliferative and invasive states.
Cancer Res. (2008) 68:650-6. doi: 10.1158/0008-5472.CAN-07-2491

53. Liu A, Curran MA. Tumor hypermetabolism confers resistance to
immunotherapy. Semin Cancer Biol. (2020) 65:155-63. doi: 10.1016/j.semcancer.
2020.01.009

54. Arozarena I, Wellbrock C. Phenotype plasticity as enabler of melanoma
progression and therapy resistance. Nat Rev Cancer. (2019) 19:377-91. doi: 10.1038/
541568-019-0154-4

55. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al.
Genomic and transcriptomic features of response to anti-pd-1 therapy in metastatic
melanoma. Cell. (2017) 168:542. doi: 10.1016/j.cell.2017.01.010

56. Luond F, Pirkl M, Hisano M, Prestigiacomo V, Kalathur RK, Beerenwinkel N,
et al. Hierarchy of tgfbeta/smad, hippo/yap/taz, and wnt/beta-catenin signaling in
melanoma phenotype switching. Life Sci Alliance. (2022) 5(2):¢202101010.
doi: 10.26508/1sa.202101010

57. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from
tumor initiation to metastatic progression. Genes Dev. (2018) 32:1267-84. doi: 10.1101/
gad.314617.118

58. Bonavita E, Bromley CP, Jonsson G, Pelly VS, Sahoo S, Walwyn-Brown K, et al.
Antagonistic inflammatory phenotypes dictate tumor fate and response to immune
checkpoint blockade. Immunity. (2020) 53:1215-29 e8. doi: 10.1016/j.immuni.
2020.10.020

59. Zelenay S, van der Veen AG, Bottcher JP, Snelgrove KJ, Rogers N, Acton SE, et al.
Cyclooxygenase-dependent tumor growth through evasion of immunity. Cell. (2015)
162:1257-70. doi: 10.1016/j.cell.2015.08.015

60. Guo L, Liu D. Identification of rfx5 as prognostic biomarker and associated with
immune infiltration in stomach adenocarcinoma. Eur | Med Res. (2022) 27:164.
doi: 10.1186/540001-022-00794-w

61. Wang SJ, Khullar K, Kim S, Yegya-Raman N, Malhotra ], Groisberg R, et al.
Effect of cyclo-oxygenase inhibitor use during checkpoint blockade immunotherapy in
patients with metastatic melanoma and non-small cell lung cancer. ] Immunother
Cancer. (2020) 8(2):e000889. doi: 10.1136/jitc-2020-000889

62. Hu H, Kang L, Zhang J, Wu Z, Wang H, Huang M, et al. Neoadjuvant pd-1
blockade with toripalimab, with or without celecoxib, in mismatch repair-deficient or
microsatellite instability-high, locally advanced, colorectal cancer (Picc): A single-
centre, parallel-group, non-comparative, randomised, phase 2 trial. Lancet
Gastroenterol Hepatol. (2022) 7:38-48. doi: 10.1016/52468-1253(21)00348-4

63. Verschoor YL, Berg ], Beets G, Sikorska K, Aalbers A, Lent Av, et al. Neoadjuvant
nivolumab, ipilimumab, and celecoxib in mmr-proficient and mmr-deficient colon
cancers: final clinical analysis of the niche study. J Clin Oncol. (2022) 40:3511-.
doi: 10.1200/JC0O.2022.40.16_suppl.3511

64. Kirkwood JMM, Hoeller C, Grob J-J, Weber ]S, Taube JM, Mohr P, et al.
Association of biomarkers (Bms) with efficacy of adjuvant nivolumab (Nivo) vs placebo
(Pbo) in patients with resected stage iib/C melanoma (Ca209-76k). J Clin Oncol. (2023)
41:9504-. doi: 10.1200/JC0O.2023.41.16_suppl.9504

65. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, et al. Rescue
of exhausted cd8 T cells by pd-1-targeted therapies is cd28-dependent. Science. (2017)
355:1423-7. doi: 10.1126/science.aaf0683

66. Shah K, Al-Haidari A, Sun J, Kazi JU. T cell receptor (Tcr) signaling in health
and disease. Signal Transduct Target Ther. (2021) 6:412. doi: 10.1038/s41392-021-
00823-w

Frontiers in Immunology

17

10.3389/fimmu.2025.1529707

67. Kent A, Longino NV, Christians A, Davila E. Naturally occurring genetic
alterations in proximal tcr signaling and implications for cancer immunotherapy.
Front Immunol. (2021) 12:658611. doi: 10.3389/fimmu.2021.658611

68. Huff WX, Kwon JH, Henriquez M, Fetcko K, Dey M. The evolving role of cd8(+)
Cd28(-) immunosenescent T cells in cancer immunology. Int J Mol Sci. (2019) 20
(11):2810. doi: 10.3390/ijms20112810

69. Esensten JH, Helou YA, Chopra G, Weiss A, Bluestone JA. Cd28 costimulation:
from mechanism to therapy. Immunity. (2016) 44:973-88. doi: 10.1016/
j.immuni.2016.04.020

70. Zhang Q, Vignali DA. Co-stimulatory and co-inhibitory pathways in
autoimmunity. Immunity. (2016) 44:1034-51. doi: 10.1016/j.immuni.2016.04.017

71. Huang AC, Zappasodi R. A decade of checkpoint blockade immunotherapy in
melanoma: understanding the molecular basis for immune sensitivity and resistance.
Nat Immunol. (2022) 23:660-70. doi: 10.1038/s41590-022-01141-1

72. McLane LM, Abdel-Hakeem MS, Wherry EJ. Cd8 T cell exhaustion during
chronic viral infection and cancer. Annu Rev Immunol. (2019) 37:457-95. doi: 10.1146/
annurev-immunol-041015-055318

73. Ziogas DC, Theocharopoulos C, Lialios PP, Foteinou D, Koumprentziotis IA, Xynos
G, et al. Beyond ctla-4 and pd-1 inhibition: novel immune checkpoint molecules for
melanoma treatment. Cancers (Basel). (2023) 15(10):2718. doi: 10.3390/cancers15102718

74. Schillebeeckx I, Earls J, Flanagan KC, Hiken J, Bode A, Armstrong JR, et al. T cell
subtype profiling measures exhaustion and predicts anti-pd-1 response. Sci Rep. (2022)
12:1342. doi: 10.1038/s41598-022-05474-7

75. Jubel JM, Barbati ZR, Burger C, Wirtz DC, Schildberg FA. The role of pd-1 in acute
and chronic infection. Front Immunol. (2020) 11:487. doi: 10.3389/fimmu.2020.00487

76. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al.
Coregulation of cd8+ T cell exhaustion by multiple inhibitory receptors during chronic
viral infection. Nat Immunol. (2009) 10:29-37. doi: 10.1038/ni.1679

77. Beasley GM, Brown MC, Farrow NE, Landa K, Al-Rohil RN, Selim MA, et al.
Multimodality analysis confers a prognostic benefit of a T-cell infiltrated tumor
microenvironment and peripheral immune status in patients with melanoma.
J Immunother Cancer. (2022) 10(9):e005052. doi: 10.1136/jitc-2022-005052

78. Garcia-Diaz A, Shin DS, Moreno BH, Saco J, Escuin-Ordinas H, Rodriguez GA,
et al. Interferon receptor signaling pathways regulating pd-L1 and pd-L2 expression.
Cell Rep. (2017) 19:1189-201. doi: 10.1016/j.celrep.2017.04.031

79. Benci JL, Xu B, Qiu Y, Wu TJ, Dada H, Twyman-Saint-Victor C, et al. Tumor
interferon signaling regulates a multigenic resistance program to immune checkpoint
blockade. Cell. (2016) 167:1540-54 e12. doi: 10.1016/j.cell.2016.11.022

80. Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-regulation
of pd-L1, ido, and T(Regs) in the melanoma tumor microenvironment is driven by cd8
(+) T cells. Sci Transl Med. (2013) 5:200ral16. doi: 10.1126/scitranslmed.3006504

81. von Locquenghien M, Rozalen C, Celia-Terrassa T. Interferons in cancer
immunoediting: sculpting metastasis and immunotherapy response. J Clin Invest.
(2021) 131(1):e143296. doi: 10.1172/JCI143296

82. Yu H, Pardoll D, Jove R. Stats in cancer inflammation and immunity: A leading
role for stat3. Nat Rev Cancer. (2009) 9:798-809. doi: 10.1038/nrc2734

83. Avalle L, Camporeale A, Camperi A, Poli V. Stat3 in cancer: A double edged
sword. Cytokine. (2017) 98:42-50. doi: 10.1016/j.cyt0.2017.03.018

84. Holzgruber J, Martins C, Kulcsar Z, Duplaine A, Rasbach E, Migayron L, et al.
Type I interferon signaling induces melanoma cell-intrinsic pd-1 and its inhibition
antagonizes immune checkpoint blockade. Nat Commun. (2024) 15:7165. doi: 10.1038/
541467-024-51496-2

85. Lucas MW, Versluis JM, Rozeman EA, Blank CU. Personalizing neoadjuvant
immune-checkpoint inhibition in patients with melanoma. Nat Rev Clin Oncol. (2023)
20:408-22. doi: 10.1038/s41571-023-00760-3

86. Blank CU, Lucas MW, Scolyer RA, van de Wiel BA, Menzies AM, Lopez-Yurda
M, et al. Neoadjuvant nivolumab and ipilimumab in resectable stage iii melanoma.
N Engl ] Med. (2024) 391:1696-708. doi: 10.1056/NEJMo0a2402604

87. Reijers ILM, Menzies AM, Lopez-Yurda M, Versluis JM, Rozeman EA, Saw
RPM, et al. Impact of personalized response-directed surgery and adjuvant therapy on
survival after neoadjuvant immunotherapy in stage iii melanoma: comparison of 3-year
data from prado and opacin-neo. Eur J Cancer. (2025) 214:115141. doi: 10.1016/
jejca.2024.115141

88. Saevarsson T, de Lomana ALG, Sanchez O, van Esch V, Ragnarsson GB,
Brynjolfsson SF, et al. Differentiation status determines the effects of ifngamma on
the expression of pd-L1 and immunomodulatory genes in melanoma. Cell Commun
Signal. (2024) 22:618. doi: 10.1186/s12964-024-01963-6

89. Liu X, Hartman CL, Li L, Albert CJ, Si F, Gao A, et al. Reprogramming lipid
metabolism prevents effector T cell senescence and enhances tumor immunotherapy.
Sci Transl Med. (2021) 13(587):eaaz6314. doi: 10.1126/scitranslmed.aaz6314

frontiersin.org


https://doi.org/10.1158/2326-6066.CIR-19-0574
https://doi.org/10.1158/2326-6066.CIR-19-0574
https://doi.org/10.1084/jem.20200921
https://doi.org/10.3390/ijms232112991
https://doi.org/10.3390/ijms232112991
https://doi.org/10.1038/s41591-021-01623-z
https://doi.org/10.1038/s41588-022-01268-9
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1111/j.1600-0749.2006.00322.x
https://doi.org/10.1158/0008-5472.CAN-07-2491
https://doi.org/10.1016/j.semcancer.2020.01.009
https://doi.org/10.1016/j.semcancer.2020.01.009
https://doi.org/10.1038/s41568-019-0154-4
https://doi.org/10.1038/s41568-019-0154-4
https://doi.org/10.1016/j.cell.2017.01.010
https://doi.org/10.26508/lsa.202101010
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1016/j.immuni.2020.10.020
https://doi.org/10.1016/j.immuni.2020.10.020
https://doi.org/10.1016/j.cell.2015.08.015
https://doi.org/10.1186/s40001-022-00794-w
https://doi.org/10.1136/jitc-2020-000889
https://doi.org/10.1016/S2468-1253(21)00348-4
https://doi.org/10.1200/JCO.2022.40.16_suppl.3511
https://doi.org/10.1200/JCO.2023.41.16_suppl.9504
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1038/s41392-021-00823-w
https://doi.org/10.1038/s41392-021-00823-w
https://doi.org/10.3389/fimmu.2021.658611
https://doi.org/10.3390/ijms20112810
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1016/j.immuni.2016.04.017
https://doi.org/10.1038/s41590-022-01141-1
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.3390/cancers15102718
https://doi.org/10.1038/s41598-022-05474-7
https://doi.org/10.3389/fimmu.2020.00487
https://doi.org/10.1038/ni.1679
https://doi.org/10.1136/jitc-2022-005052
https://doi.org/10.1016/j.celrep.2017.04.031
https://doi.org/10.1016/j.cell.2016.11.022
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1172/JCI143296
https://doi.org/10.1038/nrc2734
https://doi.org/10.1016/j.cyto.2017.03.018
https://doi.org/10.1038/s41467-024-51496-2
https://doi.org/10.1038/s41467-024-51496-2
https://doi.org/10.1038/s41571-023-00760-3
https://doi.org/10.1056/NEJMoa2402604
https://doi.org/10.1016/j.ejca.2024.115141
https://doi.org/10.1016/j.ejca.2024.115141
https://doi.org/10.1186/s12964-024-01963-6
https://doi.org/10.1126/scitranslmed.aaz6314
https://doi.org/10.3389/fimmu.2025.1529707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Transcriptomic signatures in peripheral CD4+T-lymphocytes may reflect melanoma staging and immunotherapy responsiveness prior to ICI initiation
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Human subjects-assessment of response
	2.3 Blood sample collection
	2.4 Flow Cytometry immunophenotyping and gating strategy
	2.5 Fluorescent-activated cell sorting of CD4+T-cell subpopulation
	2.6 Isolation of RNA and 3&prime; RNA sequencing
	2.7 Differential expression analysis and gene ontology enrichment analysis of bulk RNA sequencing data

	3 Results
	3.1 Patients groups
	3.2 Immunophenotyping profile of peripheral blood immune cells in melanoma patients according to their stage and their RFS/PFS
	3.3 Transcriptomic signatures of peripheral CD4+T-cells in patients with stage III and IV melanoma
	3.4 Transcriptomic signatures of peripheral CD4+T-cells in long responders and early progressors to ICIs
	3.5 Integration of molecular signatures defining melanoma staging and ICI effects

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


