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Prospective tumour mutation burden and
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immunotherapy response in metastatic
melanoma
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Tumour mutation burden (TMB) is a promising biomarker in predicting immunotherapy response, yet
its reproducibility across target panels needs to be established. This study assessed the
reproducibility of TMB estimates in melanoma using TruSight Oncology 500 across two laboratories
and compared these results with the FoundationOne CDx and QIAseq TMB IO panels. High
concordances in TMB estimation, mutation calls, and BRAF and N/K/HRAS hotspot variants were
observed between platforms. In a cohort of 198 pre-treatment biopsies from patients treated with
immune checkpoint inhibitors, high TMB (≥10 mut/Mb) was associated with significantly improved
response and progression-free survival (PFS), while somatic mutations in PTPRD and a germline
variant in PIK3CA (I391M) were associated with favourable outcomes independent of TMB.
Neoantigenprofilingof 135 samplesdemonstrated that neoantigen load, particularly neoepitopeswith
strong-binding to class II MHC, had a superior predictive value over TMB for PFS. Mutations in NF1
and ROS1 that produce a neoantigen were also linked to improved outcomes. These results support
the reproducibility of TMB estimation and highlight the added value of neoantigen profiling in
predicting immunotherapy benefits in melanoma.

Immune checkpoint inhibitors (ICIs) targeting the programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4) receptors have demonstrated significant efficacy in melanoma. Single-
agent anti-PD-1 and combination anti-PD-1/anti-CTLA-4 therapy have
achieved long-term (10 year)melanoma-specific survival rates of 45.2% and
52%, respectively, in patientswith advancedmelanoma1–3. The combination
of anti-PD-1/anti-CTLA-4 showed a higher PFS rate compared to anti-PD-
1 alone, with 36% of patients’ progression-free at 5 years, compared to 29%
for anti-PD-1 monotherapy. However, this higher rate comes with a

significantly higher risk of severe toxicities, with 59% of patients experien-
cing at least grade 3 toxicitieswith combination therapy versus 23–28%with
monotherapy2. Despite these risks, some patients still require combination
therapy to achieve optimal outcomes, underscoring the need to refine our
ability to identify predictive biomarkers and better select thosemost likely to
benefit from combination versus monotherapy.

Tumour mutation burden (TMB), the number of somatic mutations
permegabase (mut/Mb) of the tumour genome, serves as a surrogate for the
neoantigenic load of a tumour and, accordingly, has been linked to tumour
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immunogenicity and response to immunotherapies. The KEYNOTE-158
trial investigated single-agent pembrolizumab (anti-PD-1) in solid tumours,
showing improved response rates for patients with high TMB (≥10mut/
Mb)4. This finding prompted the United States Food and Drug Adminis-
tration (FDA) to grant approval of pembrolizumab for metastatic solid
tumours with high TMB as assessed by FoundationOne CDx® (F1CDx)
testing. Clinical assessment of TMB often utilises formalin-fixed paraffin-
embedded (FFPE) tissue, next-generation sequencing (NGS) targeted
panels, and tumour-only variant calling due to practical constraints.
Although targeted panels have been shown to have similar performance and
low variability compared to whole exome sequencing for TMB estimation
on high TMB tumours such as cutaneous melanoma5,6, commercial panels
exhibit significant variation in target regions, included genes, variant callers,
germline variant filteringmethods, and even in the definingmutation types
that contribute to TMB7,8. Given its clinical utility, the consistency of TMB
estimation needs to be validated across the target panels.

Neoantigens predicted from somaticmutations via the binding affinity
ofmutated neoepitopes toMHCmolecules are another potential biomarker
for ICI treatments9. An associationwith improved response and survival has
been observed in melanoma patients treated with ICIs who exhibit higher
neoantigen loads10–12. Despite the challenges in identifying recurrent
tumour-specific neoantigens shared across patients10, neoantigen vaccines
havedemonstrated the ability to induce tumour infiltrationandpromote the
long-term persistence of neoantigen-specific T cells13. Therefore, a deeper
understanding of tumour-specific neoantigens is crucial, and the utility of
neoantigen quantification via NGS panels remains to be seen.

Toaddress these issues,we conducted targetedNGSbasedTMBtesting
utilising three targeted panels, including the QIAseq TMB IO (QIAGEN),
Illumina TSO500 and F1CDx (Foundation Medicine), to assess real-world
prospective reproducibility of TMB. We then investigated the association
between individual somatic mutations (N = 198), neoantigens (N = 135), as
well as TMBandneoantigenic load (N = 135)with response to ICI therapies
in patients with metastatic melanoma.

Results
Prospective TMB estimation is highly reproducible across NGS
panels and laboratories
TMB estimation was conducted on 62 samples using the QIAGEN work-
flow, with default settings in a prospective manner within the Melanoma
Institute Australia’s translational research laboratory (in-house). To assess
reproducibility of TMB estimation and driver mutation status (BRAF, RAS,
NF1), 27/62 samples were also tested via the TSO500 panel within Lab1, 43/
62 samplesTSO500 within Lab2 and 30/62 samples using the F1CDx, an
FDA-approved method. Numbers vary due to sample availability and the
prospective nature of the testing. All samples used in the cross-laboratory
comparison passed all quality controls (see Methods). TMB values derived
from theQIAGENworkflow showed significantly positive correlationswith
the TSO500 derived TMB (Spearman's rhoboth = 0.83, p: Lab1 = 4.4 × 10−8

and Lab2 = 5 × 10−12). When classifying patients into TMB high and low
groups (based on 10 mut/Mb), there was no significant difference between
the QIAGEN workflow and any lab using TSO500 (McNemar’s test p:
Lab1 = 0.22, Lab2 = 1) (Fig. 1a, b). Only one sample was identified as having
a high TMB (defined as ≥10mut/Mb) via theQIAGENworkflow and a low
TMB in Lab2 with TSO500 (TMBQIAGEN = 134.5 vs TMBLab2 = 0.8). This
was due to overestimation of the low allele fraction (AF) (5–9%) variants in
the Qiagen TMB estimation. The QIAGEN workflow positively correlated
with F1CDx (Spearman rho = 0.94, p = 1.1 × 10−14), and both displayed
identical TMB two-class estimations (McNemar’s test p = 1) (Fig. 1c and
Table S1).

Patients identified to have BRAF and RAS mutations in their mela-
noma via the QIAGEN workflow had the same melanoma molecular
subtype designated using the TSO500 panel with similar AFs across
laboratories. However, 8 out of 22 QIAGEN workflow NF1-melanoma
patients did not have any NF1 mutation in their melanoma based on
TSO500 in Lab1 or Lab2. Among these, 2/8 patients with high AFs (73.5%,

60.4%) but were found to lack of coverage of those particularNF1 regions in
the TSO500 panel (Fig. 1d). One sample with aNF1mutation at 12.2% AF
was not reported in Lab1. For the rest of the inconsistentNF1-mutants, the
differences were associated with the low AFs of the NF1 mutations (range
2.6–7%), suggesting a potential impactof tumourpurity on the concordance
across panels. In the case of F1CDxpanel testing, the sameBRAF,KRAS and
NF1 mutations detected with QIAGEN were identified at similar AFs
(Fig. 1e) with all captured driver mutations present at AFs greater than 10%
(range: BRAF 16.6-75%, KRAS 88.1%, and NF1 19.7–91.6%) (Table S1).
These results indicate an excellent overall reproducibility across panels for
TMB and driver mutations, with potential missed mutations in NF1 based
on TSO500 due to lack of coverage in specific regions.

Clinical characteristics of the cohort
A separate cohort of 198 patients with advanced melanoma who received
anti-PD-1 (PD1) or combination anti-CTLA-4 plus anti-PD-1 (IPI+ PD1)
therapies, with samples that passed quality controls and had sufficient
tumour content (five samples excluded due to AFs < 10% in BRAF or RAS
driver mutations), were processed for TMB estimation and mutation pro-
filing with the QIAGENworkflow. The median age in this cohort was 63.5
years. Response as classified based on 6 months progression-free survival
status into responders (PFS ≥ 6 months), with a significantly older cohort
than non-responders (PFS < 6months) (median age responders = 67 years,
non-responders = 61 years, p = 0.04). Non-responders had a higher pro-
portion of acral and mucosal melanomas compared to responders
(p = 0.005). The majority of patients had BRAF/RAS/NF1 driver mutations
in their melanoma with only 14.1% being triple wild type (TWT). There
were no significant differences in sex or treatment type between responders
and non-responders (p > 0.05) (Table 1 and Table S2).

TMB isassociatedwith response to ICIs andNF1mutation status
Given the concordant results observed above forTMBestimation,QIAGEN
workflow-derived TMB (non-synonymous mutations only) and driver
mutation status were investigated for associations with response to ICI
therapies. The TMB values ranged from 0 to 668mut/Mb (median: 13mut/
Mb). Melanomas of cutaneous non-acral origin and from older and male
patients showed significantly higher TMB values compared to melanomas
from other tissue origins, younger and female patients (median TMB:
15.2mut/Mb in cutaneousmelanoma versus 6.5 mut/Mb in non-cutaneous
melanoma, 18mut/Mb in older patients (≥65 as older patients) versus
11.3mut/Mb in younger patients, and 15.4 mut/Mb inmale patients versus
11.3mut/Mb in female patients; p = 4.8 × 10−4, 0.04 and 0.03, respectively).

Responders had significantly higher TMB compared to non-
responders (median: 20.6mut/Mb vs 9.5mut/Mb, p = 2.6 × 10−5)
(Fig. 2a). Patients with a high TMB (≥10mut/Mb) had significantly longer
median PFS compared to patients with low TMB (38.6 mo vs 3.8 mo; log-
rank p = 2.9 × 10−4). Furthermore, the high TMB class had a significantly
higher proportion of responders compared to the low TMB class (Fisher’s
exact test p = 0.001, Fig. 2b). These differences were observed regardless of
treatment groups (IPI+ PD1: 58.7 months, 64.2% in high TMB patients
versus 4.6 months, 38.9% in low TMB patients, log-rank p = 0.003 and
Fisher’s exact test p = 0.006; PD1: 21.6months, 59.6% in high TMBpatients
versus 3.5months, 36% in lowTMBpatients, log-rank p = 0.03 and Fisher’s
exact test p = 0.09), with a weaker association in the PD1 group likely due to
the smaller cohort size (Table 1 and Table S2).

Melanomas frompatientswithNF1mutations (n = 55) had the highest
median TMB value (42mut/Mb), followed by RAS (n = 44, 12.5mut/Mb),
BRAF (n = 71, 9.4mut/Mb), andTWT(n = 28, 2.7 mut/Mb) subtypes.NF1-
mutant patients had significantly higher TMB values than BRAF- andRAS-
mutant patients (p = 2.5 × 10−10 and 1.5 × 10−6). RAS-mutant patients had
significantly higher TMB values than BRAF-mutant patients (p = 0.04)
(Fig. 2c). While NF1-mutant patients had the longest median PFS (11.8
months) compared to other mutational subtypes (BRAF: 5.3 months, RAS:
11.4 months, TWT: 8.7 months), these differences were not statistically
significant (Fig. 2d). The NF1-mutant group had the highest proportion of
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responders (59.1%), while the BRAF-mutant group had the lowest pro-
portion (46.5%), with these differences not reaching statistical significance
in either the entire cohort or when separated by treatment (PD1-alone or
IPI+ PD1) (Tables 1 and S2).

No significant difference in TMB values was observed between major
mutation subclasses within each driver gene (BRAF V600E versus V600K,
RAS Q61 versus G12/13, and NF1 missense versus nonsense mutations)
(Fig. 2e). Patients with class-I BRAF mutations had overall lower TMB
values than patients with other classes of BRAFmutations (p = 0.07 against
class-II, 0.02 against class-III, and 6 × 10−4 against no class) (Fig. 2f).

HigherproportionofUVdamagesignatures isassociatedwith ICI
response
In agreement with prior studies14, most single nucleotide variants were
C > T, with melanomas of acral and mucosal origin displaying a lower
prevalence of C > T and higher T > C/G changes. C > T transitions were
similar among response status, age, and sex (Figs. 3a and S3). Pooled
assessment of mutational signatures across melanomas showed prevalent
UV damage (UV signatures SBS7a-d = 53.5% across patients), meanwhile
melanomas from responders had a borderline significantly higher propor-
tion of UV damage signatures compared to melanomas from non-
responders (60.6% versus 45.7%, p = 0.05) (Fig. 3b). Melanomas of cuta-
neous non-acral origin showed a higher proportion of UV damage sig-
natures compared to melanomas of other origins (59.2% to 12.5%,
p = 1.4 × 10−5). Male and older patients also displayed significantly higher

proportions of UV damage signatures (59% versus 43.7% for females,
p = 0.04; 60.8% versus 46.5% for younger patients, p = 0.05) (Fig. S4).

PTPRDmutation is associated with better response and
longer PFS
We next extended our assessment of recurrently mutated genes and their
association with PFS and response, focusing on likely-clonal mutations
(AF > 10%). BRAF (N = 90, 46.6%), LRP1B (N = 79, 40.9%),NRAS (N = 50,
25.9%),ROS1 (N = 49, 25.4%), andGRIN2A (N = 43, 22.3%)were identified
as the top 5 recurrently mutated genes in this cohort (Fig. 4a, b and
Table S3). BRAF and RAS melanoma hallmark mutations were mutually
exclusive, except for one non-responder (BRAF V600E = 63.8% and NRAS
G61K = 28.5%) and one responder (BRAF V600E = 25% and KRAS
G61H= 24%).

Univariate logistic regression models weighted for confounding vari-
ables (TMB, age, sex, and cutaneous vs non-cutaneous), revealed that
patients with melanomas harbouring PTPRD mutations (N = 35, 18.1%)
showed a significantly better response and longer PFS thanmelanomas that
were PTPRD wildtype, in both the entire cohort (ORweighted = 1.89 adj-
p = 0.01; HRmulti = 0.49 p = 0.03) and the IPI+ PD1-treated group
(ORweighted = 1.9 adj-p = 0.05) (Figs. 4c–e and S5). Patients with FLT4-
mutant melanomas (N = 24, 12.4%) demonstrated longer PFS in both the
entire cohort (HRmulti = 0.37 p = 0.02) and in the PD1-treated group
(HRmulti = 0.18 p = 0.02) (Fig. 4d, g). Mutational status inGRIN2A (N = 43,
22.3%) andDMD (N = 33, 17.1%) showed association with better response
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(GRIN2A: ORweighted= 2.07 adj-p < 0.01; DMD: ORweighted= 1.8 adj-
p = 0.02) in the entire cohort of both PD1 alone and IPI+ PD1 (Fig. 4c).
Patients in the IPI+ PD1-treated group showed favourable responseswhen
their melanomas contained TP53-mutations (NIPI+PD1 = 18, 15.4%) or
MYOCD-mutations (NIPI+PD1 = 15, 12.8%) (TP53: ORweighted = 2.09 adj-
p = 0.03;MYOCD:ORweighted= 4.02 adj-p < 0.001) (Fig. 4e), aswell as longer
PFS with KMT2D-mutations (NIPI+PD1= 15, 12.8%, HRmulti = 0.27
p = 0.02) (Fig. 4f). Significantly worse outcomes were observed in patients
with HERC1-mutant (N = 23, 11.9%) and ALPK2-mutant (N = 29, 15%)
melanomas (HERC1: ORweighted = 0.52 adj-p < 0.01; ALPK2:
ORweighted = 0.61 adj-p = 0.04).

One mutation in the catalytic subunit of PIK3CA (I391M, N = 27,
14%), which passed all somatic filters and has been reported as both a
germline and somatic variant (COSM328028, population frequency of
6.6%, Figure S6), has been highlighted by prior studies to be a frequent
alteration in patients with multiple primary melanomas [15]. The PIK3CA
I391M variant was associated with better response and longer PFS in the
entire cohort (ORweighted= 2.19 adj-p < 0.01; HRmulti = 0.44 p = 0.03)
(Table S4–5).

Neoantigen loads have enhanced predictive value for response
and PFS compared to TMB
Theutilisation ofTMBas a proxy for neoantigen load, aswell as the growing
interest in neoantigen-based therapies, prompted us to evaluate the added
value of measuring neoantigen load directly from the QIAGEN workflow
mutational profiles. To achieve this, we determined the HLA class I and II
types for somatic variants called from 135 patient samples, combined with
clinicalHLAtypingofmatchedblood tomeasured thebinding affinityof the
resulting neoepitopes to their HLA class I and II alleles for each non-
synonymous mutation in each melanoma (see “Methods”). While neoan-
tigen loads were found to be significantly and positively correlated to TMB
values (Spearman rho = 0.86, p < 0.001), large variability in the neoantigen
load was observed within ranges of TMB (Fig. 5a).

As observed with TMB (Fig. 2a), responders showed significantly
higher neoantigen load values compared to non-responders (median 10.5
versus 6 neoantigens, respectively, p = 0.01) (Fig. 5b). Still, assessment of
total neoantigen load as well as distinct subsets of neoantigens showed
enhanced predictive value for patients treated with ICI compared to TMB.
In the population of patients treated with PD1 alone, total neoantigen load

was significantly associated with response, a result not achieved with TMB
as a numerical value (OR = 1.006 p = 0.07 for neoantigen load versus
OR = 1.006 p = 0.42 for TMB) (Fig. 5c). Furthermore, the strength of the
association for the IPI+ PD1 patient group was stronger for neoantigen
load (OR = 1.209 p = 0.02) compared to TMB (OR = 1.025 p = 0.08).

We then focused on the assessment of neoantigen load per HLA class
type. This showed that the subset of strong binders (see Methods) to HLA
class II alleles resulted in an increase in prediction power for response and
PFS compared to TMB values (as measured by better OR and HR values,
and p-values of stronger significance) in the entire cohort as well as within
PD1and IPI+ PD1 treatment groups (Fig. 5c, d andTable S6).These results
suggest that the total neoantigen load, as well as subsets of neoantigens carry
enhanced predictive value in the context of response to ICI treatment in
melanoma patients.

Recurrently mutation hotspots encode neoantigens associated
with improved ICI outcome
To investigate the association between individual predicted neoantigens
and ICI outcomes in patients, we first assessed the neoantigenicity and
predictive value from recurrently mutated genes across the cohort. We
found that RAC1 P29S (N = 13, 9.6%), NRAS Q61* (N = 13, 9.6%), and
BRAF V600* (N = 18, 13.3%) more commonly bind to multiple HLA-A
alleles (Fig. S7a). Several trends of association were identified, albeit not
reaching statistical significance. Patients with BRAF V600*:HLA-A
binding pairs showed lower proportion of responders (44.4% versus
53.0% for non-BRAF V600*:HLA-A paired patients, p = 0.61) and
shorter median PFS (2.8 versus 9.8 months for non-BRAF V600*:HLA-
A paired patients, p = 0.61) than others (Fig. S7b, S8a). However,
patients with RAC1 P29S:HLA-A and NRAS Q61*:HLA-A pairs had
trends of higher proportion of responders and longer PFS (RAC1
P29S:HLA-A: 69.2% versus 50% for non-RAC1 P29S:HLA-A paired
patients p = 0.25, andmedian PFS 21.6 versus 5.5months p = 0.71;NRAS
Q61*:HLA-A: 61.5% versus 50.8% for non-NRAS Q61*:HLA-A paired
patients p = 0.57, median PFS 38.6 versus 7.4months, p = 0.33) (Fig. S7b,
S8b and c). In the case of PTPRD, associated with favourable ICI out-
comes described above, no differences in response or PFS were identified
between neoantigenic mutants and non-binding mutants (Fig. S9),
indicative of its predictive value independent of the neoantigenicity of
the individual mutations in that gene.

Table 1 | Clinical characteristics of patients

Characteristic All (N = 198) Responder (N = 104) Non-responder (N = 94) p-value

Age, median (IQR) years 63.5 (19-93) 67 (19-93) 61 (27-88) 0.0405a

Sex, No. (%) Female 71 (35.9) 32 (30.8) 39 (41.5) 0.1383b

Male 127 (64.1) 72 (69.2) 55 (58.5)

Treatment, No. (%) IPI+ PD1 121 (61.1) 64 (61.5) 57 (60.6) 1b

PD1 77 (38.9) 40 (38.5) 37 (39.4)

Cutaneous melanoma, No. (%) Yes 174 (87.9) 98 (94.2) 76 (80.9) 0.0045b

No 24 (12.1) 6 (5.8) 18 (19.1)

Melanoma subtypes, No. (%) BRAF 71 (35.9) 33 (31.7) 38 (40.4) 0.5313b

RAS 55 (27.8) 31 (29.8) 24 (25.5)

NF1 44 (22.2) 26 (25) 18 (19.1)

TWT 28 (14.1) 14 (13.5) 14 (14.9)

Median PFS (months) IPI+ PD1 6.8 24.8 2.3

PD1 7.8 30.2 0

>12 months PFS, No. (%) IPI+ PD1 50 (25.3) 50 (25.3) 0 (0)

PD1 30 (7.6) 30 (7.6) 0 (0)

Responder defined as PFS ≥ 6 months.
aMann–Whitney test.
bFisher’s Exact Test.
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More generally, beyond hotspots, several mutations in recurrently
mutated genes encoded neoantigens associated with improved PFS,
includingNF1, ROS1,GRIN2A,MYOCD and ERBB4, compared to patients
with a non-neoantigenic mutation (non-binding), as well as wild type
patients.

Patientswithmelanomas harbouring neoantigenicNF1mutations had
a significantly higher proportion of responders than mutated non-binding
patients and patients without somatic clonal NF1 mutations (83.3% for
neoantigenic NF1-mutants versus 30% for mutated non-binding mutants
p = 0.03, and50.4% for other patients, p = 0.04). Therewas a trend towards a
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longer PFS in patients with neoantigenicNF1mutations compared to non-
binding patients (median PFS = 48.7 months vs 3 months log-rank p-
value = 0.07). However, there was no significant difference in PFS when
compared to patients without somatic clonal NF1 mutations (median
PFS = 7.4 months, log-rank p-value = 0.3) (Fig. 6a, c).

Patients carrying neoantigenic mutations in the ROS1 gene had a
trend towards longer PFS compared to non-binding patients and
patients without somatic ROS1 mutations (median PFS was not
achieved for neoantigenic ROS1 mutants versus 3.2 months, log-rank
p-value = 0.09, and 5.5 months for patients without somatic ROS1-
mutant, log-rank p-value = 0.07), with no significant difference in
response (Fig. 6b, c). Importantly, while mutations in either NF1 or
ROS1 genes were significantly associated with higher TMB, no sig-
nificant difference in TMB was found between mutated binding and
non-binding patients (Fig. 6d, e). Inspection of binding and non-
bindingmutations in these genes revealed those with predicted binding
affinity to MHC classes were all missense mutations, while the muta-
tions in non-binding patients in NF1 and 6 out of 9 patients in ROS1
were nonsensemutations. These results suggest that differentmutation
types in recurrently mutated genes may have a distinct impact on
tumour aggressiveness versus elicitation of an immune response,
adding biological complexity that can lead to clinical differences after
ICI treatment.

Discussion
This study confirms the reproducibility and clinical utility of TMB esti-
mation. Furthermore,we identified additional value inneoantigenprofiling,
in particular subsetting NF1 driven tumours by neoantigenicity for asso-
ciation with response to immunotherapies using a commercial NGS testing
panel and variant calling pipelines.

Our findings support a high concordance in TMB estimation when
assessed as a continuous variable and as a categorical variable (based on a
threshold of 10mut/Mb)—across both laboratories and sequencing panels.
Furthermore, we observed a strong concordance in the presence andAFs of
BRAF and RAS driver mutations between these panels and across labora-
tories. Although all laboratories reported similar AFs when capturing the
sameNF1mutations, someNF1mutations detected by the QIAGEN panel
were not identified by the TSO500 panel. The majority of these discordant
NF1 mutations predominantly exhibited low AFs, while in two patients,
high AF NF1 mutations were missed as the genomic regions were not
targeted by the TSO500 panel, likely due to the long genomic span of this
gene (~350 kb long gene with 60 exons)16. Review of the low AF mutations
(between 2.5 and 9%) that passed QIAGEN variant calling QC suggested
that the higher read depth of the QIAGENworkflow compared to TSO500
allowed for the identification of potential subclone variants.

The spectrum of mutational signatures agreed with the prevalence of
UV damage observed in cutaneous versus non-cutaneous melanoma, even

Fig. 3 | Patients mutation profile and signature. a SNV distribution in this cohort
and across response status, where error bars indicate 95% confidence interval across
samples. b Proportions of the most contributed SBS signature among patients. UV:
Ultraviolet light exposure related SBS signatures. MMR: DNA mismatch repair

related signatures. BER: DNA base excision repair related SBS signatures. Chemo:
chemotherapy treatment related SBS signatures. Unknown: unknow SBS signatures.
Others: other kinds of SBS signatures.
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via NGS panel testing17. This study validates findings from other study
showing that cutaneous melanoma exhibits a significantly high proportion
of UV damage signatures and increased response rate to
immunotherapies18. However, the prevalence of patients with UV-
dominated mutation signatures was lower in our cohort; this may be due
to the targeted panel design and tumour-only variant filtering processes (for
example, only non-synonymous were selected) compared to whole
genome-based studies14. Therefore, this study may underestimate the con-
tribution of UV damage. Previous studies have reported more favourable
outcomes from ICIs inmales comparedwith females19,20 and in older versus
younger patients21. Also, an increased TMB has been reported in male
patients withmetastatic melanoma versus females22. As expected, our study
also reported that older andmale patients have higher response rates to ICI
treatments and displayed stronger association with UV damage signatures.

Analysis of single gene mutation status identified that PTPRD muta-
tions are associated with longer PFS to ICI, independent of TMB values and
other clinical variables, which may affect melanoma mutation profiles. A
prior study reported a similar prevalence of PTPRD gene mutations in
melanoma23. PTPRD mutations have also been reported to enhance
response and overall survival (OS) in multiple cancer types, including
melanoma, in larger cohort studies24–26. In non-small cell lung cancer,

deleterious mutations in the PTPRD phosphatase domain were associated
with benefit from ICI treatments and were also independent of TMB27. In
our cohort, additional neoantigen analysis revealed that these benefits are
not associated with the predicted binding to HLA alleles and therefore may
have biological functions.

PTPRD is a tumour suppressor gene (TSG) within the protein tyrosine
phosphatase gene family and has been reported to suppress STAT3 function
through dephosphorylation. Mutations in PTPRD led to increase STAT3
phosphorylation in head and neck cancer28, while expression of PTPRD
negatively correlated with phosphorylated STAT3 and PD-L1 expression in
hepatocellular carcinoma29. Responders have higherPD-L1 gene expression
and peritumoural PD-L1+ cell proportions in metastatic melanoma
patients treatedwith ICIs30. Additionally, PTPRD is located at chromosome
9p, a region frequently subjected to loss of heterozygosity in cutaneous, acral
and mucosal melanoma17; 9% of cutaneous melanoma patients have been
reported to have a PTPRD homozygous deletion15. This suggests a potential
two-hit inactivation mechanism in PTPRD-mutant melanomas. However,
due to a lack of matched normal samples, copy number alteration analysis
was not conducted in this study. Therefore, the impact of PTPRD loss-of-
function and its association with PD-L1 expression in melanoma warrants
further investigation.

c

r
0.857

p−value
4.36×10−40

0

1

10

20

50

100

200
300

0 1 10 20 50
100

200
300

TMB values (mut/Mb)

N
eo

an
tig

en
s 

Lo
ad

s 
(C

ou
nt

s)

response
Non−responder
Responder

Neoantigen Loads to TMB values

**

0

1

5

10

20

30

50

100

N
eo

an
tig

en
s 

Lo
ad

s 
(C

ou
nt

s)

response
Non−responder
Responder

Neoantigen Loads
b

p:0.07 p<0.01 p:0.08 p:0.02 p:0.42 p:0.07
AllAllAllAllAllAll IPI+PD1IPI+PD1IPI+PD1IPI+PD1IPI+PD1IPI+PD1 PD1PD1PD1PD1PD1PD1

1

1.1

1.2

1.3

1.4

1.5

TMB Neo TMB Neo TMB Neo

O
R

 (9
5%

 C
I)

response
better

d
p:0.06 p:0.03 p:0.08 p:0.05 p:0.47 p:0.2

AllAllAllAllAllAll IPI+PD1IPI+PD1IPI+PD1IPI+PD1IPI+PD1IPI+PD1 PD1PD1PD1PD1PD1PD1

0.85

0.9

0.95

1

1.07

TMB Neo TMB Neo TMB Neo

H
R

 (9
5%

 C
I)

PFS
longer

a

Fig. 5 | Association of neoantigen load and TMB values with response and PFS.
a Scatterplot of neoantigen load versus TMB values colored by response group.
b distribution of neoantigen load against response status. cOR of univariate logistic

regression for TMB and class-II strong-binding neoantigen load, and d HR in
univariate CoxPH regression for TMB and class-II strong-binding neoantigen load
in the entire cohort, as well as within treatment modality.

https://doi.org/10.1038/s41698-025-01230-y Article

npj Precision Oncology |           (2026) 10:55 8

www.nature.com/npjprecisiononcology


PIK3CA I391M is another candidate variant associated with improved
response and PFS, independent of TMB and other clinical variables.
Although the high population frequency and the distribution of AFs in this
study identified this mutant as a potential germline variant, it has been
reported as a common mutation in both primary and metastatic
melanoma31,32. As an oncogene, PIK3CA active mutation can result in
immune evasion and diminish the efficacy of anti-PD-1 treatment33.
PIK3CA I391M has also been shown to promote cell proliferation34. How-
ever, the impacts of I391M on protein function and downstream pathways
in the context of immunotherapies are still unclear. This study highlights a
germline SNP with potential to predict benefit from ICIs.

In this study, we also sought to understand the additive prediction
value of neoantigen load to that ofTMB. First,wedemonstrated theutility of
TMB in stratifying response and PFS. TMBhas been extensively reported to
correlate with response and survival across multiple cancer types, including
melanoma35,36. Beyond that, neoantigen load is positively associated with
longer PFS in metastatic melanoma patients treated with anti-CTLA-410,
and in metastatic cancer patients treated with anti-PD-112. Our study
identified the enhanced value of neoantigen loads in predicting response
and PFS regardless of MHC class. A recent study showed improved strati-
fication of response in ICI-treated patients based on neoantigen burden
compared to TMB37. Further, our study found that neoantigens which
strongly bind to MHC class-II molecules provided the greatest increase in
predictive power for response compared to TMB values in this study.MHC
class-II presents a more diverse range of peptides to CD4+ T-cells38. In a
mouse model, tumour rejection required the expression of MHC class-II
restricted neoantigens by tumour cells39.MHC class-II expressing cells were

spatially closer to Ki67+TCF1+CD8+ T-cells, which are a predominant
predictor of response in triple-negative breast cancer patients treated with
ICIs40. Thesefindings suggest a potentially predominant role forMHCclass-
II-mediated neoantigen presentation in modulating ICI response and
survival.

The most frequent neoantigen-HLA binding pairs include several
prevalentmelanomahotspotmutations.Our study shows that the predicted
binding to HLA-A does not rescue the low proportion of responders and
short PFS in BRAF-mutant melanoma patients. However, there are
potential benefits that may arise from NRAS Q61* and RAC1 P29S
neoantigens when bound to HLA-A. In a prior study, NRAS Q61K/R
mutated neoantigens were reported to bind to HLA-A*01:01 in 7% of
melanoma patients, and the Q61 residue was shown to have potential
binding capability to T cell receptors through the 3D structure of the
peptide-HLA complex41. RAC1 P29S can also be presented to T cells and
activate T-cell-induced cytotoxicity against melanoma cells via binding to
HLA-A*02:01 in amicemodel42.However, due to the small sample size after
stratification, these analyses lack sufficient power to reach statistical sig-
nificance. Additionally, higher TMB values in these patients may confound
the true impact of these binding pairs.

This study identified two potential neoantigenic genes,NF1 andROS1.
As a frequentlymutated gene in cutaneousmelanoma,NF1mutations have
been associated with increased TMB and longer survival17,43. Our study
showed trends towards improved response and PFS in NF1-mutated
patients compared to those with wild-type NF1, though this did not reach
statistical significance. Similarly, ROS1 mutations, especially those in the
protein tyrosine kinase region, have been illustrated as a favourable

Fig. 6 | Response andPFS for neoantigens fromNF1 andROS1. a, bKaplan–Meier
curves for PFS based on NF1 and ROS1 mutational and neoantigenic status.
c Proportion of responders on NF1 and ROS1 mutations among neoantigenic
binding status. MHC-I/II: neoantigens were predicted to bind MHC class-I or -II.

Not Bind: neoantigen was not predicted to bind any MHC class. Others: patients
without mutations from this gene. d, e Boxplot of TMB values in NF1 and ROS1
across mutational and neoantigenic categories.
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biomarker forOS following ICI treatments in a pan-cancer cohort, aswell as
melanoma44–46. In our study, non-bindingmutations inNF1 andROS1were
mostly nonsense mutations. These patients had overall worse response and
PFS compared to patientswith bindingmutations. In contrast, neoantigenic
NF1 and ROS1 mutations were primarily missense mutations. These dif-
ferences in response and PFS between binding status were not associated
withTMB.Unlikemissensemutations, nonsensemutations are predicted to
generate fewer neoantigens due to nonsense-mediated RNA decay that
degrade premature RNAs with nonsense mutations38. Therefore, although
both missense and nonsense mutations may similarly impact gene
expression,missensemutations aremore likely to result in neoantigenswith
potential immunogenicity. However, while these findings were developed
across multiple hospitals, all patients in the study were from an Australian
cohort. Associations observed betweenmutation burden and specific driver
events require further validation in geographically and demographically
diverse populations to confirm the reproducibility and broader applicability
of the findings.

We confirmed the real-world reproducibility of TMB estimation and
melanoma subtype calling through targeted gene panels (QIAseq TMB,
TSO500 and F1CDx) across laboratories. Although the targeted panel, by
definition, does not include all exomes, limiting the ability to detect all genes
and passengermutations whichmay also contribute to the neoantigen load,
this study reported improved response to ICIs in cutaneous melanoma,
older and male patients with UV damage, as well as in patients with high
TMB and neoantigen loads, as observed in previous studies. We further
identified somatic mutations in the PTPRD gene and the germline SNP
PIK3CA I391Mas potential biomarkers associated with better response and
longer PFS, independent of TMB values and clinical confounding variables.
After integrating these findings with patient HLA typing, we highlighted
that the binding affinity of neoantigens generated from NF1 and ROS1 to
MHC class molecules is a key feature for long-term therapeutic benefit.

Methods
Patient cohorts and specimens
The prospective cohort included 198 patients who received immune
checkpoint inhibitors anti-PD-1 or anti-PD1+anti-CTLA-4, with histolo-
gically confirmed stage III unresectable or IV melanoma as part of the
Personalised Immunotherapy Platform (PIP-PREDICT, NCT06536257)47.
All patients were enrolled in the study via written informed consent, and
biospecimens were collected via the biospecimen bank of Melanoma
Institute Australia. The study protocol was approved by the Sydney Local
Health District Ethics Committee (2020/ETH00426). All procedures were
carried out in accordance with the principles of the Declaration of Helsinki.

Patients with prior targeted therapy or adjuvant or neoadjuvant sys-
temic immunotherapy were eligible. Pre-treatment, FFPE melanoma
biopsies underwent pathological review, and thosewith a threshold of >20%
tumournuclei contentwere selected for targetedpanelNGS testing. Patients
were excludeddue to lack of a suitable sample forNGS testing or insufficient
nucleic acids available after extraction.

The patient’s disease response was classified based on progression-free
survival (PFS) into responders (defined as PFS ≥ 6 months) and non-
responders (PFS < 6 months).

DNA extraction
Macrodissection was performed prior to extraction to further enrich the
sample for tumour regions. GenomicDNA extraction was performed using
the AllPrep DNA/RNAFFPEKit (cat. No. 80234, Qiagen) according to the
manufacturer’s instructions. Large tumours underwent separate DNA
extractions on separate tissue using the High Pure FFPE DNA Isolation kit
(cat. No. 06 650 767 001, Roche) when tissue size permitted.

Targeted NGS panels and TMB estimation
QIAseq human tumour mutational burden panel. Somatic mutation
burden was assessed using the QIAseq Targeted DNA Human Tumour
Mutational Burden Panel (DHS-6600Z, QIAGEN) as per the

manufacturer’s instructions. The entire workflow was performed at the
Melanoma Institute Australia’s translational research laboratory (in-
house). Pre-test quality control of the DNA was performed using the
QIAseq Library Quant Assay Kit (333314 QSTF-ILZ-N, QIAGEN).
Samples failing the QIAseq Library Quant Assay had 250 ng of input
DNA added as opposed to the standard 100 ng used for all samples that
passed QC. Libraries were prepared as per the manufacturer’s instruc-
tions and subsequently quantified using the Qubit dsDNA HS Assay
(Q32851). Libraries were pooled, and quality controls were performed
using TapeStation (Agilent). Paired-end 300 cycle sequencing was per-
formed on the Illumina Novaseq (S4 flow cell, loading 175 pM without
PhiX) or Nextseq 2000 (P2 flow cell, loading 175 pM without PhiX)
instruments using QIAseq A Read 1 Primer as custom primer. FASTQ
generation was performed on-board sequencer.

Variant detection and TMB estimation were performed using the
predefined TMB workflow as part of the Biomedical Genomics Analysis
plugin “Identify QIAseq DNA Somatic Variants with TMB Score” with
default settings. Within the analysis workflow, samples were aligned to the
reference genome (Homo.sapiens.GRCh38.v82), somatic single nucleotide
variant called, germline variants filtered (Single Nucleotide Polymorphism
database, dbSNP), andTMB(nonsynonymous somaticmut/Mb) estimated.
Samples with low exon regions’ coverage (<900,000 bp of panel targeted
regions with >100X read depths) were excluded.

TruSight oncology 500panel (Illumina). Samples were fragmented with
a M-220 Focused-ultrasonicator (Covaris) using 80 ng of gDNA. To
evaluate the peak size of the generated fragments, the samples were run
on the 2100 Bioanalyzer Instrument (Agilent) using the High Sensitivity
DNAKit (Agilent). Libraries were prepared following themanufacturer’s
instructions and were quantified with the Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific). A library concentration of at least 3–5 ng/µl
was required to achieve efficient bead-based library normalisation.
Normalised libraries were pooled together (maximum of eight libraries
per pool incubated at 96 °C for 2 min). Two different dilutions were
performed to obtain a final concentration of 1.5 pM. Sequencing was
performed on NextSeq 500 platform using High Output reagents,
8 samples per flowcell and 300 cycles of sequencing in paired-end (Illu-
mina). Furthermore, PhiX control at 1% (Illumina) was used as a
sequencing control. Variant calling and estimation of TMB (non-
synonymous somatic mut/Mb) were done using DRAGEN TruSight
Oncology 500 (TSO500) Analysis Software.

FoundationOne. The CDx assays were performed at Foundation Med-
icine. Data analysis and TMB reporting were performed by the College of
American Pathologists (CAP)-accredited laboratory. This testing was
performed as part of the MatchMEL trial (NCT02645149), with Foun-
dationOne CDx tests performed and funded by Roche Products Pty
Limited.

Reproducibility of TMB
To assess reproducibility of TMB estimation and driver mutation status,
TMB estimation was conducted on 62 samples using the QIAGEN work-
flow in a prospectivemanner. Then the sameDNAwas sent to two separate
laboratories (laboratory 1 (Lab1), 43/62 samples, and laboratory 2 (Lab2),
27/62 samples) to generateTMBvaluesusingTSO500workflowat each site.
Additional validation of reproducibility was conducted using F1CDx on the
same tumour biopsy for additional 30 samples.

Melanoma driver mutation subtyping
Assessment of the melanoma mutation subtype was performed to classify
samples intoBRAF (codons 597, 600, and 601),RAS (N/K/H/RAS in codons
12, 13, and 61),NF1 (damaging non-synonymousmutation) and triple wild
type (TWT, lacking the priormutations). All cases had prior routine clinical
molecular diagnostic testing, which was checked for concordance with the
mutation subtypes for BRAF, NRAS, KRAS, HRAS and KIT. Samples with
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concordant mutation status were included in further analysis. Cases with a
BRAFmutationwere also classified into class-I/II/III basedonOwsley et al.’s
study48. Samples with AFs below 10% in BRAF and RAS driver mutations
were regarded as low tumour purity and excluded from downstream ana-
lysis (Fig. S1a, S2).

Somatic variants refinement
The QIAGEN TMB workflow filtered some known melanoma hotspots to
improve the reproducibility of TMB estimation across cancers, for example,
BRAF V600E filtered out as it appears in the dbSNP database (Fig. S1a).
Therefore, for assessment of specific mutations outside of TMB estimation,
further somatic variant identification was performed on the prefiltered
variants passingQIAseq quality control (QC) to include all possible somatic
variants. For assessment of inactivatingmutations inTSGs, somatic variants
predicted to be tolerated with SIFT score (score>0.05) were excluded49. The
variants that passed QC steps were further annotated based on COSMIC,
dbSNPand gnomAD50–52. Variants annotatedwithin an inhouse curated set
of recurrently mutated melanoma somatic mutation hotspot list were kept.
Other variants in dbSNP or those in gnomAD with a population fre-
quency ≥ 0.1% were excluded as germline variants. In the remaining var-
iants, COSMIC labelled variants were selected if they were reported in >5
melanoma cases and had been confirmed as a somatic mutation, or if the
reported gene had somatic mutations in >10 melanoma cases. For the
remaining variants, TSGs were selected with SIFT score ≤ 0.05 and at least
one reported case in melanoma within COSMIC. Finally, the potential
homozygous threshold was set as >90% AF, unless any of the curated in-
house hotspot (i.e. BRAF V600E) higher than 90% AF. Cancer Genome
Interpreter (CGI)53 was used to annotate known driver and passenger
mutations (Fig. S1a).

Mutation profile and signatures
After identification of somatic variants, single base substitutions (SBS)
signatures list from COSMIC54 was used to profile patients’ mutational
signatures on VCF files through MutationalPatterns v3.14.0 package55.

Single gene mutation association with response and
progression-free survival
To assess associations between gene mutation status and immunotherapy
responses, a univariable logistic regression model was performed after
matching the cohort based on mutation status. The matching process used
propensity score (PS), which accounted for TMB, age, sex and tissue of
origin (cutaneous melanoma versus other (acral and mucosal)) (Fig. S1b).
Mutations in geneswithAFs≥10%were kept as a proxy to clonalmutations
more likely to elicit a neoantigenic response. The propensity score (PS)
weighting was performed to reduce the impact due to imbalance of con-
founding variables on mutation status, and the Standardised Mean Differ-
ence (SMD) was used to assess the balance56. SMDs < 20%57 for all
confounding variables were considered as balance in this study. R package
weightit v1.1.058 was used to measure PS weights with average treatment
effect method.

A multivariable Cox proportional hazard (CoxPH) model was per-
formed to evaluate the impact of genemutation status on PFS, adjusting for
TMB class (≥10 as high TMB), age (≥65 as older patients), sex, and tissue of
origin.

HLA typing and neoantigen association with Immunotherapy
responses
Clinical HLA typing of class-I HLA alleles A, B, and C, as well as class-II
HLA DPB1, DQA1, DQB1, DRB3, DRB4, and DRB5 was performed on
DNA extracted from the patients snap frozenwhole blood sample using the
HLA typing NGS panel (Illumina) at the Institute for Immunology and
Infectious Diseases, Murdoch, Western Australia.

Previous somatic variants’ VCF files were pre-annotated with VEP
v102 using wildtype and frameshift plugins, as required by pVACtools
v2.0.5. The pvacseq function of pVACtools was applied to identify

neoantigens from these VCF files and matched patients’ HLA typing59,
where MHCflurry and NetMHCpan were selected to estimate neoepitope
binding affinity toMHCclass-I, andNNalign andNetMHCIIpanwere used
to MHC class-II. The filtered default output was used for downstream
analysis. The strong and weak binding thresholds percentiles used were
<0.5% and <2% in MHC class-I, and <2% and <10% in MHC class-II,
respectively60.

Statistical analysis
Mann–Whitney test was applied between groups of numeric values.
Fisher’s Exact Test was applied between categorical variables and
binary outcomes. p-value ≤ 0.1 and 95% confidence interval not cross
1 were used to select significant Odds Ratio (OR) and Hazard Ratio
(HR). Benjamini–Hochberg (BH) method was applied to adjust p-
values for multiple testing.

Data availability
The datasets generated and analysed during the current study are part of an
ongoing prospective study and are not publicly available due to the pro-
prietary ownership of the data and the privacy of the patient cohort but are
available from the corresponding authors on reasonable request.

Code availability
The underlying code for this study is not publicly available butmay bemade
available to qualified researchers on reasonable request from the corre-
sponding author.
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