communications medicine

Article

A Nature Portfolio journal

https://doi.org/10.1038/s43856-026-01629-z

Circulating EV-microRNAs are dynamic
biomarkers of resistance to therapeutic
immunomodulation in metastatic

melanoma

% Check for updates

Elena Splendiani ® ', Zein Mersini Besharat ® 2, Claudia Sabato®'%, Teresa Maria Rosaria Noviello?,
Maria Fortunata Lofiego*®, Vincenzo D’Alonzo ® %, Monica Valente®*, Laura Solmonese®, Alessia Covre®,
Sandra Coral®, Francesca Pia Caruso ®°%’, Tanja Milena Autilio’, Ines Simeone®, Agnese Po°,

Anna Citarella®, Giuseppina Catanzaro'®, Roberta Mortarini® "', Andrea Anichini ® ', Michele Maio ®*%,

Michele Ceccarelli® 2, Anna Maria Di Giacomo ®*°[< & Elisabetta Ferretti®'

Abstract

Plain language summary

Background Melanoma is the most aggressive skin cancer, with a50% five-year mortality in
metastatic or unresectable cases. Non-invasive biomarkers are crucial for guiding
treatment. MicroRNAs (miRNAs), especially those encapsulated in extracellular vesicles
(EVs), are stable in plasma and hold promise as biomarkers.

Methods This study analyzed EV-associated miRNAs (EV-miRNAs) from 50 blood samples
of 18 stage llI-IV melanoma patients treated with anti-CTLA-4 immunotherapy and a DNA
hypomethylating agent. Samples were collected at baseline, week 4, and week 12. Patients
were classified as responders (R) or non-responders (NR).

Results A baseline signature of four EV-miRNAs predicted primary resistance. Treatment
altered 15 EV-miRNAs at week 4 and 51 at week 12; nine were consistently modulated. At
week 12, 27 EV-miRNAs differed between NR and R, with miR-1203 and miR-566-3p up-
regulated in NR, linked to resistance and poor survival.

Conclusions These results highlight EV-miRNAs as non-invasive biomarkers for predicting
and monitoring therapy response.

In recent years, microRNAs (miRNAs) have gained prominence as bio-
markers for monitoring therapeutic responses in cancer due to their reg-
ulatory roles in cellular processes and their ability to reflect disease states,
particularly in complex malignancies, such as advanced melanoma'”.

This study aimed to develop easy and minimally
invasive methods to predict and monitor how
patients with advanced melanoma respond to
immunotherapy and epigenetic treatments.
Melanoma is a serious and often deadly skin
cancer, and better tools are needed to guide
treatment decisions. The researchers studied
microRNAs, small molecules found in particles
in the blood, from melanoma patients before
and during treatment. They found specific
microRNAs that can predict which patients may
not respond to therapy. These blood-based
microRNA biomarkers could help physicians to
personalize the treatments, leading to more
effective care and better outcomes for patients
in the future.

In fact, despite the progress achieved in advanced melanoma treatment
with innovative therapies, such as immunotherapy, challenges remain since
a significant subset of patients either fail to respond or eventually develop

4-6

resistance to these therapies™".
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Identifying reliable biomarkers to predict and monitor therapeutic
responses is critical for enhancing clinical management and personalizing
treatment strategies for these patients.

In this study, we employed liquid biopsy as a noninvasive sampling
method to identify precise EV-miRNAs as biomarkers of therapeutic
response in advanced melanoma (stage III-IV), and specifically, we ana-
lyzed miRNAs encapsulated in extracellular vesicles (EV-miRNAs)"".

Our analysis focused on a cohort of advanced melanoma patients
enrolled in the phase Ib NIBIT-M4 study (NCT02608437), who received a
combination therapy of the monoclonal antibody anti-CTLA-4 (ipilimu-
mab) and the DNA hypomethylating agent (DHA), guadecitabine.

We analyzed plasma samples collected both before and during treat-
ment to assess EV-miRNAs modulated throughout therapy. This approach
enabled the identification of EV-miRNAs associated with both primary and
acquired therapeutic resistance.

Overall, our findings demonstrate that circulating EV-miRNAs serve
as biomarkers to predict and monitor therapeutic immunomodulation
response in advanced melanoma.

Methods

Ethics approval

Ethical approval for the parent clinical trial and for the present translational
study was obtained from the University Hospital of Siena (Siena, Italy) and
Sapienza University of Rome. The phase Ib NIBIT-M4 trial of guadecitabine
plus ipilimumab in unresectable/metastatic melanoma was conducted
under the authorization of the University Hospital of Siena (European
Union Drug Regulating Authorities Clinical Trials number 2012-004301-
27; ClinicalTrials.gov Identifier NCT02608437 registration date: 2015-11-
13), and the results of the trial have been published in refs. 10,11. The
evaluation of the circulating microRNA study reported here was further
approved by the Ethics Committee of Sapienza University of Rome (Ethics
Committee number 5943). All studies were conducted in accordance with
the Declaration of Helsinki 1964 and its later amendments. All participating
patients and subjects provided signed informed consent before enrollment.

Discovery cohort
We collected all available plasma samples from patients enrolled in the
phase I NIBIT-M4 study conducted at the Center for Immuno-Oncology in
Siena, ClinicalTrials.gov Identifier: NCT02608437". The cohort consisted
of 18 patients with unresectable metastatic melanoma (stages I1I-IV), and
samples were collected at three time points. Patients received DHA (gua-
decitabine) at escalating doses following a 3 + 3 dose-escalation design, with
doses of 30,45, or 60 mg/m” administered on days 1-5 during weeks, week 0
(W0), W3, W6, and W9. Immunotherapy (Ipilimumab) was administered
at 3 mg/kg during weeks W4, W7, and W10. Tumor responses to immu-
notherapy were evaluated at baseline (W0) and subsequently at W12.
Plasma samples were collected at baseline (W0) and at W4 and W12,
resulting in a total of 50 plasma samples. It should be noted that four patients
did not reach the W12 timepoint. This cohort served as the discovery cohort
for our study (Table 1).

Validation cohort

To validate the EV-miRNAs identified as primary resistance biomarkers for
the combination therapy, an independent cohort of 8 metastatic melanoma
patients treated with ipilimumab monotherapy (4 R and 4 NR) was used.
Serum samples were collected from these patients before therapy, and EVs
were isolated using the same extraction protocol employed for the main
cohort. The levels of 7 predictive EV-miRNAs were quantified using droplet
digital PCR (ddPCR). Details of the validation cohort are provided in
Table 2.

EV isolation and RNA extraction

Blood samples were collected in EDTA tubes and processed within 30 min
to isolate plasma. The EVs were isolated using the polymer precipitation
method (Cat# EQULTRA-20A-1 System Biosciences SBI, Palo Alto, CA)

Table 1 | Discovery cohort

Patient Week Week Week BOR Gender BRAF M
ID (1] 4 12 status  stage
n=18 n=18 n=14
MM_001 X X X PD F MUT M1ic
MM_002 X X X PD M MUT M1a
MM_003 X X X CR M NA M1a
MM_004 X X X PR M WT M1a
MM_005 X X - CR M WT nic
MM_006 X X - PD M MUT M1a
MM_007 X X X PD M WT lnic
MM_008 X X X PD M MUT M1ic
MM_011 X X X SD M WT Mia
MM_012 X X X SD F WT Mia
MM_013 X X X PD F WT Mia
MM_014 X X X PR M WT M1c
MM_015 X X X PD M WT M1c
MM_016 X X X PD M WT M1b
MM_017 X X X SD M WT M1ic
MM_018 X X X PR M MUT M1a
MM_020 X X - PD M WT M1a
MM_021 X X - PD M WT M1a

Overview of clinical characteristics of the NIBIT-M4 cohort screened for EV-miRNAs expression. It
includes the number of participants evaluated at each time point, categorized by best overall
response (BOR) as progression disease (PD), stable disease (SD), partial response (PR), and
complete response (CR), according to irRC criteria. Additionally, the table presents data on gender
(female and male), BRAF V600 mutation status: BRAF mutated (MUT) and BRAF wild type (WT), and
disease stage (M stage).

Table 2 | Validation cohort

Gender

Male 4 (50.0%)
Female 4 (50.0%)
BOR

PR 2 (25%)
SD 1(12.5%)
CR 1(12.5%)
PD 4 (50.0 %)

Overview of clinical characteristics of the validation cohort screened for seven EV-miRNAs
biomarkers of primary resistance. Best overall response (BOR), progression disease (PD), partial
response (PR), and complete response (CR).

plus thrombin pre-clearing Cat# TMEXO-1, System Biosciences SBI, Palo
Alto, CA) as previously described'%.

Transmission electron microscopy (TEM) of EVs was performed as
previously described"’. Briefly, EVs were fixed in 4% paraformaldehyde and
adsorbed on formvar-carbon-coated copper grids. The grids were then
incubated in 1% glutaraldehyde for 5 min, washed with deionized water
eight times, and then negatively stained with 2% uranyl oxalate (pH 7) for
5 min and methyl cellulose/uranyl for 10 min at 4 °C. Excess methyl cellu-
lose/uranyl was blotted off, and the grids were air-dried and observed in
TEM (Morgagni 268D, Philips Electronics, Eindhoven, The Netherlands) at
an accelerating voltage of 80 kV. Digital images were taken with Mega View
imaging software.

The particle size distribution and concentration of purified EVs from
plasma samples of melanoma patients were determined by exoid tunable
resistive pulse sensing measurement system (Izon Science, USA) and
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analyzed with Izon Control Suite Software (version 1.0.2.32). To determine
the particle concentration, for each sample, an average of 500 particles were
counted and compared with the size and concentration reference calibration
particles (Izon Science, USA). A 150 nm polyurethane nanopore membrane
(Izon Science, USA) was stretched at 47 mm by applying the pressure at
300 Pa and voltage at 700 mV. Western blot analysis of EV's was performed,
reporting positive staining for the canonical vesicle markers (HSP70,
TSG101,CD63 and CD81) and absence of the intracellular marker calnexin,
as described in ref. 12.

For RNA isolation, the EVs were processed using the Maxwell RSC
miRNA Plasma and Serum Kit (Cat# AS1680, Promega). To evaluate RNA
extraction efficiency, a synthetic spike-in (Ath-miR-159a) was added to the
samples post-lysis to achieve a final concentration of 4 pM.

Extraction efficiency was assessed by real-time PCR (RT-qPCR) for the
spike-in control, using a mean Ct value of 23 as the threshold for successful
extraction.

EV-miRNAs Profiling Analysis

Samples were profiled using the RT-qPCR panel of 754 miRNAs on Taq-
Man Advanced miRNA Human A and B Cards (Cat# A31805; Thermo-
Fisher Scientific, Rockford, USA). Data were preprocessed by cleaning,
filtering, and normalizing the expression levels (HTqPCR package, Bio-
conductor http://www.r-project.org/).

Cycle thresholds (Ct) classified as “undetermined” were assigned to the
value of Ct = 40, and EV-miRNAs with Ct values > 33 were considered not
expressed and were excluded from further analysis. Only EV-miRNAs with
Ct values<33 were deemed informative (as per manufacturer’s
recommendation") and included in subsequent expression analysis. The
norm.Rank invariant method was applied for normalization. DE analysis of
EV-miRNAs was conducted using normalized data, calculating the delta-
delta Ct (ddCT) method and expressing the fold change as 2%“". EV-
miRNAs with a fold change >|2| and a p < 0.05 were considered DE. The p-
value was calculated using the Wilcoxon-Mann-Whitney test.

EV-miRNAs signature in internal validation cohort by droplet
digital PCR

Seven EV-miRNAs were analyzed in an independent internal validation
cohort, as described above (Table 2). EV-miRNAs levels were quantified
using ddPCR (Bio-Rad Laboratories, Hercules, CA). A universal reverse
transcription was performed for each sample starting from 2 pl of RNA using
TagMan™ Advanced miRNA c¢DNA Synthesis Kit (Cat# A28007, Applied
Biosystem) with miR-Amp reaction step, following manufacturer instruc-
tions. Then ddPCR was performed following the manufacturer instruction.
MiRNA assays ID: 479018_mir hsa-miR-548b-3p; ID: 479075_mir hsa-miR-
592-5p; ID: 478486_mir hsa-miR-199b-5p; ID: 479224 mir hsa-miR-99a-
3p; ID: 477942_mir hsa-miR-188-3p; ID: 477910_mir hsa-miR-142-3p; ID:
478138_mir hsa-miR-497-5p; ThermoFisher Scientific).

Statistical analysis
Statistical analyses on DE EV-miRNAs were conducted using R or Python
programming environment. The Wilcoxon Mann-Whitney test was
applied, and results were considered statistically significant when p-values
were <0.05. For additional statistical tests, including the ddPCR, GraphPad
Prism software (Version 8.3, La Jolla, California, USA) was used. In detail,
the Wilcoxon Mann-Whitney test was also employed to compare EV-
miRNAs levels between experimental groups, with statistical significance
defined as p < 0.05. The receiver operating characteristic (ROC) analyses for
the discovery and validation cohorts were performed using different com-
binations of the 7 EV-miRNAs signature of primary resistance. The com-
bination of microRNAs that provided the best performance in terms of
AUC in both cohorts was selected.

Count per million expression profiles of the 7 EV-miRNAs signature of
primary resistance were retrieved from the FANTOMS5 database for cell type
enrichment.

Both KEGG and GO (biological process) data from miRPath v.4 were
used in the target enrichment analysis'*. The following parameters were
used: validated miRNA target genes selected from Tarbase v8.0, selected
miRNA annotation from miRbase v22.1, gene union as merging method,
Classical analysis, FDR correlation, p-value threshold 0.05.

For miR-1203 and miR-556-3p multivariate COX proportional hazard
model analysis, ROC and Kaplan-Meier analyses were performed in R using
packages survivalROC, survminer, survival and ggplot2. Visualization of
data was performed in Python environment using the Seaborn and Mat-
plotlib packages.

Results

EV-miRNAs profiling

Considering the growing need for effective and minimally invasive bio-
markers to monitor therapy response, we collected and analyzed 50 blood
samples from 18 patients with advanced melanoma (stages Il and IV), who
participated in the phase Ib NIBIT-M4 clinical trial and were broadly
characterized for different molecular aspects'®''. Samples were collected at
three time points: baseline (week 0), week 4, and week 12 (end of treatment).
The study workflow is summarized in Fig. 1.

At the end of treatment, clinicians evaluated patients and assessed the
therapy response using computed tomography (CT) scans based on the
immune-related response criteria (irRC): progression of disease (PD), stable
disease (SD), partial response (PR), and complete response (CR). Eight
patients (44.5%)—SD, PR, CR—were classified as responders (R), while 10
patients PD (55.5%) were classified as nonresponders (NR). Patients’ fea-
tures details are reported in Table 1.

EVs were isolated and characterized as described in Sabato et al.’?,
resulting in multiple vesicles with a round-shaped morphology, a diameter
of 100-400 nm and positive staining for vesicle markers (data not shown).

During RNA extraction, we introduced an exogenous miRNA as spike-
in control: Ath-miR-159a and quantified its expression level to determine
successful extractions. Two samples with Ct values exceeding 23 were
excluded from further analysis (Supplementary Fig. 1a).

We then evaluated levels of EV-miRNAs expressions in the remaining
48 samples, and 526 EV-miRNAs were found to be consistently expressed
(Supplementary Data 1).

EV-miRNAs profiling before therapy

We first investigated EV-miRNAs profiles of patients before therapy (week
0) and conducted a supervised analysis, comparing profiles from NR and R
patients.

We were able to identify in NR patients 7 EV-miRNAs differentially
expressed (DE) at the baseline, 3 up-regulated (miR-142-3p, miR-497-5p,
and miR-188-3p) and 4 down-regulated (miR-548-3p, miR-99a-3p, miR-
199-5p, and miR-592) (Fig. 2a and Supplementary Data 2).

To further explore the cellular origin of these EV-miRNAs, we queried
the FANTOMS5 database and examined the distribution of these EV-
miRNAs across different cell types. As it is shown in Fig. 2b, the hierarchical
clustering of immune and stromal cell populations revealed two primary
clusters enriched with these EV-miRNAs. The first cluster predominantly
consisted of immune cells, including NK cells, T cells, monocytes, and
neutrophils, with miR-142-3p, miR-548b-3p, and miR-188-3p particularly
enriched.

The second cluster was more heterogeneous and divided into two
subgroups: one includes microenvironmental cells such as melanocytes,
keratinocytes, endothelial cells, adipocytes, mesenchymal cells, and fibro-
blasts, with miR-497-5p and miR-99a highly expressed in endothelial cells
and adipocytes, while miR-199b-5p was enriched in mesenchymal cells and
fibroblasts.

A subgroup of the second cluster consisted of stem cells, with high
expression of miR-592. These results allowed us to identify a set of EV-
miRNAs that are specific of NR patients and can derive from different cell
types, including immune cells.
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Fig. 1| Workflow of the phase 1b NIBIT-M4 clinical study and EV-miRNAs profile. Blood samples were collected from patients with advanced melanoma (stages IIl and
IV) at three time points: week 0, week 4, and week 12. EVs were isolated from plasma, and associated miRNAs were analyzed.
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Fig. 2 | EV-miRNAs signature to predict primary resistance. a Volcano plot
illustrates 7 EV-miRNAs DE between NR and R patients prior to treatment. The
x-axis shows the log, fold change, while the y-axis represents the -log10(p-value).
Grey dots correspond to all EV-miRNAs analyzed, while highlighted light blue dots
represent the statistically significant DE EV-miRNAs (p < 0.05 and fold change >|2|).

b Heatmap showing average miRNAs expression across cell types from the FAN-
TOMS project. Each row represents a miRNA, and columns denote cell types with
hierarchical relationships between cells (columns) and miRNAs (rows). Color
intensity reflects miRNA expression (log, Z-score).

EV-miRNAs biomarker of primary resistance: miR-497-5p, miR-
99a-3p, miR-592, and miR-548b-3p

We confirmed the 7 EV-miRNAs biomarkers of primary resistance, ori-
ginally identified in the discovery cohort, in a validation cohort of 8 patients
treated with ipilimumab monotherapy. This new cohort consists of four R

and four NR patients, for whom only serum samples were available
(Table 2).

Using ddPCR, we evaluated whether the baseline expression levels of
these EV-miRNAs could differentiate between patients classified as R or NR
patients at the end of treatment according to irRC.
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Fig. 3 | Validation of EV-miRNAs signature to predict resistance to immu-
notherapy. a Absolute quantification of the 7 EV-miRNAs signature of primary
resistance in an independent cohort of metastatic melanoma patients treated with
anti-CTLA4 only, using ddPCR. MiRNAs up-regulated (upper panel) and down-
regulated (lower panel) in NR versus R. Statistical significance was determined using
an unpaired t-test. b ROC Curve analysis of primary resistance EV-miRNAs

signature (MiR-497-5p, miR-99a-3p, miR-592-5p, and miR-548b-3p) in the vali-
dation cohort. ¢ Barplot of top 10 significantly enriched pathways for the 4 EV-
miRNAs signature, computed as gene union for up-regulated (green) and down-
regulated (red) EV-miRNAs in NR vs. R. p < 0.05 (*) were considered statistically
significant. NR nonresponder, R responder, ROC receiver operating characteristic,
ddPCR droplet digital PCR, bp biological process.

Among all, miR-497-5p showed significantly higher levels in NR
compared to R (Fig. 3a and Supplementary Data 3).

Although the expression patterns of all down-regulated EV-miRNAs
were consistent with the findings from the NIBIT-M4 cohort, none of them
reached statistical significance individually.

To further assess the predictive value of the identified EV-miRNAs
signature, we performed ROC curve analysis on both discovery and vali-
dation cohorts.

The best value of area under the curve (AUC) was reached combining
miR-497-5p with miR-99a-3p, miR-592, and miR-548b-3p, indicating a
predictive performance of AUC=0.8 in the discovery (Supplementary
Fig. 1b) and AUC =0.94 (Fig. 3b) in the validation cohort.

To investigate the biological functions of the validated EV-miRNA
signature in melanoma, pathway enrichment analysis using the validated
target genes of the selected miRNA was performed, revealing significant
associations with key tumorigenic pathways. EV-miRNAs down-regulated
in NR were strongly linked to pathways promoting tumor growth, such as
cell cycle regulation and Hippo signaling, suggesting a potential loss or
attenuation of their tumor-suppressive role in these patients. Conversely,
EV-miRNAs up-regulated in NR were associated with apoptotic and
metabolic regulation pathways, including mTOR and p53, indicating acti-
vation of adaptive mechanisms that may contribute to tumor resistance.
These findings highlight a dual functional role of EV-miRNAs in mela-
noma, where differential modulation reflects both tumor progression and

cellular survival processes, providing critical insights for targeted ther-
apeutic strategies (Fig. 3c and Supplementary Data 4).

Collectively, the results proposed the EV-miRNAs signature as a
valuable predictor of ipilimumab resistance in patients with advanced
melanoma.

Therapy-modulated EV-miRNA signature

To evaluate whether EV-miRNAs expression levels were modulated during
treatment, we performed DE analysis at on-treatment time points relative to
baseline (week 0). At week 4, 15 EV-miRNAs were DE, with 7 down-
regulated and 8 up-regulated (Fig. 4a and Supplementary Data 5).

By week 12, the number increased significantly to 51, including 29
down-regulated and 22 up-regulated EV-miRNAs (Fig. 4b and Supple-
mentary Data 5).

We next assessed those EV-miRNAs that were modulated in the two
post-treatment time points. Notably, nine EV-miRNAs (miR-150-3p, miR-
576-5p, miR-26b-3p, miR-34a-5p, miR-556-3p, miR-1183, miR-1203, miR-
604, and miR-892a) were consistently dysregulated at both week 4 and week
12 (Fig. 4c and Supplementary Fig. 1c).

The validated target gene enrichment analysis of the nine EV-miRNAs
reveals their involvement in key melanoma-associated signaling pathways,
including MAPK, PI3K-AKT, p53 pathways, and cell cycle regulation,
which are central to tumor growth and survival. Importantly, the targets of
the up-regulated EV-miRNAs are significantly enriched in pathways related
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not only to melanoma progression but also to hematopoietic processes, such
as megakaryocyte differentiation and immune responses, including neu-
trophil extracellular trap formation (Fig. 4c and Supplementary Data 6).
These findings underscore a complex and multifaceted role of EV-miRNAs
in orchestrating melanoma pathogenesis, impacting both intrinsic tumor
cell programs and the modulation of the tumor microenvironment.

Of note, among the EV-miRNAs significantly down-regulated at week
12, we identified two previously reported melanoma-specific diagnostic EV-
miRNAs, miR-1203 and miR-507".

These findings suggest that dynamic on-treatment changes in EV-
miRNAs reflect the effects of therapy and offer valuable insights into the
underlying treatment mechanisms.

EV-miRNAs are biomarkers of acquired resistance associated
with reduced progression-free and overall survival
To evaluate the potential association of EV-miRNAs with therapeutic
outcomes, we performed a supervised DE analyses of EV-miRNA profiles
between NR and R at week 12. Asillustrated in the volcano plot (Fig. 5a), this
analysis led to the identification of 27 EV-miRNAs, of which 7 were down-
regulated and 20 up-regulated in NR compared to R (Supplementary
Data 2). Among these, only two EV-miRNAs (miR-1203 and miR-556-3p)
showed modulation at week 4 and week 12, one of which is miR-1203, a
diagnostic biomarker of melanoma'” (Fig. 5b).

These findings suggest that the identified EV-miRNAs may serve as
potential biomarkers of acquired resistance. Their early modulation,

observed as soon as 4 weeks post-treatment, highlights their utility for
prognostic assessments and follow-up evaluations.

To explore the potential role of miR-1203 and miR-556-3p as bio-
markers for predicting treatment failure, we analyzed their expression
dynamics over time in the NIBIT-M4 trial cohort.

As shown in Fig. 6a and Supplementary Fig. 2a, b, expression trends
for these EV-miRNAs were concordant across most patients, with clearer
patterns emerging upon analysis of average expression levels. To evaluate
their predictive potential, we applied a multivariate Cox proportional
hazards model based on progression-free survival (PES) and the expres-
sion levels of miR-1203 and miR-556-3p at week 12. The resulting ROC
curve exhibits an AUC = 0.87 and a p-value of 0.001 (Fig. 6b). Using this
model, we performed Kaplan-Meier survival analysis by stratifying
patients into risk groups defined by the expression levels of the two EV-
miRNAs. This analysis revealed that higher expression of both miR-1203
and miR-556-3p was significantly associated with shorter PFS over an 80-
month follow-up period (Fig. 6¢). A similar approach was applied to
overall survival (OS) data. The resulting ROC curve yielded an AUC of
0.82 and a p-value of 0.043 (Fig. 6d). Kaplan—-Meier analysis using the
same EV-miRNA-defined risk groups confirmed that elevated expression
of both EV-miRNAs was significantly associated with reduced OS (Fig. 6e
and Supplementary Data 7). Notably, both models closely mirrored the
Kaplan-Meier curves obtained using OS data (Supplementary Fig. 2c) and
PES data (Supplementary Fig. 2d) when stratified by treatment response
status (responder or nonresponder).
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These findings underscore the prognostic value of miR-1203 and miR-
556-3p in predicting therapeutic outcomes in metastatic melanoma treated
with combined therapy of immune checkpoint blockage, with potential for
early relapse monitoring at 4 weeks post-treatment.

Discussion

Liquid biopsy presents distinct advantages for late-stage patients by cir-
cumventing the need for traditional, often invasive tissue biopsies, which
can be particularly burdensome and sometimes unfeasible in advanced
stages®"”.

In this context, miRNAs provide a comprehensive view of pathological
states and can highlight disease-specific alterations, since they serve as fine
regulators of cellular state. Their expression may reveal changes in cellular
differentiation and regulatory pathways, making them highly specific and
informative biomarkers in advanced melanoma'*'".

Of note, EVs selectively package miRNAs that mirror the state of their
cells of origin and protect them from circulating nucleases, thereby
increasing their half-life and assay reproducibility in blood, thus showing
better biomarker potential and diagnostic performance when compared to
circulating free miRNA"".

We therefore performed EV-miRNA profiling in order to (i) capture
vesicle-enriched, disease-related miRNA signals that might be diluted in
whole plasma, and (ii) exploit the greater biochemical stability conferred by
vesicle encapsulation, which can improve robustness and clinical translat-
ability of circulating miRNA biomarkers.

This study underscores the potential of EV-miRNAs as biomarkers for
predicting both primary and acquired responses to therapies involving
immune checkpoint inhibitors (ICI) and DHA. DHAs have been shown to
enhance the efficacy of various immunotherapeutic agents, making them
promising adjuncts in combination therapy approaches'*""**".

The NIBIT-M4 clinical trial enabled us to evaluate EV-miRNAs and
identify biomarkers of primary and acquired resistance in a well char-
acterized cohort of patients'*", addressing a disease where lack of bio-
markers remains a challenge. The strength of this study, as well as its
primary limitation, lies in the uniqueness of this patient cohort. Given that
this was an exploratory clinical trial investigating a novel combination
therapy, guadecitabine plus ipilimumab, no independent cohorts with the
same treatment are currently available. This limited the ability to validate the
identified EV-miRNAs post-therapy in an external cohort. Nevertheless, we

investigated whether the identified signature might be applicable to patients
undergoing ipilimumab monotherapy.

We identify a signature of EV-miRNAs capable of distinguishing, at
baseline, patients who are likely to exhibit therapy resistance (Table 3). Of
note, evaluation of the immunophenotype of the NR and R patients did not
provide evidence regarding the EV-miRNAs origin, and in vitro experi-
ments in primary melanoma cells lines treated with guadecitabine allowed
us only to hypothesize that the seven EV-miRNAs are more likely to be of
stromal or immune origin (data not shown).

Investigating the origin of the EV-miRNAs with technologies that track
EVs and simultaneously allow the evaluation of miRNA expression could
shed light on their functional mechanism and potential involvement of these
EV-miRNAs in tumor and immune microenvironment cells, underscoring
their impact in shaping therapeutic responses and outcomes™'.

To reinforce the biological significance of the EV-miRNAs primary
resistance signature, we re-analyzed transcriptional data from the same
cohort of patients’'. We explored the enriched pathways of the DE genes in
NR compared to R patients and evaluated whether they converged to the
seven EV-miRNAs enriched pathways (Supplementary Data 8 and 9).
Fourteen pathways were associated to cell cycle regulation among the top-
enriched pathways in NR patients, supporting the link to pathways pro-
moting tumor growth that we observed with the EV-downregulated
miRNA-enriched pathways. Five apoptotic and nine metabolic pathways
were among the bottom enriched pathways, lending support to the EV up-
regulated miRNAs enriched pathways in NR that indicated activation of
adaptive mechanisms that may contribute to tumor resistance.

Among the seven EV-miRNAs, the predictive value of four key EV-
miRNAs (miR-497-5p, miR-99a-3p, miR-592, and miR-548b-3p) was
validated in an independent cohort treated with ipilimumab monotherapy,
achieving a remarkable predictive performance (AUC = 0.94) (Table 3).

The validation, which used serum samples from monotherapy-treated
patients and employed ddPCR—a different technology from the discovery
cohort—lends support on the use of these EV-miRNAs as biomarkers, as
reflected in their higher performance.

All four EV-miRNAs have been previously described as being involved
in melanoma™ . MiR-497-5p, up-regulated in NR patients compared to R,
is a highly conserved miRNA previously associated with immune evasion
and anti-PD-1 resistance in hepatocellular carcinoma and colorectal
cancer”””. Its association with primary resistance to ICI in melanoma may
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involve dysregulation of apoptotic and metabolic pathways, as suggested by
target enrichment analysis. MiR-99a-3p and miR-548b, down-regulated in
NR compared to R, were strongly associated with pathways promoting
tumor growth, including cell cycle regulation and Hippo signaling, sug-
gesting a potential loss or attenuation of their tumor-suppressive roles.

Notably, while previously linked to therapy resistance in non-ICI contexts
across various tumor types, these miRNAs have also been implicated in the
regulation of immune functions” . Further investigation of the validated
target genes of the down-regulated EV-miRNAs (miR-497-5p, miR-99a-3p,
miR-592, and miR-548b-3p) composing the primary resistance signature
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Table 3 | EV-miRNAs signatures of therapy response

4 EV-miRNAs biomarkers of primary Expression levels NR vs.

resistance R (WO0)
miR-497-5p Up-regulated
miR-548-3p Down-regulated
miR-99a-3p Down-regulated
miR-592 Down-regulated

9 EV-miRNAs DE during treatment Expression levels W4 / W12

vs. WO

miR-576-5p Down-regulated
miR-150-3p Down-regulated
miR-1183 Down-regulated
miR-604 Down-regulated
miR-892a Down-regulated
miR-1203 Down-regulated
miR-26b-3p Up-regulated
miR-34a-5p Up-regulated
miR-556-3p Up-regulated

2 EV-miRNAs biomarkers of secondary
resistance and DE during treatment

miR-1203
miR-556-3p

Expression levels NR vs.
R (W12)
Up-regulated

Up-regulated

Schematic summary of EV-miRNAs signatures associated with therapy response in metastatic
melanoma patients treated with DHA + anti-CTLA4.

revealed six up-regulated genes in NR patients compared to R, also reported
as highly expressed in other cancers and linked to therapy resistance
(Supplementary Table 1).

Our findings suggest that the predictive utility of the primary resistance
signature is associated to immunotherapy. Our data show that boosting
immunotherapy with DHA does not have a direct impact in the primary
resistance EV-miRNA signature.

In this study, we also identified 9 EV-miRNAs (miR-150-3p, miR-576-
5p, miR-26b-3p, miR-34a-5p, miR-556-3p, miR-1183, miR-1203, miR-604,
and miR-892a) that were consistently deregulated at both post-treatment
time points, suggesting a therapy-modulated EV-miRNA signature
(Table 3).

Among targets regulated by those EV-miRNAs, mitogen-activated
protein kinase (MAPK), PI3K-AKT pathways are melanoma-specific and
can influence the sensitivity to immunotherapeutic agents”.

Moreover, among therapy modulated EV-miRNAs, miR-1203 and
miR-507 were previously identified as part of diagnostic melanoma-specific
EV-miRNASs signature'’, and are significantly down-regulated by week 12,
suggesting their potential relevance in melanoma progression (Table 3).

Further analysis revealed that among therapy modulated EV-miRNA,
only miR-1203 and miR-556-3p were significantly associated with the
therapy response. These two miRNAs demonstrated strong predictive
performance in ROC analysis and were significantly associated with survival
(PFS and OS). Their early modulation underscores their value not only as
prognostic biomarkers but also for relapse monitoring as early as four weeks
post-treatment. Notably, both miR-1203 and miR-556-3p have been
described in cancer progression’”’, suggesting that their roles as bio-
markers may extend beyond diagnostic applications to fundamental
mechanisms underlying tumor development, aggressiveness, and therapy
resistance. It is important to note that EV-miRNAs are not randomly dis-
tributed but selectively sorted into EVs to ensure their stable delivery to
recipient cells, where they can modulate gene expression and mediate highly
specific cell-cell communication®. For instance, miR-592 has been
demonstrated to be preferentially incorporated into EVs derived from

melanoma cancer stem cells, allowing it to influence target cell behavior™.

Intercepting these EV-encoded messages, which often drive aggressive
phenotypes, metastatic dissemination, or resistance to therapies, is of pivotal
importance for understanding tumor biology. Indeed, EVs play a critical
role in transmitting pro-survival, pro-metastatic, and therapy-resistant
signals across the tumor microenvironment™, including the transfer of RNA
species that reprogram recipient cells toward a more malignant state™.

Hence, identifying and targeting these selective EV-mediated com-
munication pathways could open new therapeutic opportunities to inter-
cept cancer progression and improve clinical outcomes.

While our findings align with this perspective, the intricate mechan-
isms at play remain to be fully elucidated. Emerging technologies, such as
single-cell and spatial transcriptomics, are poised to provide valuable
insights into the complex interplay between the tumor microenvironment,
and immune system dynamics in the coming years™™*.

The results of this study highlight how future research should focus on
validating this EV-miRNA signature in larger, independent cohorts, as our
findings are based on a relatively small and highly selected population of
advanced melanoma patients treated within an exploratory guadecitabine
plus ipilimumab trial. The predictive and monitoring value of the identified
EV-miRNA signatures needs to be confirmed in larger, independent studies
before they can be implemented in routine cancer patient management.

Further exploring the functional roles of these EV-miRNAs and their
host genes within resistance mechanisms and immune modulation will be
crucial. Unraveling their biological contributions to the tumor micro-
environment could provide critical insights into resistance pathways, ulti-
mately informing the development of novel therapeutic strategies and
improving patient outcomes.

Data availability

The authors declare that all anonymized data supporting the findings of this
study are available within the paper and its Supplementary Information files.
EV-miRNA profiling data, source for Fig. 6a, b, d are available in Supple-
mentary Data 1. Source data for Figs. 2 and 5 can be found in Supplementary
Data 2. Source data for Fig. 3a, b can be found in Supplementary Data 3.
Source data for Fig. 3¢ can be found in Supplementary Data 4. Source data
for Fig. 4a, b can be found in Supplementary Data 5. Source data for Fig. 4c
can be found in Supplementary Data 6. Source data for Fig. 6¢c-e can be
found in Supplementary Data 7. Differentially expressed genes and
enrichment pathway analysis of 8 NR compared to 6 R at baseline can be
found in Supplementary Data 8 and 9.
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