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Background: Circulating tumor DNA (ctDNA) is an emerging biomarker in

malignant melanoma(MM), and high levels of ctDNA may reflect a higher

tumor load. However, its prognostic value for MM receiving immune

checkpoint inhibitors(ICI) remains controversial. This meta-analysis aimed to

elucidate the prognostic significance of ctDNA in this patient population.

Methods: We conducted a comprehensive search of the PubMed, Cochrane

Library, CNKI, and EMBASE databases, including studies published up to August

15, 2024, to investigate the prognostic impact of ctDNA in MM patients treated

with ICI. Using a fixed-effects model, we systematically evaluated the association

between ctDNA levels and key survival outcomes, including overall survival (OS)

and progression-free survival (PFS). Additionally, funnel plots, Begg’s test, and

Egger’s test were employed to assess potential publication bias.

Results: Twelve studies from eleven articles, involving a total of 1063 eligible MM

patients receiving ICI therapy, were included. The results indicated that patients

with detectable ctDNA before initiating ICI therapy had significantly poorer OS

(HR = 3.19, 95% CI = 2.22–4.58, P < 0.001) and PFS (HR = 2.08, 95% CI = 1.61–

2.69, P < 0.001). Furthermore, the detectability of ctDNA during treatment was

also significantly associated with worse OS (HR = 4.57, 95% CI = 3.03–6.91, P <

0.001) and PFS (HR = 3.79, 95% CI = 2.13–6.75, P < 0.001).

Conclusions: This meta-analysis indicates that in MM patients receiving ICI

therapy, detectable and high levels of ctDNA are significantly associated with

poorer OS and PFS. Therefore, ctDNA can serve as a diagnostic and stratification

tool prior to treatment, as well as an effective indicator for monitoring treatment

response and disease progression.
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1 Introduction

Malignant melanoma (MM) is an aggressive and fatal tumor

caused by the abnormal proliferation of melanocytes (1). In its early

stages, MM is typically confined to the skin and presents with

nonspecific symptoms, often delaying diagnosis. Advanced MM,

however, progresses rapidly, metastasizes early, and has a poor

prognosis (2–4). The global incidence of MM has been steadily

increasing in recent years (5). Surgery remains the primary

treatment for early-stage localized MM, but traditional

chemotherapy and radiotherapy have shown limited efficacy in

advanced or metastatic cases (6, 7). For instance, dacarbazine, once

a standard chemotherapy for advanced MM, has demonstrated low

response rates and minimal survival benefits (8). In the 21st century,

immunotherapy has revolutionized MM treatment due to its unique

susceptibility to immune modulation. ICI have significantly

improved OS in patients with advanced MM (9–11). However, 40–

60% of patients fail to respond to immunotherapy (12).

Unlike other solid tumors, MM lacks highly specific serum

biomarkers, complicating effective monitoring. Traditional tissue

biopsies are unsuitable for continuous surveillance. Liquid biopsy, a

minimally invasive and highly sensitive approach, has recently gained

traction in MM (13, 14). Identifying serum biomarkers with high

sensitivity and specificity is critical for improving early diagnosis,

real-time disease monitoring, and personalized treatment strategies.

PD-L1 expression on tumor cells is currently the most accepted

predictive biomarker and is associated with a higher likelihood of

treatment response (15). However, PD-L1 expression exhibits

significant heterogeneity, and even PD-L1-negative patients can

achieve response rates of up to 41.3% (16). This underscores the

need for more reliable biomarkers to predict immunotherapy

outcomes and minimize unnecessary immune-related adverse effects.

Circulating tumor DNA (ctDNA), consisting of tumor-derived

genetic material such as mutations, gene rearrangements, and copy

number variations, has emerged as a promising noninvasive

biomarker through liquid biopsy (17, 18). Studies have

demonstrated the prognostic value of ctDNA in other cancers. For

instance, ctDNA detection correlates with poor OS and PFS in

metastatic breast cancer (19), poor recurrence-free survival and OS

in early-stage breast cancer (20), and promising efficacy and

prognosis assessments in locally advanced rectal cancer treated
02
with neoadjuvant chemoradiotherapy (21–23). However, the role of

ctDNA in predicting immunotherapy response and prognosis in MM

patients treated with ICI remains unclear. To address this, we

conducted a systematic meta-analysis of published literature to

evaluate the prognostic value of ctDNA in MM patients

undergoing ICI therapy, aiming to inform future clinical applications.
2 Materials and methods

2.1 Search strategy

This systematic review and meta-analysis were conducted in

accordance with the guidelines outlined in the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA) (24).

Two independent researchers systematically searched PubMed,

Embase, CNKI, and the Cochrane Library to identify studies

related to the prognostic significance of ctDNA in MM patients

receiving ICI therapy. The search encompassed relevant studies from

the inception of these databases until August 15, 2024.We utilized the

following keywords to investigate the predictive significance of

ctDNA in MM patients treated with ICI: “Melanoma” or

“Melanomas” or “Malignant Melanomas” or “Malignant

Melanoma” and “ctDNA” or “circulating tumor DNA” and “PD-L1

inhibitors” or “immune checkpoint inhibitors” or “programmed cell

death ligand-1 inhibitors” or “immunotherapy”. In addition to

employing free-text terms and Medical Subject Headings (MeSH)

for searching within titles and abstracts, we also screened the

references of selected articles to ensure comprehensive retrieval.
2.2 Inclusion and exclusion criteria

2.2.1 Inclusion criteria
(1) Patients with unresectable, previously untreated stage III or

IV melanoma, confirmed through gold standard pathological

diagnosis, who are receiving systemic treatment with immune

checkpoint inhibitors; (2) Clinical studies related to the prognostic

value of circulating tumor DNA; (3) Studies that provide direct or

indirect outcomes related to OS and PFS for MM patients, including

hazard ratios (HR) and 95% confidence intervals (CI).
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2.2.2 Exclusion criteria
(1) Patients with a diagnosis of melanoma alongside uveal

melanoma or other primary cancers; (2) Studies focused solely on

cell-free DNA data; (3) Case reports, conference abstracts, animal

studies, or reviews; (4) Studies lacking sufficient and valid data to

estimate HR and 95% CI; (5) Duplicate publications of data.
2.3 Data extraction and quality assessment

Two independent researchers extracted data from the eligible

studies, with any discrepancies resolved through discussion or

consultation with a third researcher. The extracted data included

the first author’s name, publication year, study location, study

design, sample size, mean or median patient age, cancer stage,

treatment methods, detection techniques, timing of sample

collection, target genes, median follow-up period (in months),

survival analysis (including hazard ratios and 95% confidence

intervals for OS and PFS). Study quality was assessed using the

Newcastle-Ottawa Scale (NOS), which evaluates three key domains:

selection (0–4 points), comparability (0–2 points), and outcome

assessment (0–3 points). Each researcher independently scored the

eight questions across these domains, with a total possible score

ranging from 0 to 9. Studies scoring more than 6 points were

classified as high quality (25).
2.4 Statistical methods

The statistical analysis for this study was performed using Stata

SE (version 16.0; StataCorp, College Station, Texas, USA). Hazard
Frontiers in Immunology 03
ratios (HR) with 95% confidence intervals (CI) were used to

evaluate the potential association between ctDNA and OS as well

as PFS. We provide two types of hazard ratios (HR) derived from

pooling HR estimates under the following conditions: (a) ctDNA

measured at baseline, prior to surgery or any other form of

treatment; and (b) ctDNA measured either once or multiple times

after the initiation of ICI therapy. This distinction allows for a clear

analysis of the timing of ctDNA measurements in relation to

treatment, providing insights into their predictive value at

different stages of patient management. Heterogeneity among the

studies was assessed using Cochran’s Q-test and I² statistics. Based

on these results, an appropriate effect model was selected. If I² >

50% or the p-value from the Q-test was < 0.10, indicating significant

heterogeneity, a random-effects model was applied. Otherwise, a

fixed-effects model was used. Publication bias was assessed by

examining the symmetry of the funnel plot, alongside statistical

methods such as Egger’s linear regression and Begg’s test, with a p-

value < 0.05 suggesting publication bias. Sensitivity analyses were

also conducted to evaluate the impact of individual studies on OS

and PFS.
3 Results

3.1 Study selection and characteristics

The study selection process is illustrated in Figure 1. A total of

613 articles were initially retrieved, including 133 from PubMed,

499 from Embase, and 25 from The Cochrane Library. After

removing duplicates, 532 articles remained. Following a detailed

screening of titles and abstracts based on predefined inclusion and
FIGURE 1

Prisma flowchart illustrating the process of literature selection.
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TABLE 1 Baseline characteristics of included studies.

Time of
sample
collection

Target
genes

Median
follow-up
(months)

Survival
outcome

NOS

Pretreatment BRAF,NRAS 10.2-25.2 OS,PFS 7

Posttreatment BRAF 7.1 OS 7

Pretreatment
Posttreatment

BRAF,NRAS 21 OS,PFS 8

Pretreatment
Posttreatment

BRAF, NRAS,
c-KIT

35.6 (3.7-50.8) OS 7

Posttreatment BRAF,TERT 26 (6.3-35.6) PFS 7

Pretreatment BRAF 23.75 (4-64.25) PFS 7

Pretreatment BRAF NR PFS 6

Pretreatment
BRAFV600 or
NRASQ61/
G12/G13

52.7 OS,PFS 7

Pretreatment BRAF or NRAS 10.8 (0.7-42) OS,PFS 7

Posttreatment NR 14.2 (0.2–20.8) PFS 7

Posttreatment BRAF 27.2 OS,PFS 7

Posttreatment BRAF NR OS,PFS 6

onmultivariate; mPCR, multiplex polymerase chain reaction; NOS, Newcastle-Ottawa Scale.
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Study, year Country
Sample
size

Median
age

Gender
(M/F)

Stage ICIs used
Detection
methods

Herbreteau
2018 (35)

France 53 64 (27–90) 29/24 III-IV
Nivolumab
ipilimumab

dPCR

Forschner
2019 (31)

Germany 35 55 19/16 IV
Nivolumab
ipilimumab

ddPCR

Seremet
2019 (32)

Belgium 85 57 (27–82) 37/48 III-IV pembrolizumab ddPCR

Lee 2020 (34) Australia 72 NR 49/23 NR
nivolumab,
ipilimumab
pembrolizumab

NR

Pedersen
2020 (33)

Denmark 16 57 (47-75) 11/5 III-IV
nivolumab,
ipilimumab
pembrolizumab

ddPCR

Marsavela 2020
1 (29)

Australia 59 NR 45/14 IV
nivolumab,
ipilimumab
pembrolizumab

ddPCR

Marsavela 2020
2 (29)

Australia 128 NR 83/45 III-IV
nivolumab,
ipilimumab
pembrolizumab

ddPCR

Awada 2021 (26) Belgium 183 60 (24–93) 88/95 III-IV pembrolizumab ddPCR

Herbreteau
2021 (28)

France 102 63 45/57 III-IV
Nivolumab
ipilimumab

dPCR

Eroglu 2023 (27) USA 29 64 (39–89) 20/9 III-IV
Nivolumab
ipilimumab

mPCR

Tawbi 2022 (36) USA 267 56 NR III-IV spartalizumab NR

Warburton
2023 (30)

Australia 34 53 (20–86) 21/13 IV
Nivolumab
ipilimumab

ddPCR

NR, not report; ICIs, immune checkpoint inhibitors; OS, overall survival; PFS, progression-free survival; ddPCR, droplet digital polymerase chain react
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exclusion criteria, 492 articles were excluded. Additionally, two

articles were excluded due to the unavailability of full text.

Ultimately, 11 articles representing 12 observational cohort

studies were included (26–36). The characteristics of the included

studies are summarized in Table 1. All studies were published

between 2018 and 2023, with four studies conducted in Australia

(represented by three articles), two in France, two in Belgium, two

in the United States, one in Denmark, and one in Germany. Sample

sizes ranged from 16 to 267 patients, with a total of 1,063 cases

included. Five studies reported OS prior to initiating ICI treatment,

and five reported OS during ICI treatment. Additionally, six studies

reported PFS prior to treatment, while four studies reported PFS

during treatment. According to the Newcastle-Ottawa Quality

Assessment Scale (NOS), the included studies scored between 7

and 8, indicating a relatively high level of data quality. Detailed NOS

scores for all included articles are provided in Table 2.
3.2 Association of ctDNA with OS and PFS

The relationship between ctDNA and overall survival (OS) as

well as progression-free survival (PFS) in MM patients receiving

immune checkpoint inhibitors (ICIs) is as follows: Heterogeneity

testing indicated no significant heterogeneity (Pre-treatment: OS: P

= 0.122 > 0.1, I² = 45% < 50%; PFS: P = 0.149 > 0.1, I² = 38.5% <

50%; Post-treatment: OS: P = 0.707 > 0.1, I² = 0.0% < 50%; PFS: P =

0.472 > 0.1, I² = 0.0% < 50%), suggesting that the fixed-effects model

was appropriate for this meta-analysis. Independent risk estimates

from five studies, along with six estimates from another five studies,

demonstrated that MM patients with detectable baseline ctDNA or

ctDNA levels above a specific threshold prior to ICI treatment had
Frontiers in Immunology 05
significantly worse OS (Figure 2A) and PFS (Figure 2B) compared

to those with undetectable ctDNA. The pooled hazard ratios (HRs)

and their 95% confidence intervals (CIs) were as follows: OS: HR =

3.19, 95% CI = 2.22–4.58, P < 0.001; PFS: HR = 2.08, 95% CI = 1.61–

2.69, P < 0.001.Similarly, independent risk estimates from an

additional five and four studies demonstrated that higher ctDNA

levels after ICI treatment were significantly associated with poorer

OS (Figure 2C) and PFS (Figure 2D) in MM patients. The pooled

HRs and their 95% CIs were as follows: OS: HR = 4.57, 95% CI =

3.03–6.91, P < 0.001; PFS: HR = 3.79, 95% CI = 2.13–6.75, P < 0.001.

Heterogeneity testing for these analyses also indicated no

significant heterogeneity.
3.3 Publication bias

Publication bias was assessed using funnel plots, Egger’s linear

regression, and Begg’s regression. Funnel plots for OS and PFS in

MM patients receiving ICI therapy showed favorable symmetry

(pre-treatment: OS, Figure 3A; PFS, Figure 3B; post-treatment: OS,

Figure 3C; PFS, Figure 3D). The results of the Begg test indicated no

significant publication bias for OS and PFS in MM patients before

and after ICI treatment (pre-treatment: OS, p = 0.266, Figure 4A;

PFS, p = 0.118, Figure 4B; post-treatment: OS, p = 0.266, Figure 4C;

PFS, p = 0.118, Figure 4D). Similarly, the results from the Egger test

suggested no significant publication bias for OS and PFS in MM

patients before and after treatment (pre-treatment: OS, p = 0.266,

Figure 5A; PFS, p = 0.118, Figure 5B; post-treatment: OS, p = 0.266,

Figure 5C; PFS, p = 0.118, Figure 5D). These analyses indicate that

the findings of this study are statistically significant and robust,

without substantial interference from publication bias.
TABLE 2 Newcastle-Ottawa Scale (NOS) for quality assessment.

Studies
Selection Comparability Outcome

Scores
A B C D E F G H

Herbreteau 2018 (35) ★ ★ ★ ★ ★ ★ ★ – 7

Forschner 2019 (31) ★ ★ ★ ★ ★ ★ ★ – 7

Seremet 2019 (32) ★ ★ ★ ★ ★★ ★ ★ – 8

Lee 2020 (34) ★ ★ ★ ★ ★ ★ ★ – 7

Pedersen 2020 (33) ★ ★ ★ ★ ★ ★ ★ – 7

Marsavela 2020 1 (29) ★ ★ ★ ★ ★ ★ ★ – 7

Marsavela 2020 2 (29) ★ ★ ★ ★ ★ ★ – – 6

Awada 2021 (26) ★ ★ ★ ★ ★ ★ ★ – 7

Herbreteau 2021 (28) ★ ★ ★ ★ ★ ★ ★ – 7

Eroglu 2023 (27) ★ ★ ★ ★ ★ ★ ★ – 7

Tawbi 2022 (36) ★ ★ ★ ★ ★ ★ ★ – 7

Warburton 2023 (30) ★ ★ ★ ★ ★ ★ – – 6
f

A study may receive a maximum of one star for each numbered item in the Selection and Outcome categories. A maximum of two stars may be given for Comparability, as directed by the NOS.★
It stands for one point; ★★ It stands for two points.
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FIGURE 3

Funnel plots used to assess the presence of publication bias in MM patients receiving ICI therapy, including (A) OS and (B) PFS prior to treatment,
and (C) OS and (D) PFS following treatment.
FIGURE 2

Forest plots for the association between ctDNA levels and OS and PFS in MM patients prior to and during ICI therapy (Pre-treatment: OS: A; PFS: B;
Post-treatment: OS: C; PFS: D).
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3.4 Sensitivity analysis

Sensitivity analysis revealed that no individual study significantly

influenced the observed effect size of the association between ctDNA

and OS or PFS in MM patients before and after receiving ICI therapy.

In this study, the removal of any single article did not result in

significant changes, indicating the reliability of the results (Figure 6).
4 Discussion

Malignant melanoma is a highly invasive malignant skin tumor,

commonly occurring in the skin, mucous membranes, and

extremities. It is a major cause of skin cancer-related deaths,

accounting for approximately 80% of such cases (37–39). In recent

years, MM incidence has increased significantly, making it one of the

fastest-growing malignancies worldwide (40). In the early stages,

surgical excision is the primary treatment. However, once

melanoma enters a rapid growth phase, prognosis deteriorates, with

high mortality rates, and traditional radiotherapy and chemotherapy

have limited effectiveness (41, 42). The advent of ICI has significantly

improved treatment and prognosis for metastatic melanoma. Research

shows that cytotoxic T-lymphocyte antigen-4 (CTLA-4) inhibitors,

the first ICI approved by the U.S. Food and Drug Administration

(FDA), can improve survival rates in patients with advanced

melanoma (43, 44). However, the durable clinical responses induced
Frontiers in Immunology 07
by these therapies are observed in only a subset of patients. Therefore,

to minimize adverse effects and further improve patient survival,

biomarkers are urgently needed to guide clinical treatment decisions.

Circulating tumor DNA, DNA fragments shed into the

bloodstream by apoptotic or necrotic tumor cells, has shown

promise as a tumor-specific biomarker (45). It is non-invasive,

easily accessible, suitable for repeated sampling, and can overcome

the challenges of tumor heterogeneity, thus providing a valuable

complement to tissue biopsies for clinical diagnosis and disease

monitoring. Studies by the Pinzani team (46) revealed that ctDNA

testing in MM patients has a sensitivity of 72% and a specificity of

89% compared to tumor tissue detection, with an 80% consistency

with pathological results. Additionally, Haselmann et al. (47) found

in a study of 187 MM patients that ctDNA assessment could be

standardized before tumor recurrence, exhibiting higher specificity

than serum S100 and lactate dehydrogenase, suggesting its

diagnostic potential. Additionally, during immune checkpoint

inhibitor (ICI) therapy, spatial CITE-seq can reveal the activation

status of immune cells within the tumor tissue and their interactions

with tumor cells (48). Meanwhile, ctDNA can reflect the overall

tumor burden and treatment efficacy systemically. The combination

of these two approaches offers a more accurate prediction of clinical

outcomes in immune therapy. However, factors such as detection

technology, sample origin, and disease staging can influence the

accuracy of ctDNA testing, and its prognostic value in ICI-treated

MM patients remains a subject of ongoing debate.
FIGURE 4

Publication bias test. (A) Begg tests for OS before ICI treatment, p = 0.221; (B) Begg tests for PFS before ICI treatment, p = 0.133; (C) Begg tests for
OS after receiving ICI therapy.p = 1.000; (D) Begg tests for PFS after receiving ICI therapy. p = 0.089.
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FIGURE 5

Publication bias test. (A) Egger tests for OS before ICI treatment, p = 0.110; (B) Egger tests for PFS before ICI treatment, p = 0.349; (C) Egger tests
for OS after receiving ICI therapy.p = 0.531; (D) Egger tests for PFS after receiving ICI therapy. p = 0.055.
FIGURE 6

Sensitivity analysis for the pooled results between ctDNA and OS as well as PFS in MM patients before and after receiving ICI therapy.
(Pre-treatment: OS: A; PFS: B; Post-treatment: OS: C; PFS: D).
Frontiers in Immunology frontiersin.org08
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This study systematically reviewed the relationship between

ctDNA and survival rates in ICIs-treated MM patients, analyzing 11

articles covering over 1,000 melanoma cases. Meta-analysis results

showed a significant association between ctDNA fluctuations before

and after ICIs treatment and the prognosis of MMpatients. Compared

with patients without detectable ctDNA, those with detectable or

higher levels of ctDNA exhibited poorer OS and PFS. Despite the

limited number of studies available, ctDNA testing shows potential in

clinically assessing OS and PFS risk ratios, suggesting its value in

monitoring immune therapy response (49, 50). Furthermore, no

significant heterogeneity was observed in the included studies, as

indicated by an acceptable I² statistic. Key factors affecting the results

included study design, tumor staging, ctDNA measurement timing,

and types of prognostic events considered. Although variability exists,

the forest plot structure demonstrates stability in the pooled results,

supporting ctDNA as an independent prognostic marker for advanced

MM patients undergoing ICIs therapy. Another study suggests that

ctDNA may help differentiate between true progression and pseudo-

progression in MM patients receiving PD-1 antibody therapy. Early

monitoring of ctDNA fluctuations could assist clinicians in identifying

patients who are not responding to therapy, facilitating timely

treatment adjustments and reducing unnecessary costs and

ineffective treatment (51, 52). Atsuko et al. indicated that ctDNA

could independently reflect the impact of adverse events on tumor

burden during ICIs treatment (53). Although this study provides

valuable insights into the relationship between ctDNA and prognosis

in MM patients receiving ICIs therapy, several limitations must be

considered. Firstly, the limited number of studies and relatively small

sample sizes may restrict the generalizability of these findings.

Furthermore, variability in study design, detection methods, and

patient characteristics across studies could introduce bias, affecting

the robustness of the results. Additionally, inconsistencies in the

timing of ctDNA measurement and threshold definitions may

impact the interpretation and comparability of results. Lastly, the

short follow-up durations in some studies hinder a comprehensive

assessment of the long-term prognostic value of ctDNA. Therefore,

future research should focus on developing standardized ctDNA

measurement protocols, including unified extraction and detection

techniques, threshold definitions, and multicenter validation, to

enhance predictive accuracy and reduce methodological variability.

Moreover, integrating other omics data (such as genomics,

proteomics, and immunomics) with long-term monitoring of

ctDNA fluctuations may further improve the accuracy of predicting

immune therapy responses. For example, combining spatial multi-

omics sequencing technologies, such as DBiT ARP-seq and DBiT

CTRP-seq, with multiplex immunofluorescence imaging techniques

like CODEX to map immune responses could aid in monitoring

disease progression (54). With these improvements, ctDNA has the

potential to become a more reliable prognostic biomarker in clinical

practice, supporting personalized immune therapy strategies.
5 Conclusions

This meta-analysis demonstrates a significant association

between the presence of ctDNA and the prognosis of MM
Frontiers in Immunology 09
patients receiving ICI therapy, establishing ctDNA as a specific

prognostic biomarker. Additionally, ctDNA shows potential as a

tool for stratified diagnosis before treatment and as an effective

indicator for monitoring treatment response and disease

progression during therapy. Looking forward, we anticipate

further high-quality research to provide strong evidence-based

support for the clinical application of ctDNA inMM genetic testing.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

SH: Formal analysis, Funding acquisition, Methodology, Software,

Visualization, Writing – original draft. LL: Conceptualization, Formal

analysis, Funding acquisition, Methodology, Resources, Writing –

review & editing. AZ: Data curation, Formal analysis, Visualization,

Software, Writing – review & editing. BY: Data curation, Formal

analysis, Funding acquisition, Project administration, Visualization,

Writing – original draft. LCL: Investigation, Methodology, Software,

Supervision, Validation, Writing – review & editing. DS: Data curation,

Investigation, Resources, Supervision, Writing – original draft, Writing

– review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1520441
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2024.1520441
References
1. Desai A, Ugorji R, Khachemoune A. Acral melanoma foot lesions. Part 1:
epidemiology, aetiology, and molecular pathology. Clin Exp Dermatol. (2017)
42:845–8. doi: 10.1111/ced.13243

2. Parra LM, Webster RM. The Malignant melanoma market. Nat Rev Drug
Discovery. (2022) 21:489–90. doi: 10.1038/d41573-022-00075-5

3. Anestopoulos I, Kyriakou S, Tragkola V, Paraskevaidis I, Tzika E, Mitsiogianni M,
et al. Targeting the epigenome in Malignant melanoma: Facts, challenges and
therapeutic promises. Pharmacol Ther. (2022) 240:108301. doi: 10.1016/
j.pharmthera.2022.108301

4. Villani A, Scalvenzi M, Fabbrocini G, Fornaro L, Guerrasio G, Potestio L. Effects
of COVID-19 pandemic on Malignant melanoma diagnosis. J Eur Acad Dermatol
Venereol. (2023) 37:e22–3. doi: 10.1111/jdv.18545

5. Long GV, Swetter SM, Menzies AM, Gershenwald JE, Scolyer RA. Cutaneous
melanoma. Lancet. (2023) 402:485–502. doi: 10.1016/S0140-6736(23)00821-8

6. Griewank KG, Scolyer RA, Thompson JF, Flaherty KT, SChadendorf D, Murali R.
Genetic alterations and personalized medicine in melanoma: progress and future
prospects. J Natl Cancer Inst. (2014) 106:djt435. doi: 10.1093/jnci/djt435

7. Oberfield RA, Sullivan RD. Prolonged and continuous regional arterial infusion
chemotherapy in patients with melanoma. JAMA. (1969) 209:75–9. doi: 10.1001/
jama.1969.03160140031006

8. Copur MS, Obermiller A. Ipilimumab plus dacarbazine in melanoma. N Engl J
Med. (2011) 365:1256–8. doi: 10.1056/NEJMc1108661

9. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl
J Med. (2015) 373:23–34. doi: 10.1056/NEJMoa1504030

10. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Lao CD, et al.
Five-year survival with combined nivolumab and ipilimumab in advanced melanoma.
N Engl J Med. (2019) 381:1535–46. doi: 10.1056/NEJMoa1910836

11. 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

12. Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Cowey CL, et al.
Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced
melanoma (CheckMate 067): 4-year outcomes of a multicentre, randomised, phase 3
trial. Lancet Oncol. (2018) 19:1480–92. doi: 10.1016/S1470-2045(18)30700-9

13. Crunkhorn S. Improving liquid biopsy for cancer detection. Nat Rev Drug
Discovery. (2024) 23:174. doi: 10.1038/d41573-024-00025-3

14. Xie W, Suryaprakash S, Wu C, Rodriguez A, Fraterman S. Trends in the use of
liquid biopsy in oncology. Nat Rev Drug Discovery. (2023) 22:612–3. doi: 10.1038/
d41573-023-00111-y

15. Daud AI, Wolchok JD, Robert C, Hwu WJ, Weber JS, Ribas A, et al.
Programmed death-ligand 1 expression and response to the anti-programmed death
1 antibody pembrolizumab in melanoma. J Clin Oncol. (2016) 34:4102–9. doi: 10.1200/
JCO.2016.67.2477

16. Madore J, Vilain RE, Menzies AM, Kakavand H, Wilmott JS, Hyman J, et al. PD-
L1 expression in melanoma shows marked heterogeneity within and between patients:
implications for anti-PD-1/PD-L1 clinical trials. Pigment Cell Melanoma Res. (2015)
28:245–53. doi: 10.1111/pcmr.12340

17. Ren F, Fei Q, Qiu K, Zhang Y, Zhang H, Sun L. Liquid biopsy techniques and
lung cancer: diagnosis, monitoring and evaluation. J Exp Clin Cancer Res. (2024) 43
(1):96. doi: 10.1186/s13046-024-03026-7

18. Henriksen TV, Demuth C, Frydendahl A, Nors J, Nesic M, Rasmussen MH, et al.
Unraveling the potential clinical utility of circulating tumor DNA detection in
colorectal cancer-evaluation in a nationwide Danish cohort. Ann Oncol. (2024)
35:229–39. doi: 10.1016/j.annonc.2023.11.009

19. Cullinane C, Fleming C, O’Leary DP, Hassan F, Kelly L, O’Sullivan MJ, et al.
Association of circulating tumor DNA with disease-free survival in breast cancer: A
systematic review and meta-analysis. JAMA Netw Open. (2020) 3:e2026921.
doi: 10.1001/jamanetworkopen.2020.26921

20. Papakonstantinou A, Gonzalez NS, Pimentel I, Suñol A, Zamora E, Ortiz C, et al.
Prognostic value of ctDNA detection in patients with early breast cancer undergoing
neoadjuvant therapy: A systematic review and meta-analysis. Cancer Treat Rev. (2022)
104:102362. doi: 10.1016/j.ctrv.2022.102362

21. Chang L, Zhang X, He L, Ma Q, Fang T, Jiang C, et al. Prognostic value of ctDNA
detection in patients with locally advanced rectal cancer undergoing neoadjuvant
chemoradiotherapy: A systematic review and meta-analysis. Oncologist. (2023) 28:
e1198–208. doi: 10.1093/oncolo/oyad151

22. Wang Y, Yang L, Bao H, Fan X, Xia F, Wan J, et al. Utility of ctDNA in predicting
response to neoadjuvant chemoradiotherapy and prognosis assessment in locally
advanced rectal cancer: A prospective cohort study. PloS Med. (2021) 18:e1003741.
doi: 10.1371/journal.pmed.1003741

23. Wang Y, Fan X, Bao H, Xia F, Wan J, Shen L, et al. Utility of circulating free
DNA fragmentomics in the prediction of pathological response after neoadjuvant
Frontiers in Immunology 10
chemoradiotherapy in locally advanced rectal cancer. Clin Chem. (2023) 69:88–99.
doi: 10.1093/clinchem/hvac173

24. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items
for systematic reviews and meta-analyses: the prisma statement. J Clin Epidemiol.
(2009) 62:1006–12. doi: 10.1016/j.jclinepi.2009.06.005

25. Moskalewicz A, Oremus M. No clear choice between Newcastle-Ottawa scale
and appraisal tool for cross-sectional studies to assess methodological quality in
crosssectional studies of health-related quality of life and breast cancer. J Clin
Epidemiol. (2020) 120:94–103. doi: 10.1016/j.jclinepi.2019.12.013

26. Awada G, Jansen Y, Schwarze JK, Tijtgat J, Hellinckx L, Gondry O, et al. A
comprehensive analysis of baseline clinical characteristics and biomarkers associated
with outcome in advanced melanoma patients treated with pembrolizumab. Cancers
(Basel). (2021) 13:168. doi: 10.3390/cancers13020168

27. Eroglu Z, Krinshpun S, Kalashnikova E, Sudhaman S, Ozturk Topcu T, Nichols
M, et al. Circulating tumor DNA-based molecular residual disease detection for
treatment monitoring in advanced melanoma patients. Cancer. (2023) 129:1723–34.
doi: 10.1002/cncr.34716

28. Herbreteau G, Vallée A, Knol AC, Théoleyre S, Quéreux G, Varey E, et al.
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