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Abstract
Background  BRAF/MEK inhibitors have improved the outcome in metastatic melanoma (MM) patients harboring a 
BRAF mutation, but no biomarker predictive of response has been identified.

Methods  We conducted a retrospective analysis on 264 MM patients that had received first-line targeted therapy 
with BRAF/MEK inhibitors. Next-generation sequencing (NGS) was performed on tissue biopsies, and samples with 
> 30% tumor cellularity were included in the study. The impact of BRAF variant allele frequency (BRAF-VAF) on clinical 
treatment outcomes was analyzed.

Results  BRAF-VAF was dichotomized using two approaches. (1) The “surv_cutpoint” function identified two different 
cut-off for progression-free survival (PFS: 44.05%) and overall survival (OS:45.1%). Patients with BRAF-VAF > 44.05% 
showed a significantly lower PFS (median PFS: 10 months, 95% CI: 7–13 months), compared to patients with 
BRAF-VAF < 44.05% (median PFS: 13 months, 95% CI: 12–21 months). Moreover, patients with higher VAF (> 45.1%) 
experienced a lower OS (median OS: 26 months, 95% CI: 19–38 months), compared with patients with VAF < 45.1% 
(median OS: 29 months, 95% CI: 29–51 months). (2) The ROC analysis significantly predicted PFS but not OS. BRAF-
VAF normalized with neoplastic cellularity (nVAF) showed a strong association with both PFS, and OS compared to 
BRAF-VAF alone. nVAF also emerged as an independent predictor for PFS in the multivariate analysis (HR: 3.88, 95% CI: 
1.84–8.20), with a higher nVAF score associated with a 3.88-fold increased risk of progression.
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Background
About 50% of melanomas carry a somatic mutation of 
the BRAF gene, encoding for a serine-threonine kinase 
involved in the MAPK pathway (BRAF/MEK/ERK). The 
BRAF V600E pathogenic variant is detected in up to 
90% of the BRAF mutated melanomas, along with other 
rarer variants in the same codon (V600K, V600D, V600R, 
and V600M), or in the surrounding amino acid residues. 
Notably, BRAF mutation represents a negative indepen-
dent prognostic factor in early and advanced treatment-
naive melanomas [1, 2], and predicts the activity and 
efficacy of BRAF inhibitors (BRAFi) combined with MEK 
inhibitors (MEKi).

Approval of BRAFi/MEKi has dramatically increased 
the response rate and survival of BRAF-mutated meta-
static melanoma (MM) patients. However, although 
response is observed in about 80% of MM patients, the 
median response duration is about 11–13 months, with 
approximately 30% of patients achieving a full response 
and long-term benefits [3, 4]. Moreover, the majority of 
patients experience disease relapse when treatment is 
stopped [5].

Also, modern immunotherapy with checkpoint inhibi-
tors as a single agent or in combination has greatly 
improved the survival of many patients with MM regard-
less of the BRAF mutational status [6–11].

The major advantage of immunotherapy lies in its 
durable, long-term benefits that can persist even after 
treatment discontinuation. In contrast, targeted therapy 
is characterized rapid clinical responses with symp-
toms improvement and high response rates. Given these 
complementary strengths, combining or sequencing the 
two approaches was expected to enhance outcomes in 
patients with BRAF-mutated melanoma. Preclinical stud-
ies also supported the potential for synergistic effects, 
demonstrating that activation of the MAPK pathway pro-
motes an immunosuppressive tumor microenvironment 
that can be reversed by BRAF inhibition [12]. However, 
clinical trials evaluating combined targeted and immune 
therapy in the first-line setting have not demonstrated 

a significant survival advantage. For this reason, other 
studies have been addressing whether different therapy 
sequence was essential to improve outcomes. Two ran-
domized phase II studies, SECOMBIT and DREAMseq, 
explored this question. Both trials demonstrated superior 
efficacy with first-line ICI therapy, while the SECOMBIT 
study further showed that the “sandwich” approach—ini-
tial targeted therapy followed by immunotherapy and 
subsequent targeted therapy—yields comparable results 
[13]. Collectively, these findings support initiating com-
bination treatment with immunotherapy as the most 
effective first-line strategy for BRAF mutant melanoma 
patients.

Accurately predicting patient response, especially for 
BRAF-mutated patients, remains a critical and unmet 
need. New tools that forecast long-term response are 
needed to guide optimal treatment selection (targeted 
vs. immunotherapy) and potentially improve patient 
outcomes. For example, different clinical responses to 
targeted therapy could be partially explained by inter-
patient heterogeneity and tumor sub-clonality [14, 15]. 
Variant allele frequency (VAF), which measures the pro-
portion of mutated alleles to total alleles in the exam-
ined cells, has emerged as a potential factor influencing 
clinical and pathological features, as well as predicting 
the response to targeted therapies [16]. Nevertheless, 
currently available data are still controversial and come 
from small and heterogeneous melanoma cohorts. More-
over, these studies are often affected by the presence of 
numerous biases, including the assessment of BRAF 
status on primary tumor or metastatic disease, different 
BRAF pathogenic variants (V600E vs. non-V600E), mul-
tiple techniques used to identify BRAF mutations (pyro-
sequencing, Real Time-PCR, NGS), and treatment used 
(BRAFi alone or combined with MEKi) [17–21]. Recent 
data demonstrated that high BRAF-VAF is an indepen-
dent poor prognostic factor in MM receiving BRAFi and 
MEKi [22].

To validate this hypothesis, we evaluated BRAF-VAF 
in a large retrospective cohort of MM patients treated 

Conclusions  Our study demonstrated the role of the BRAF-VAF as predictor of response in MM patients treated with 
BRAF/MEK inhibitors. Moreover, VAF normalization predicts PFS better than BRAF-VAF alone.
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with first-line BRAFi/MEKi. To obtain more robust and 
reliable data, we selected only cases in which BRAF 
mutations were assessed by Next-Generation Sequenc-
ing (NGS). We correlated BRAF-VAF with melanoma 
features, patient characteristics, and clinical outcomes 
to targeted therapy. Normalizing allele frequency to 
tumor cellularity is essential for accurately interpreting 
somatic mutations in cancer genomics. Tumor samples 
often consist of a mixture of tumor and normal cells, and 
this heterogeneity directly impacts the observed variant 
allele frequencies. Without normalization, clonal muta-
tions can appear subclonal, and zygosity or copy number 
alterations may be misinterpreted. Several studies have 
emphasized this point. Failure to normalize can lead to 
misinterpretations of clonality and copy number altera-
tions. Techniques such as All-FIT [23], CLONETv2 [24], 
and PUREE [25] show that accounting for tumor purity 
improves the accuracy of downstream analyses, includ-
ing ploidy, mutation burden, and gene expression. Over-
all, integrating tumor purity into VAF normalization 
enhances the reliability of downstream analyses such 
as clonal architecture inference, mutation timing, and 
therapeutic response prediction [26]. Thus, we further 
developed a normalized BRAF-VAF score (nVAF), incor-
porating both BRAF-VAF and the percentage of neoplas-
tic cells analyzed, to address the potential influence of the 
number of tumor cells on BRAF-VAF data reliability.

Materials and methods
Patient characteristics
264 MM patients were identified by inspecting the data-
bases of 18 referral melanoma Centers belonging to the 
Italian Melanoma Intergroup (IMI) from 15 July 2013 
to 22 September 2021. All patients had stage IV MM 
and were treated with first-line MAPKi. Information on 
age, gender, histopathology, surgical and medical treat-
ments was retrieved for each patient, as well as data on 
tumor objective response rate (ORR), progression-free 
survival (PFS), and overall survival (OS). Data on treat-
ment and survival were collected prospectively. Patients 
without sufficient pathological and clinical data, life 
expectancy < 3 months, no measurable lesions accord-
ing to RECIST v1.1 criteria, and with no evaluation of 
response were excluded from the analysis. Tissue quality 
was reviewed by pathologists to confirm histopathologi-
cal classification and tumor cellularity.

The tumor stage was assessed according to the Ameri-
can Joint Committee on Cancer (AJCC) TNM (Tumor, 
Node, Metastasis) staging system classification (VIII edi-
tion) [27]. Tumor assessment was carried out by whole 
body computed tomography (CT) scan at baseline and 
approximately every 12 weeks until disease progression 
or death. Clinical response to BRAFi/MEKi was assessed 
by RECIST v1.1 criteria [28]. The timing of follow-up was 

similar across all participating centers, according to Ital-
ian association of medical oncology (AIOM) guidelines. 
Four categories were identified based on the response to 
treatment: progressive disease (PD), stable disease (SD), 
partial response (PR), or complete response (CR). OS was 
defined as the time from starting the treatment to death 
or to the last follow-up, PFS as the interval between the 
beginning of the therapy to disease progression or death. 
The local Ethics Committees of all centers approved the 
study protocol. The study was conducted in accordance 
with the World Medical Association Declaration of 
Helsinki.

DNA extraction and BRAFV600 VAF analysis by next-
generation sequencing (NGS)
Archived formalin-fixed, paraffin-embedded (FFPE) 
melanoma tissue samples (primary tumors or metastasis) 
with a tumor content ≥ 30% (evaluated by pathologists on 
hematoxylin-eosin-stained slides) were included in the 
analysis. BRAF analysis was performed in 92 cases on the 
primary tumor samples and in 163 on metastatic samples 
from different sites. All samples underwent the standard 
diagnostic procedures. Briefly, the tumor area was mac-
roscopically dissected to concentrate tumor tissue. DNA 
was extracted either manually or automatically. Following 
the pathologist’s assessment of neoplastic cell percentage, 
all samples underwent macrodissection of the designated 
area. Samples were sequenced using both liquid capture 
(Illumina Miseq or NextSeq550) and amplicon-based 
(Thermofisher S5 or Genexus) platforms, according 
to the manufacturer’s instructions. Somatic mutations 
were called and annotated using the proprietary soft-
ware provided by the platform company. A coverage of 
> 500X was considered, and only variants with an allele 
frequency > 5% were included in the analysis.

Statistical analysis
Statistical analyses were performed in R v3.1.1, consider-
ing results significant when p-value < 0.05. In detail, “sur-
vival” and “survminer” packages were used for survival 
analyses. To identify the best cut-off for BRAF-VAF, the 
“pROC” R package [29] was used. The optimal thresh-
old was identified with Youden’s statistics that identifies 
the cut-off that maximizes the distance to the identity 
line. “maxstat” R package was used to run surv_cutpoint” 
function. Such a function was implemented to identify 
the optimal cutpoint in survival analyses for two groups 
through Maximally selected rank statistics. Univariate 
and multivariate analysis were performed through the 
coxph function implemented in “survival” package. 
Graphs were created using the “ggplot2” package in R 
[30]. Normalized BRAF-VAF (nVAF) was calculated 
through the formula proposed by Kanchi et al. [31]
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Fig. 1 (See legend on next page.)
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nV AF = tV AF − (1 − Pt) ∗ normV AF

Pt

Where:

 	• tVAF is the tumoral BRAF-VAF;
 	• normVAF is BRAF-VAF in the normal tissue.
 	• Pt represents the neoplastic cellularity.

Considering that BRAF alterations are not present in the 

normal tissue, nVAF= tV AF
P t  .

Results
Cohort description and univariate analysis
Samples were selected according to the workflow 
described in Supplementary Fig.  1. All the 264 patients 
had MM (23.5% stage IVM1a, 12% stage IVM1b, 36% 
stage IVM1c, and 20.5% stage IVM1d), and were treated 
with first-line MEK + BRAF inhibitors, with a median fol-
low-up of 24 months (range: 1–41 months). BRAFV600E 
was detected in 81.4% of cases, while other rarer variants 
were detected in the remaining 18.6%. Among the ana-
lyzed patients, 19.3% experienced PD, 18.6% SD, 43.9% 
PR, and 17.4% CR. The mean PFS was 16.1 months, and 
the mean OS was 39.4 months. Additional features are 
reported in Table S1.

First, we performed univariate Cox hazard regression 
analyses for both PFS and OS. Normal LDH level, met-
astatic stage M1a-b, and a better ECOG performance 
status (0–1 vs. 2–3) were associated with significantly 
longer PFS, while the occurrence of toxicities during tar-
geted therapy was associated with a longer PFS. Regard-
ing OS, increased age at diagnosis, normal LDH level, 
histological source for BRAF-VAF evaluation (metastasis 
vs. primary), and M1a-b stage were instead associated 
with a significantly longer OS. All the statistically signifi-
cant clinical features were considered in the multivariate 
analyses (Table S2).

BRAF variant allelic frequency and clinical outcomes
We first investigated whether BRAF-VAF could predict 
clinical outcomes to target therapy. BRAF-VAF as a con-
tinuous variable exhibited limited predictive power for 
patient outcomes (Supplementary Fig. 2A, B). Therefore, 
we explored its potential as a categorical variable. We 
employed two approaches to identify BRAF-VAF cut-offs 
that could stratify patients and predict clinical outcomes.

First, we utilized the “surv_cutpoint” function to deter-
mine an optimal cut-off point. This analysis revealed a 
BRAF-VAF cutoff of 44.05% that best stratified patients 
based on PFS. In detail, patients with BRAF-VAF < 44.05% 
had a longer median PFS (13 months, 95% CI: 12–21) 
than patients with BRAF-VAF > 44.05% (median PFS: 10 
months, 95% CI: 7–13) (Fig. 1a, b). Similarly, a cut-point 
was identified for OS. Patients with BRAF-VAF ≥ 45.1% 
had a shorter median OS of 26 months (95% CI: 19–38 
months) compared to a median OS of 29 months (95% 
CI: 29–51 months) for patients with BRAF-VAF < 45.1% 
(p-value = 0.019) (Fig.  1c, d). Analysis of the overall 
response rate to targeted therapy revealed a significantly 
higher percentage of complete responses (CR) in patients 
with BRAF-VAF below the threshold of 44.05% (CR rate: 
24.1%) compared to those with higher BRAF-VAF (CR 
rate: 7.4%, p-value = 0.006). (Fig. 1e).

Our second approach employed ROC analysis. In this 
analytical design, the aim was the identification of the 
best BRAF-VAF cut-off to stratify patients in terms of 
response (responder (CR + PR) versus non-responder 
(PD + SD)). The estimated cut-off for BRAF-VAF accord-
ing to ROC analysis was 41.35%. Univariate and multi-
variate analysis indicated VAF ≥ 41.35% as independent 
risk factor for progression (univariate: HR: 1.47, 95% CI: 
1.08–2.01, multivariate: HR: 1.65, 95% CI: 1.14–2.40) 
(Fig. 2a). In contrast, OS did not exhibit a statistically sig-
nificant association with BRAF-VAF in both univariate 
(HR: 1.32; 95% CI: 0.97–1.79) and multivariate analysis 
(HR:1.08, 95%CI:0.72–1.61) (Fig. 2b).

When the ROC-identified cut-off was used to gener-
ate Kaplan-Meier curves, patients with VAF < 41.35% 
displayed a significantly improved median PFS com-
pared to those with higher BRAF-VAF (13 months vs. 
11 months, respectively; 95%CI:12–28 vs. 95%CI: 8–13, 
p-value = 0.013) (Fig. 3a).

Patients with lower BRAF-VAF showed only a trend 
towards improved OS (median OS: 40 months (95%CI: 
29–52) vs. 27 months (95%CI: 22–37), p = 0.08) (Fig. 3b). 
ORR analysis showed that patients with VAF < 41.35% 
displayed higher complete response rates (26.5% vs. 7.8%, 
Fig. 3c).

Interestingly, the same trends for PFS were observed 
for the BRAF mutation subtype V600K alone (Supple-
mentary Fig. 3a, b).

In our cohort, BRAF-VAF was assessed on both pri-
mary tumor and metastatic tissue. Interestingly, neither 
surv_cutpoint nor ROC analysis identified a correlation 

(See figure on previous page.)
Fig. 1  (A) Graph showing the “surv_cutpoint” function used to determine an optimal cut-off point for BRAF-VAF that best stratifies patients based on PFS. 
(B) PFS Kaplan-Meier curve comparison with the identified BRAF-VAF cut-point of 44.05% (p = 0.0033). (C) Graph showing the “surv_cutpoint” function 
used to determine an optimal cut-off point for BRAF-VAF that best stratifies patients based on OS. (D) OS Kaplan-Meier curve comparison with the identi-
fied BRAF-VAF cut-point of 45.1% (p = 0.019). (E) ORR of patients dichotomized into high vs. low BRAF-VAF according to the 44.05% cut-off point identified 
in (A). CR: complete response, PD: progressive disease, PR: partial response, SD: stable disease
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Fig. 2  Multivariate Cox hazard regression analysis for (A) PFS and (B) OS considering BRAF-VAF dichotomization using ROC curve (cut-off = 41.35%)
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between tissue source (primary vs. metastasis) and PFS. 
However, both analyses revealed a significant associa-
tion between BRAF-VAF assessed in primary tumor and 
poorer OS (surv_cutpoint: HR 1.76, p = 0.01, Fig.  2b; 

ROC: HR 1.77, p = 0.02, Fig. 4b). This finding is particu-
larly noteworthy because, despite similar response rates 
to initial treatment (Supplementary Fig.  4a), patients 
with BRAF-VAF assessed in metastatic tissue received 

Fig. 3  A) Kaplan-Meier survival curves for PFS considering BRAF-VAF dichotomization using ROC curve (cut-off = 41.35%, p = 0.013). (B) Kaplan-Meier 
curve comparison for OS considering BRAF-VAF dichotomization using ROC curve (cut-off = 45.1%, p = 0.08) (C) ORR of patients dichotomized into high 
vs. low VAF according to the 45.1% cut-off point identified in (A). CR: complete response, PD: progressive disease, PR: partial response, SD: stable disease
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Fig. 4  Multivariate Cox hazard regression analysis for (A) PFS and (B) OS considering nVAF
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second-line therapy more frequently than those with 
BRAF-VAF evaluated in primary tumors (Supplementary 
Fig. 4b). This disparity in access to subsequent therapies 
suggests a potential explanation for the observed differ-
ence in OS.

BRAF-VAF and tumor cellularity relationship
Since low tumor cellularity could lead to BRAF-VAF 
underestimation [9], we evaluated the correlation 
between the percentage of cancer cells and BRAF-VAF. 
To this end, we calculated a normalized BRAF-VAF 
(nVAF) score as described in the Methods section. Uni-
variate analysis showed a strong association between 
nVAF and both PFS (HR: 3.29, 95% CI: 1.73–6.26) and OS 
(HR: 1.61, 95% CI: 1.01–2.59). Interestingly, nVAF had a 
predictive value also in the multivariate analysis for PFS 
(HR: 3.88, 95% CI: 1.84–8.20) (Fig. 4a), indicating that a 
higher nVAF score is associated with an approximately 
3.88-fold increased risk of progression. Regarding OS, 
nVAF showed only a trend in univariate and multivariate 
analysis (Fig. 4b).

To better understand how nVAF influences patient out-
comes, we explored its potential as a continuous predic-
tor for both PFS and OS. This analysis went beyond nVAF 
alone and considered how other clinical factors like LDH 
levels, metastatic stage, ECOG performance status, and 
treatment side effects might affect survival probability 
within different nVAF ranges.

Specifically, the area under the survival probability 
curve was split into ten ranges. We then investigated 
which of these ranges were associated with worse out-
comes when combined with the other clinical factors. 
For PFS, patients with nVAF between 1.71 and 2.79 
had a lower chance of survival (Supplementary Fig.  5). 
This association between nVAF and poorer PFS became 
even stronger when patients also had elevated LDH lev-
els (Supplementary Fig.  5a), advanced metastatic can-
cer (M1c/M1d) (Supplementary Fig. 5b), a lower ECOG 
performance score (2–3) (indicating more limitations in 
daily activities), or no treatment-related side effects (Sup-
plementary Fig. 5d). Similar trends were observed for OS, 
with lower survival probability in patients with elevated 
LDH (Supplementary Fig. 6a), advanced metastatic can-
cer (M1c/M1d) (Supplementary Fig.  6b), and unknown 
primary tumors (Supplementary Fig. 6c).

To identify the optimal thresholds for Kaplan-Meier 
survival curves, we employed the “maxstat” statisti-
cal package to analyze nVAF values for both PFS and 
OS. The analysis identified a cut-point of 0.301 for PFS 
and 0.643 for OS. Patients with nVAF < 0.301 exhibited 
a significantly longer median PFS of 30 months (95% 
CI: 12-NA) compared to patients with nVAF above this 
cut-off (median PFS: 11 months, 95% CI: 8–12 months, 
p-value = 0.0044) (Fig. 5a). When the analysis was focused 

solely on the V600K BRAF mutation, we only observed 
a trend between nVAF and PFS, though it did not reach 
statistical significance (Supplementary Fig. 7a).

In addition, patients with nVAF < 0.643 had a sig-
nificantly higher median OS (p-value = 0.019) of 38 
months (95%CI: 34–49 months), while those with nVAF 
exceeding 0.643 had a median OS of 22 months (95% 
CI: 16–28 months) (Fig.  5b). Significant associations 
(p-value = 0.024) were observed between nVAF and ther-
apy response, and patients with lower nVAF experienced 
higher rates of complete response (Fig. 5c).

Discussion
BRAF-mutant melanomas include heterogeneous tumors 
that are difficult to treat by targeting a single pathway 
[32]. While targeted therapies with BRAF and MEK 
inhibitors initially induce impressive tumor regression 
in most patients, resistance emerges in over half of the 
cases, ultimately limiting long-term survival benefits [3, 
4].

Many factors may contribute to the great variabil-
ity in patient outcomes, and the impact of BRAF-VAF 
on response to targeted therapy remains unclear. While 
some studies suggest a link between BRAF-VAF and 
treatment response, the currently available data are 
scarce, often conflicting, and deriving from small patient 
cohorts with significant heterogeneity [17–21]. In an 
exploratory analysis of part 1 COLUMBUS study, base-
line BRAFV600E/K VAF, performed on cell-free circulat-
ing tumor DNA, resulted prognostic for PFS and OS, and 
correlated with reduced response to encorafenib + bin-
imetinib treatment [4]. Recently, Mandalà and colleagues 
reported a correlation between BRAF-VAF and outcomes 
to BRAFi/MEKi as front-line therapy in a cohort of 107 
BRAFV600 mutated MM patients. They demonstrated 
that a BRAF-VAF value above the cut-point of 41.3% had 
a poor prognostic significance for PFS and OS, a higher 
disease load, and poorer ECOG performance status [22].

We have reported data from the largest population pub-
lished so far. Our cohort included 264 BRAF-mutated 
patients treated with BRAF + MEK inhibitors as first-line 
therapy. To achieve a more homogenous study population, 
we restricted our analysis to patients whose BRAF muta-
tion was analyzed by NGS and whose tumor samples had at 
least 30% tumor cellularity. We conducted a comprehensive 
analysis to investigate the relationship between BRAF-VAF, 
tumor cellularity, and response to target therapy. While ana-
lyzing BRAF-VAF as a continuous variable yielded unprom-
ising results, dichotomizing BRAF-VAF using two distinct 
methods (surv_cutpoint function and ROC analysis) dem-
onstrated that patients with BRAF-VAF below the identi-
fied cut-offs had better PFS, OS, and response to therapy. 
Our data confirmed that BRAF-VAF is a strong predictor 
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of progression in MM patients receiving first-line MAPK 
inhibitor therapy, in line with previously published data [22].

Previous studies have shown that low tumor cellularity 
could lead to underestimation of VAF in various cancers 

[21, 33, 34], and a consistent correlation between tumor 
cellularity and VAF has not yet been definitively estab-
lished. The lack of a linear relationship between VAF 
and neoplastic cellularity has been reported in both 

Fig. 5  A) Kaplan-Meier survival curves for PFS considering BRAF-VAF dichotomization using “maxstat” statistical package (cut-off = 0.301, p = 0.0044). (B) 
Kaplan-Meier survival curves for OS considering nVAF dichotomization using “maxstat” statistical package (cut-off = 0.643, p = 0.009). (C) ORR of patients 
dichotomized into high vs. low nVAF according to the 0.301 cut-off point identified in (A)
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non-small cell lung cancer (NSCLC) and colorectal car-
cinoma (CRC) [35]. When we normalized BRAF-VAF 
according to the tumor cellularity (nVAF), we observed a 
stronger association between nVAF and PFS. This finding 
highlights the potential of combining VAF and tumor cel-
lularity to improve the prediction of response to targeted 
therapy.

Accurately identifying which BRAF-mutated patients are 
likely to respond to target therapy remains a critical unmet 
clinical need. In clinical practice, targeted therapy is gener-
ally preferred for symptomatic patients, especially those 
with neurological involvement, rapidly progressive dis-
ease, and/or elevated LDH levels [12]. In our study elevated 
BRAF-VAF values have been associated with poorer clinical 
outcomes under targeted therapy, suggesting that immuno-
therapy may be a more suitable option for patients with high 
BRAF-VAF. However, this hypothesis requires validation in 
prospective clinical trials designed to confirm the predic-
tive value of BRAF-VAF. Such studies should clarify whether 
patients with high BRAF-VAF/nVAF derive greater ben-
efit from immune checkpoint inhibition or from emerging 
alternative therapeutic strategies compared with standard 
BRAF/MEK inhibition.

Regarding OS, nVAF showed only a trend in univariate 
and multivariate analysis without achieving statistical signif-
icance. This result could reflect the influence of successive 
lines of therapy, such as immunotherapy with checkpoint 
inhibitors offered to 34% of our patients. In conclusion, we 
demonstrated that the robustness of BRAF VAF to predict 
disease progression is improved when BRAF-VAF is nor-
malized with tumoral cellularity and preserved even when 
sample cellularity is low (30%-50%).

Regarding the optimal tissue source for BRAF-VAF 
assessment, it is currently unclear whether the primary 
tumor or consecutive metastases should be preferentially 
analyzed for BRAF mutation status because of the possibil-
ity of inter-tumor heterogeneity [36]. Indeed, although most 
patients have a homogeneous BRAF mutation status, BRAF 
mutational heterogeneity among different tumor sites of a 
single individual has been reported in about 10% of patients, 
and about 15% of BRAF-mutated melanomas may have 
intratumor BRAF heterogeneity [32]. Moreover, dynamic 
and unpredictable changes in mutant allele fractions of 
BRAF and NRAS during visceral progression of cutaneous 
melanoma have also been reported [37].

In our MM population, BRAF status was detected in 
98 (40.8%) primary tumors and in 165 (62.5%) metastatic 
samples. Unexpectedly, while there was no correlation 
between tissue source and PFS, we found a significantly 
poorer OS in patients whose BRAF-VAF was determined 
in primary tumors compared with those in whom it was 
determined in metastases (HR 1.58, CI 1.16–2.17, p = 
0.004). Although paired primary–metastasis samples 
were not analyzed, this finding may reflect differences in 

access to second-line therapies between the two groups 
(33% in the primary tumor group vs. 64% in the meta-
static group), rather than intrinsic biological differences 
related to tissue origin. Notably, since BRAF-VAF was 
correlated with PFS but not with OS in both groups, this 
parameter appears to be a predictive factor for response 
to targeted therapy rather than a purely prognostic one. 
As supported by current literature and by the progres-
sive improvement in melanoma survival outcomes over 
recent years [38, 39] unequal access to subsequent treat-
ment lines likely accounts for the observed OS difference 
between patients whose BRAF status was assessed in pri-
mary versus metastatic samples.

Moreover, our findings demonstrate that both primary 
and metastatic tissues are reliable sources for BRAF 
mutation analysis for therapeutic purposes. Therefore, 
primary tumor tissue can be considered an acceptable 
alternative for guiding systemic treatment decisions 
when a metastatic sample is unavailable.

Our study provided evidence for the strong prognos-
tic and predictive role of BRAF-VAF in a large patient 
population homogeneously treated with first-line BRAFi/
MEKi. Our study presents several key strengths: (1) High-
Performance NGS for VAF Assessment: we employed a 
highly reliable NGS approach to evaluate BRAF-VAF in all 
patients, ensuring accurate and consistent measurement. (2) 
Unveiling the BRAF-VAF and Cellularity Link: we demon-
strated for the first time a significant relationship between 
BRAF-VAF and tumor cellularity in melanoma. (3) Robust 
VAF for Predicting Disease Progression: our findings reveal 
that BRAF-VAF is a robust predictor of disease progression 
even when tumor cellularity falls below 50%. (4) PFS Inde-
pendence from tumor source: by analyzing a large patient 
cohort with data from both primary tumors and metastases, 
we demonstrate that PFS is not significantly influenced by 
the source of the tumor tissue.

Our study also has some limitations, which include: (1) 
Multicenter Retrospective Design: this study employed 
a retrospective design across multiple centers. While 
valuable, data validation using a separate prospective 
cohort would strengthen the findings. (2) Limited analy-
sis at progression: we did not evaluate melanoma samples 
obtained at disease progression. This could provide valu-
able insights into mechanisms of resistance to targeted 
therapy, including the emergence of additional muta-
tions. (3) Decentralized NGS and cellularity assessments: 
both NGS analysis and neoplastic cellularity evalua-
tion were performed at individual participating centers 
without a centralized approach. Standardization across 
centers could potentially improve data consistency. (4) 
Heterogeneous Second-Line treatments: treatment regi-
mens employed after initial BRAF/MEK inhibitor ther-
apy varied among patients. This heterogeneity limits our 
ability to draw definitive conclusions about the impact 
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of BRAF-VAF on response to subsequent therapies. (5) 
Pathologist-scored cellularity: neoplastic cellularity was 
determined by pathologists according to established 
guidelines. While this approach is a standard proce-
dure, utilizing digital pathology scoring could potentially 
provide more precise and objective cellularity measure-
ments. (6) Exclusion of low cellularity samples: our study 
excluded analysis of samples with neoplastic cellularity 
below 30%. Further investigation of VAF in these low-
cellularity samples is warranted.

Conclusions
In conclusion, our study confirmed the role of the BRAF-
VAF as a negative predictive and prognostic biomarker 
in MM patients treated with BRAF/MEK inhibitors. 
Moreover, our data demonstrated that the robustness of 
BRAF-VAF to predict disease progression is improved 
when BRAF-VAF is normalized to neoplastic cellularity, 
and it is preserved even when the cellularity of samples is 
low (30%-50%). Prospective clinical trials are warranted 
to validate nVAF as a biomarker for stratifying patients 
with BRAF mutated melanomas receiving first-line 
MAPKi therapy. Specifically, these studies should deter-
mine if patients with high nVAF derive greater benefit 
from checkpoint inhibitors or alternative treatment strat-
egies compared to BRAF/MEKi.
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