
Article https://doi.org/10.1038/s41467-024-47301-9

Stroma-infiltrating T cell spatiotypes define
immunotherapy outcomes in adolescent and
young adult patients with melanoma

Xinyu Bai 1,2,3, GraceH. Attrill 1,2,3, TubaN. Gide1,2,3, PeterM. Ferguson 1,2,4,5,
Kazi J. Nahar1,2,3, Ping Shang1,2,3, Ismael A. Vergara 1,2,3,
Umaimainthan Palendira 1,2,3,6, Ines Pires da Silva1,2,3,7, Matteo S. Carlino1,7,
Alexander M. Menzies1,2,8,9, Georgina V. Long 1,2,3,8,9,10,
Richard A. Scolyer 1,2,3,4,5,10, James S. Wilmott1,2,3,10 & Camelia Quek 1,2,3,10

The biological underpinnings of therapeutic resistance to immune checkpoint
inhibitors (ICI) in adolescent and young adult (AYA) melanoma patients are
incompletely understood. Here, we characterize the immunogenomic profile
and spatial architecture of the tumormicroenvironment (TME) in AYA (aged ≤
30 years) and older adult (aged 31–84 years) patients with melanoma, to
determine the AYA-specific features associated with ICI treatment outcomes.
We identify two ICI-resistant spatiotypes in AYA patients with melanoma
showing stroma-infiltrating lymphocytes (SILs) that are distinct from the adult
TME. The SILhigh subtype was enriched in regulatory T cells in the peritumoral
space and showed upregulated expression of immune checkpoint molecules,
while the SILlow subtype showed a lack of immune activation. We establish a
young immunosuppressive melanoma score that can predict ICI responsive-
ness in AYA patients and propose personalized therapeutic strategies for the
ICI-resistant subgroups. These findings highlight the distinct immunogenomic
profile of AYA patients, and individualized TME features in ICI-resistant AYA
melanoma that require patient-specific treatment strategies.

The incidence of melanoma in adolescents and young adults (AYAs) is
disproportionately high, especially in western countries where it is the
most frequent cancer diagnosis in those under 40 years of age1,2. The
advent of immune checkpoint inhibitor (ICI) therapies has brought
substantial improvements in patient outcome, where the overall sur-
vival (OS) formetastaticmelanomapatients has improved from 10% to
50% with anti-PD-1-based immunotherapies when compared with tra-
ditional treatments3–7. However, the benefits of ICI therapies are highly
variable and there are currently no reliable biological or clinical bio-
markers that can predict treatment response. While various factors

such as previous therapy, functional status, tumor burden, and indi-
vidual contraindications have prognostic implications and can poten-
tially guide treatment decisions8, the role of patient age in treatment
efficacy remains unclear.

Studies of the effect of age on treatment outcomes have pro-
duced inconsistent results, and the majority of these studies have
examined age cut-offs more relevant to older patients (e.g., 65–80
years)9. The Keynote 0065 and CheckMate 06710 trials demonstrated
shorter progression-free survival (PFS) for patients aged <65 yearswho
were treated with pembrolizumab or nivolumab monotherapy.
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Furthermore, a meta-analysis of 538 pembrolizumab monotherapy-
treatedmetastaticmelanoma patients identified response rates of 50%
in patients aged <62 years compared to 63% in those ≥62 years old11.
The same study observed higher immunosuppressive regulator-
y:cytotoxic T cell ratios in patients <60 years old, with regulatory T cell
(Treg) depletion leading to increased response to anti-PD-1 in younger
mice. More recently, a retrospective study compared young adult
melanoma patients ≤40 years to older age groups, and found no
overall difference in immunotherapy response based on age, but
young adults had a significantly higher response rate (53% vs 38%) and
improved PFS (median 13.7 vs 4.0 months) with combination ICI (anti-
PD-1+anti-CTLA-4) compared to monotherapy12. The same study also
analyzed patients ≤30 years, which also showed better or trends
towards better outcomes with combination ICI vs anti-PD-1 mono-
therapy (objective response rates of 57% vs 44%, PFS 13.8 vs
4.0 months, OS 82.1 vs 24.1 months)12.

The limited studies on the use of ICIs in youngmelanomapatients
suggest differences in response between older and younger patients
and across regimens, but more comprehensive analyses of the tumor
microenvironment (TME) at the multi-omic level are required to fully
understand the biological basis of ICI response and resistance in AYAs.
Advances have been made in understanding the TME features asso-
ciated with ICI response in adult patients13–15. Biological factors such as
greater degrees of ultraviolet light damage, and higher tumor muta-
tion burden in older patients are predictors for better ICI efficacy11,16. It
remains unclear to what extent the findings derived from adult mela-
noma patients are translatable to AYA patients.

Melanoma response to ICIs is influenced by the complex network
of cells and signaling pathways within the TME17. AYAmelanomas have
shown higher frequencies of BRAF and PTEN mutations than older
adult patients18, which were associated with both T cell infiltration and
immunosuppression in the TME19–21. In older cancer patients, PTEN
mutations were correlated with a less favorable TME and reduced
response to targeted BRAF/MEK inhibitors and ICI22,23. It remains
unknown whether the immunological effects of these intrinsic muta-
tions are associated with ICI outcome in AYA melanoma patients.

Extrinsic factors, such as the presence of immunosuppressive Tregs can
inhibit effector cell expansion and proinflammatory cytokine
signaling24–26. Identification of immunosuppressive mediators within
ICI-resistant AYA tumorsmayprovide therapeutic strategies specific to
young adult patients.

We conducted the most comprehensive study to date character-
izing the immunogenomic profiles and spatial architecture of AYA
(aged ≤30 years) melanoma, and comparing the AYA TME with older
adult counterparts. Spatial and transcriptomic hallmarks associated
with ICI resistance in younger patients were identified to facilitate the
optimization of therapeutic strategies in order to overcome immu-
notherapeutic resistance. We identified the genomic, transcriptomic,
and spatial cellular features of twomajor subtypes of ICI-resistant AYA
tumors (stroma infiltrating lymphocyte [SIL] high and low tumor
subtypes) and established an immunosuppressive score for AYA mel-
anoma patients which differentiated the ICI response in this cohort.
Additionally, we identified potential immune and non-immune based
therapeutic targets as a proof-of-principle analysis for patient-specific
treatment selection in AYA melanoma patients resistant to standard-
of-care ICIs.

Results
Clinical characteristics and response to ICI
This study analyzed 47 AYA and 71 older adult patients withmetastatic
melanoma. The AYA group includes 28 patients who received ICI
therapy in either the adjuvant or advanced setting (cohort 1) and 19
patients sourced from TGCA database with no accessible clinical
record of immunotherapy treatment (cohort 3), and 71 adult patients
received ICI in the advanced setting (cohort 2; Fig. 1a, Supplementary
Data 1–2). The median age at diagnosis was 26 years (interquartile
range [IQR], 22–28) for the AYA cohort and 57 years (IQR, 46–65) for
the adult cohort. Gender distribution was similar between the two
cohorts, with more males in both groups (62% in the AYA cohort and
66% in the adult cohort, Fisher’s exact test, P = 0.70). The clinically
characterized tumor molecular subtypes included BRAF, NRAS, KRAS,
KIT, and PIK3CA mutant melanomas, with BRAF mutant melanomas

Fig. 1 | Study outline and immunotherapy treatment response in AYA mela-
noma patients. a A flow diagram of the study design, formalin-fixed paraffin-
embedded (FFPE) melanoma samples were collected at pre-treatment baseline for
MIA cohorts 1 and 2, and cohort 3 data was retrieved from The Cancer Genome
Atlas Skin Cutaneous Melanoma (TCGA-SKCM) project. The samples underwent
sequencing and immunofluorescence staining, before integrated data analysis as
outlined.b Swimmerplot of AYApatients fromMIA (cohort 1) showing the patients’

clinical BRAF mutation status and immunotherapy treatments (combination anti-
PD-1 and anti-CTLA-4, combi). For patients treated in the advanced stage disease
setting, immunotherapy RECIST response (complete response, CR; partial
response, PR; progressive disease, PD) is shown, for patients treated with adjuvant
immunotherapy (AYA 4, 5, 6, 22, 25, 26, 28), disease recurrence is labeled as PD and
no recurrence is labeled as NR.
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being more prevalent in AYA compared to adult patients (77% vs 41%;
Fisher’s exact test, P =0.0003). AYApatientswere diagnosed at a lower
metastasis (M) stage compared to adult patients (Fisher’s exact
test, P =0.037).

In the advanced treatment setting, ICI response was defined as
RECIST complete response (CR), partial response (PR), or stable disease
lasting more than 6 months prior to progression, as previously
described15. The distribution of BRAF mutation and baseline lactate
dehydrogenase levels were similar between responders and non-
responders in AYA and adult groups (Table 1). Overall, objective
response to ICIs was lower among 21 AYA patients compared to 71 adult
patients (38% vs 63%; Fisher’s exact test, P=0.047; Table 1). However, for
AYA patients, combination ICI therapy had a significantly higher
response rate of 78% (7/9) compared to 5% (1/12) with monotherapy
treatment (Fisher’s exact test, P=0.022). In comparison, the response
rate for combination ICI versus monotherapy in adult patients was 68%
(25/37) versus 59% (20/34) (Fisher’s exact test, P=0.47). There was a
trend of shorter PFS in AYA patients compared to adults (median
PFS = 3.4 months vs 10 months, log-rank P=0.059), OS was similar
between the two groups (Supplementary Fig. 1a, b). Of the 8 AYA
patients who responded to ICI, only 3 (14%) did not experience sub-
sequent disease progression (2 CR and 1 PR), all of whom received
combination ICI (anti-PD-1+anti-CTLA-4) (Supplementary Data 1, Fig. 1b).

AYA cohort 1 included patients treated in the adjuvant setting for
downstream analysis (Methods). Patients were considered responders
(ICI non-resistant) according to theRECIST criteria above (for advanced

setting), in the adjuvant setting, patients with a recurrence-free survival
(since treatment initiation) of more than 12 months were considered
“non-resistant” (Table 2, Supplementary Data 1), in line with the prior
study27. Out of all the AYA patients with a reported clinical outcome to
immunotherapy either in the adjuvant or advanced setting (n = 27), 11
(41%) were ICI non-resistant and 16 (59%) were ICI-resistant. In com-
parison, the proportion of non-resistant patients was higher in the adult
cohort (63%; χ2 test, P<0.0001). Non-resistant patients were more
often treated with the combination ICI than monotherapy in both AYA
(81.8% vs 18.8%) and adult (56% vs 46.2%) cohorts, with this difference
more pronounced in AYA patients (χ2, P =0.0095).

Overall, survival outcome was poor among AYA patients treated
with ICI in the advanced setting (Fig. 1b). AYA patients had a median
PFS of 5.6 months, and a median OS of 60.7 months. Among the pro-
gressors, 8 patients received subsequent lines of ICI therapy treatment
and none of them responded, indicating a high rate of persistent
immunotherapy resistance and progressive disease. No survival dif-
ference was observed between BRAF wildtype and mutant patients

Table 1 | Clinicopathologic characteristics of AYA and adult
patients treated with ICI in the advanced setting

Patient characteristics ICI advanced setting P value (two-sided
Fisher’s exact test)

AYA (n = 21) Adult (n = 71)

BRAF

Wildtype 8 (38%) 35 (49%)

Mutant 13 (62%) 24 (34%) 0.1273

NR 0 12 (17%)

Baseline LDH

Normal 13 (62%) 47 (66%)

Elevated 7 (33%) 24 (34%) >0.9999

NR 1 (5%) 0

AJCC pathologic stage

M0, M1a, M1b 8 (38%) 33 (46%)

M1c, M1d 13(62%) 38 (54%) 0.6192

Treatment

Anti-PD-1 7 (33%) 34 (48%) 0.0001

Anti-CTLA-4 5 (24%) 0

Combination
therapya

9 (43%) 37 (52%)

Best RECIST response

CR 2 (10%) 18 (25%) 0.0474

PR 6 (29%) 23 (32%)

SD 0 10 (14%)

PD 13 (62%) 20 (28%)

Progressed

Yes 18 (86%) 43 (61%) 0.0942

No 3 (14%) 20 (28%)

NR 0 8 (11%)

AJCCmetastasis staging:M0 = no evidence of distantmetastasis;M1a = distantmetastasis to skin
and soft tissue, M1b = distantmetastasis to lung, M1c = distant metastasis to non-central nervous
system (CNS) visceral sites. M1d = distant metastasis to CNS.
NR not reported, LDH lactate dehydrogenase.
aAnti-PD-1+anti-CTLA-4.

Table 2 | Clinicopathologic characteristics of all AYA and
adult patients treated with ICI

Patient
characteristics

AYA (n = 27) Adult (n = 71)

ICI non-
resistant
(n = 11)

ICI resis-
tant (n = 16)

ICI non-
resistant
(n = 45)

ICI-
resistant
(n = 26)

Age (median, IQR)

At diagnosis 22, 21–27 26, 24–29 58, 48–66 51, 44–62

At start of ICI
treatment

27, 23–30 30, 26–34 66, 52–73 55, 50–67

Gender

Female 2 (18%) 8 (50%) 16 (36%) 8 (31%)

Male 9 (82%) 8 (50%) 29 (64%) 18 (69%)

BRAF

Wildtype 2 (18%) 6 (38%) 24 (53%) 11 (42%)

Mutant 9 (82%) 10 (63%) 13 (29%) 11 (42%)

NR 0 0 8 (18%) 4 (16%)

Baseline LDH

Normal 9 (82%) 9 (56%) 32 (71%) 15 (58%)

Elevated 2 (18%) 5 (31%) 13 (29%) 11 (42%)

NR 0 2 (13%) 0 0

AJCC pathologic stage

M0, M1a, M1b 7 (64%) 7 (44%) 25 (56%) 8 (31%)

M1c, M1d 4 (36%) 9 (56%) 20 (44%) 18 (69%)

Treatment

Anti-PD-1 2 (18%) 8 (50%) 20 (44%) 14 (54%)

Anti-CTLA-4 0 5 (31%) 0 0

Combination
therapya

9 (82%) 3 (19%) 25 (56%) 12 (46%)

Best RECIST responseb

CR 2 (18%) 0 18 (40%) 0

PR 6 (55%) 0 23 (51%) 0

SD 0 0 4 (9%) 6 (23%)

PD 0 13 (81%) 0 20 (77%)

Progressed

Yes 5 (45%) 16 (100%) 17 (38%) 26 (100%)

No 6 (55%) 0 20 (44%) 0

NR 0 0 8 (18%) 0

IQR interquartile range, NR not reported, LDH lactate dehydrogenase.
aAnti-PD-1+anti-CTLA-4
bFor patients treated in the advanced setting only.
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(Supplementary Fig. 1c, d); consistent with the clinical trials4, OS was
significantly longer among patients treated with anti-PD-1 or combi-
nation ICI compared with anti-CTLA-4 monotherapy (P = 0.0028),
while PFS was longer in patients treated with combination ICI relative
to anti-PD-1 and anti-CTLA-4 monotherapy (P = 0.0014) (Supplemen-
tary Fig. 1e, f). Together, the response and survival data suggest a
possible benefit of combination ICI treatment for AYA melanoma
patients.

Enrichment of FOXP3+ T cells within the AYA melanomas com-
pared to adults
To assess the immune landscape of the AYA and adult melanomas at
baseline,we included transcriptomicdata froma further cohort ofAYA
patients (cohort 3, n = 19) sourced from the TCGA database. We used
the transcriptomic-based CIBERSORT immune cell deconvolution to
compare the estimated immune cell proportions in AYA (n = 47) vs
adults (n = 71) (Fig. 2a, b; Supplementary Data 3–4). While the mela-
nomas from AYA and adult patients displayed similar proportions of
CD8 T cells (mean relative percentage = 3.62% vs 4.61%, P =0.30), AYA
melanomas contained higher proportions of Treg cells (Fig. 2c; mean
relative percentage = 2.62% vs 0.893%, P = 0.0015). Additionally, AYA
melanomas had higher proportions of naïve B cells (mean relative
percentage = 3.21% vs 1.24%, P <0.0001), and lower proportions of
plasma cells (mean relative percentage =0.766% vs 4.36%, P <0.0001)
and M2 macrophages (mean relative percentage = 9.64% vs 15.5%,
P <0.0001) compared to adults (Supplementary Fig. 2a).

To further evaluate the T cell composition and spatial location in
the TME, we performedmultiplex immunofluorescence (mIF) staining
(Fig. 2d, e; Supplementary Fig. 2b) on the same baseline tumor resec-
tions thatwere used for sequencing (Fig. 1a, cohort 1 and 2), and found
a significant enrichment of FOXP3+ Tregs in AYA compared to adult
melanomas (Fig. 2f; median = 110 vs 12.3 cells/mm2, P = 0.023), and a
trend of lower CD8+:FOXP3+ T cell ratio in AYA melanomas (Fig. 2g).
Comparison between the response groups showed that both ICI-
resistant and non-resistant AYA melanomas harbored higher densities
of FOXP3+ Tregs compared to resistant (median = 72.8 and 122 vs 9.38
cells/mm2, P =0.0006 and 0.001) and non-resistant (median = 15.1
cells/mm2, P =0.0048 and 0.0069) adult melanomas (Supplementary
Fig. 2c). Therewas a trendof higher CD8+:FOXP3+ T cell ratio in ICI non-
resistant compared to resistant adult patients (median = 2.18 vs 5.96,
P =0.058), possibly affected by the small cohort size, this trend was
not statistically significant in the AYA cohort (median = 2.74 vs 5.10,
P =0.77). The CD8+:FOXP3+ T cell ratio in ICI-non-resistant AYA mela-
nomas was similar to the adult groups, while the resistant AYA group
showed a trend of lower CD8+:FOXP3+ cell ratio compared to adult
non-resistant melanomas (P = 0.085) (Supplementary Fig. 2d). To
determine whether Treg cell density was different across age groups,
we stratified the baseline AYA and adult patients into four age groups
(15–30, 31–45, 46–60, 61–84), this showed that the Treg enrichment
was only evident in the 15–30 (AYA) age group (Fig. 2h), with no dif-
ference across older adult age groups (P =0.33).

We also correlated the transcriptomic Treg proportion estimates
with the mIF Treg quantification to determine the concordance of the
approaches. In AYAmelanomas, the expression of key genemarkers for
Tregs (CD3D, FOXP3) strongly correlated with CD3+FOXP3+ cell density
(Supplementary Fig. 2e; Spearman’s ρ=0.74, P<0.0001). Furthermore,
the expression of functional Treg markers (CD3D, FOXP3, ICOS) also
correlated with its mIF (CD3+FOX3+ICOS+ cell) density (Supplementary
Fig. 2f; Spearmanρ=0.68, P=0.00011). The highproportion of Treg cells
demonstrated the distinct TME profile of AYA melanomas.

Tregs are localized predominately at the peritumoral margin of
ICI-resistant AYA melanomas
We observed that the majority of Tregs (CD3

+FOXP3+) in ICI-resistant
AYA melanomas were localized in the stromal side of the tumor

invasive margin (peritumor region; Fig. 3a), as shown by the sig-
nificantly higher peritumoral Treg cell density compared to the intra-
tumoral (Fig. 3b; median = 99.4 vs 17.3 cells/mm2, P =0.0008). There
was a non-significant, but numerically higher peritumoral Treg density
in the AYA ICI-resistant patients compared to the AYA non-resistant
patients (Fig. 3c; median = 68 vs 102 cells/mm2, P = 0.37). Treg density
was not different between response groups in the intratumor region
(Supplementary Fig. 3a).

Since Tregs can impair effector T-cell function11, we then correlated
the peritumoral Treg densities with a transcriptional score for “Tumor
Immune Dysfunction and Exclusion”28. The AYA T cell dysfunction
score was most strongly correlated with peritumoral Treg densities
(Fig. 3d; Spearman ρ =0.54, P = 0.003), and was also correlated with
the total and intratumoral Treg densities (Supplementary Fig. 3b, c).

Subtypes of immunologically suppressed ICI-resistant AYA
tumors show distinct T cell infiltration
Given the pressing need to improve the therapeutic options for AYA
melanomapatientswho fail the standard-of-care immunotherapies,we
sought to characterize the TME features of resistant patients. The
transcriptomic-based immunophenogram score29 was used to evalu-
ate the overall immunogenicity of ICI AYAmelanomas (Supplementary
Fig. 4), which qualitatively stratified the innately resistant tumors into
high and low immunogenicity groups (Fig. 3e, f). Principal component
analysis of transcriptomic profiling identified two subgroups of AYA
ICI-resistant tumors (Fig. 3g). Group 1 melanomas were characterized
by higher expression of effector cell, suppressor cell and checkpoint
genes, which reflected an overall similar profile compared to the non-
resistant patients (Fig. 3e, Supplementary Fig. 4a, b); while Group 2
TME was characterized by lower transcriptomic expression of check-
point molecules and immune cell markers (Fig. 3f, Supplementary
Fig. 4c). All Group 2 patients showed the downregulation of PD1 and at
least one other co-inhibitory immune checkpoint, such as CTLA4,
lymphocyte activation gene 3 (LAG3), T cell immunoreceptor with Ig
and ITIM domains (TIGIT), T cell immunoglobulin andmucin protein 3
(TIM3) and Indoleamine 2,3 dioxygenase (IDO1) compared to Group 1
(Supplementary Fig. 4b, c).

Multiplex IF was used to compare the spatial (peritumoral and
intratumoral) densities of T cells in ICI non-resistant and resistant
subgroups of AYA melanomas (Supplementary Fig. 5a, b, Supple-
mentary Data 5), identifying high stroma infiltrating lymphocytes
(SILs) in Group 1 patients. Intratumorally, the non-resistant and SILhigh

group (Group 1) had significantly higher densities of Treg populations
compared to the SILlow group (Supplementary Fig. 5a), including
CD3+FOXP3+ (median = 21.2 and 95.4 vs 4.71 cells/mm2, P = 0.027 and
0.0017), CD3+CD8-FOXP3+ (median = 18.2 and 68.6 vs 4.65 cells/mm2,
P = 0.027 and 0.0017) and CD3+CD8-FOXP3+ICOS+ (median = 11.7 and
53.2 vs 1.48 cells/mm2, P = 0.015 and 0.0047). Overall, there was a
trend of higher infiltration of Treg populations in SILhigh group com-
pared to non-resistant group, suggestive of tumor recruitment of
immunosuppressive cells.

Peritumorally, the non-resistant group and SILhigh group had sig-
nificantly higher densities of multiple Treg and tumor-specific CD39+ T
cell30 populations compared to SILlow group (Supplementary Fig. 5b),
including CD3+FOXP3+ (median = 109 and 257 vs 22.0 cells/mm2,
P =0.048 and 0.0010), CD3+CD8-FOXP3+ (median = 93.4 and 233 vs
21.4 cells/mm2, P =0.048 and 0.0017) CD3+CD8-FOXP3+ICOS+ (med-
ian = 61.3 and 126.2 vs 6.29 cells/mm2, P =0.015 and 0.00025),
CD3+CD39+ (median = 417 and 864 vs 15.4 cells/mm2, P =0.0070 and
0.0047) and CD3+CD8+CD39 (median = 94.0 and 70.5 vs 1.28 cells/
mm2, P = 0.0048 and 0.0047). Overall, SILlow group had low peritu-
moral densities of all T cell subtypes, corresponding to their low
immunogenic state.

The SILhigh ICI-resistant melanomas also had similar densities of
intratumoral CD3+CD8+ cytotoxic T cells and higher densities of
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Fig. 2 | AYA melanomas harbor distinct proportions of T cell and innate
immune cell infiltrates compared to older adult melanomas. a, b CIBERSORT
immune cell deconvolution analysis of whole transcriptome sequencing data. Pie
chart displays the relative percentages of 22 immune cell subtypes in AYA (n = 47)
(a) and adult (n = 71) (b) melanoma samples at treatment-naïve baseline, main
categories are ordered by cell type and sub-categories by relative abundance.
c Violin graph with boxplot showing the median and interquartile range of the
proportionof keyT cell subtypesbetweenAYA (n = 47) and adult (n = 71)melanoma
patients, P values are derived from multiple unpaired t test. d, e Multiplex

immunofluorescence (mIF) analysis of AYA and adult tumors. Representative mIF
images of AYA (d) and adult (e) melanoma samples stained with respective panels
(Fig. 1a); scale bars are 100μm. mIF quantitative analysis, Mann–Whitney test
comparing the FOXP3+ cell densities (cells/mm2) (f), Unpaired t test comparing the
ratio of CD8:FOXP3 expressing cells between AYA and adult patients (g), and
Dunn’s multiple comparisons test comparing FOXP3+ cells densities across age
groups (h); bar plot shows median and 95% CI, violin graph shows median and
interquartile range.
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peritumoral CD3+CD8+ T cells (median = 1250 vs 623 cells/mm2,
P =0.20) and CD3+PD1+ T cells (median = 508 vs 88.4 cells/mm2,
P =0.036) compared to the ICI non-resistant group (Fig. 3h, Supple-
mentary Fig. 5a, b), indicating potential antitumor immune response
that was hindered by suppressive Treg enrichment. Since M2 macro-
phages and plasma cells were identified by the CIBERSORT analysis as
significantly decreased in AYA melanoma compared to adults, and
naïve B cells significantly increased, we also compared the estimated
cell proportions between ICI non-resistant and resistant groups of AYA
patients (Supplementary Fig. 5c). Of note, non-resistant patients had

higher M2 macrophage proportions compared to the SILhigh group
(median relative percentage = 12.3% vs 3.17%, P =0.0021), and higher
plasma cell proportions compared to both SILhigh and SILlow groups
(median relative percentage = 2.42% vs 0% and 0%, P =0.013 and
0.012). The distinct cell proportions could be indicative of immune
regulation in the TME, but requires further experimental validation to
confirm the phenotype and spatial location of these cells.

Lastly, we compared the survival outcomes between ICI non-
resistant, resistant, and SIL subgroups of AYA patients. The SILhigh

resistant group had similar OS but longer PFS (P =0.011) compared to
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Fig. 3 | Resistant hotspot of peritumoral Tregs and immunosuppressed spatio-
types of AYA melanoma at pre-treatment baseline. a Representative mIF image
of the enrichment of Tregs (white arrow) in the peritumor region from an AYA ICI-
resistant patient (AYA8); red and greenmasking (left) represents regions classified
as tumor and peritumor respectively. b Mann–Whitney test comparing Treg cell
densities in the peritumor and intratumor regions in AYA melanoma (n = 28).
c Unpaired t test comparing the peritumor Treg cell densities in AYA ICI-non-
resistant (n = 11) and ICI-resistant (n = 16) patients; bar plot shows median and 95%
CI. d Two-sided spearman’s correlation of TIDE T cell dysfunction scores and
peritumor Treg cell densities in AYA patients (n = 28). Error band shows 95% CI.
Immunophenogram gene expression of AYA ICI-resistant patients; representative

immune expression profiles of Group1 (n = 10) (e) and Group 2 (n = 6) (f) patients;
Immunophenograms for each patient are shown in Supplementary Fig. 4. g Princi-
pal component analysis of Group 1 and Group 2 ICI-resistant patients based on
immunophenogram grouping (IP group). h Multiple Mann–Whitney test compar-
ing the intratumoral (intra) and peritumoral (peri) cytotoxic T cell densities
between AYA ICI non-resistant patients (n = 11), and Group 1 (n = 10) and Group 2
(n = 6) resistant patients; granzyme B, GZMB; bar plot shows median and 95% CI.
Kaplan–Meier curves comparing the overall (i) and progression-free (j) survival
between AYA ICI non-resistant patients (n = 11), and Group 1 (n = 10) and Group 2
(n = 6) resistant patients.

Article https://doi.org/10.1038/s41467-024-47301-9

Nature Communications |         (2024) 15:3014 6



the SILlow resistant group (Fig. 3i, j). We also stratified the ICI non-
resistant patients by SIL category, given the small cohort, SIL spatio-
type did not differentiate survival outcome in ICI non-resistant
patients. However, the survival analysis showed significantly longer
OS and PFS in the non-resistant SILhigh group compared to the resistant
groups, as well as a longer PFS in the non-resistant SILlow group com-
pared to the resistant SILlow group (Supplementary Fig. 5d, e). When
AYA patients were stratified by SIL spatiotype regardless of ICI
outcome, the SILhigh group showed a trend of longer OS and a
near-significant longer PFS (P = 0.0504) compared to SILlow group
(Supplementary Fig. 5f, g). Thepredictive andprognostic powers of SIL
spatiotype warrant further investigation in bigger cohorts.

Intrinsic and extrinsic hallmarks of resistance in AYA patients
who progressed on ICI immunotherapies
Analysis of the somatic mutation profile of AYA patients (Supple-
mentary Data 11) revealed potential intrinsic factors associated with
immunotherapy response and resistance, including high rates of BRAF
(62%) and PTEN (21%) mutations (Supplementary Data 12), which are
known to influence the efficacy of ICI therapy20,21,31. However, we did
not observe any associations between the most frequent somatic
mutations (BRAF, CDKN2A, PTEN, NRAS) and Treg infiltration (Supple-
mentary Fig. 6a) in AYA melanoma. This was in concordance with our
finding of no association between BRAF mutation status and patient
survival (Supplementary Fig. 1c, d), and no distinct mutational differ-
ences were observed between patients in the two ICI-resistant sub-
types (Fig. 4a). Similar tofindings in adults32, AYAmelanomasharbored
frequent mutations in the TERT promoter region (Supplementary
Fig. 8), which showed a trend of co-occurrence with BRAF mutations
(Fisher’s exact test, P = 0.066).

We then queried the extrinsic microenvironmental features of
immunosuppression via differential expression analysis of the SILhigh

and SILlow AYA ICI-resistant patients (Fig. 4b, Supplementary Data 6). In
accordance with their more inflamed immunophenotype and enrich-
ment of peritumoral Tregs, the SILhigh AYA patients showed the upre-
gulation of immunosuppressive anti-inflammatory cytokines and
receptors (TGFB1, TGFB2, TGFBR2, IL10RA). In contrast, SILlow AYA
patients showed transcriptomic features of poor immunogenicity via
the downregulation of T cell receptor signaling (ZAP70, CD247, CD3,
CD8, PDCD1,CARD1, IFNG, TNF), cytokine-cytokine receptor interaction
(IL10RA,CXCL9, IL12R, IL-7, IL-26, IFNLR1, FASLG, IL4R) and cell adhesion
molecules (VCAM, HLA, CD6, SELL, CADM3) among other immune sig-
naling pathways (Fig. 4b, c, Supplementary Fig. 6b, c, Supplementary
Data 7). Gene Ontology analysis also showed the downregulation of
immunological processes including lymphocyte activation, immune
response, cell-cell adhesion and the suppression of molecular signal-
ing receptor activity (Supplementary Fig. 6b, Supplementary Data 7) in
SILlow melanomas. Collectively, we demonstrate the major extrinsic
activities that contribute to the state of immunosuppression in AYA
ICI-resistant patients—altered signaling potentially mediated by Tregs

dampened the inflammatory response in the SILhigh subgroup, while
the lack of immune activation is dominant in the SILlow subgroup.

ICI-resistant AYA patients with high young immunosuppressive
melanoma (YIM) scores express alternative immune and non-
immune drug targets
Given the distinct TME landscape of AYAmelanomas, we established a
gene expression-based scoring strategy to stratifyAYApatients into ICI
resistant and non-resistant groups. Given the limited cohort, we used a
rank-based gene scoring approach that is independent of sample
size33. The selected genes used for scoring were identified by differ-
ential expression analysis between patients who progressed on ICI
therapy versus CR patients who did not progress (no primary or
acquired ICI resistance). Genes that were highly expressed in PD (pri-
mary resistance) patients were positively weighted in the scoring

framework, and highly expressed genes in CR patients were negatively
weighted in the calculation of the YIM score (Supplementary
Data 8–9).

We then compared the predictive value of the YIM score to pre-
viously reported gene signatures of innate anti-PD1 resistant (IPRES),
and the combined immune gene signature (IMMU) derived by inte-
grating the chemokine, interferon-γ, T effector, T cell inflamed, B-
catenin, TGFβ and immunosuppression gene signatures (Supplemen-
tary Fig. 6d, e, Supplementary Data 8). The YIM score demonstrated
superior predictive value for ICI response (CR and PR vs PD) in AYA
patients compared to the IPRES and IMMU scores (AUC: 79% vs 63%
and 45% respectively) (Supplementary Fig. 6e). Lower YIM score fur-
ther showed a trend of longer disease specific survival in TCGA AYA
(cohort 3) patients (Supplementary Fig. 6f). With less than 1% of genes
overlapping with previously reported gene signatures, the YIM score
represents the unique biology of AYA melanoma patients in orches-
trating microenvironmental ICI resistance (Supplementary Fig. 7a, b,
Supplementary Data 8).

To assess the expression of potential therapeutic targets for ICI-
resistant AYA patients, we performed drug gene interaction prediction
using the transcriptomic and mutational profiles, which identified 27
actionable targets with currently approved oncolytic drugs (Fig. 4d,
Supplementary Data 12). Given the lack of therapeutic progress for
AYA cancer patients in the past decades, our data here shows the
potential room for improvement. All ICI-resistant AYA patients
expressed at least one currently druggable target at baseline, and their
SILhigh versus SILlow status might indicate what type of follow-up treat-
ment would be most successful after the patient fails ICI. In line with
their state of increased immune activation, a proportion of SILhigh

patients expressed alternative ICI targets (including LAG3, IDO, TIGIT),
and have the potential to benefit from bi-specific T-cell engagers
(BiTEs); SILlow tumors with overall dampened immunogenicity showed
potential drug gene interactions for immune augmentation targets
(IL2RG, TNFRSF9) and mutational targets (BRAF, PTEN, NRAS, TP53).
More multi-omic profiling for AYA patients will facilitate the develop-
ment of novel drugs and personalized treatment plans. As a general
example, we summarized our TME profiling and drug interaction
findings for ICI-resistant AYA melanoma patients into a treatment
switch plan to exemplify future guides for translational research and
clinical trial designs (Supplementary Fig. 6g).

Discussion
ICI therapy has emerged as the standard of care for many advanced
cancers, including melanoma, and has shown promising long-term
responses in some patients. However, high rates of ICI resistance
remains a significant obstacle, particularly for young melanoma
patients34. In this study, we conducted an integrated analysis of
molecular expression, spatial tumor-immune microenvironment, and
clinical features to characterize ICI-resistant AYApatients. Our findings
revealed two distinct groups of AYA melanoma: the SILhigh group with
high infiltrationof peritumoral Tregs, and theSILlow groupwith a general
lack of immune induction in the TME. Using the multi-omic approach,
we were able to summarize the baseline immunosuppressive state of
AYA melanomas into the YIM score, and perform the first proof of
principle analysis towards ICI outcome prediction and personalized
drug target discovery for AYA patients.

Although age andgender havebeen reported to affect the efficacy
of ICI treatment35, their impacton the immunosuppressive functions in
the TME remains unclear. Reduced immunosurveillance and increased
Tregs have been observed in the skin of older individuals as an immu-
nosenescent process36, but age-dependent changes inTreg number and
function at sites of chronic inflammation remains poorly understood.
In line with previous study, we observed an increased proportion of
FOXP3+ Tregs in AYA patients compared to older adults, resulting in a
reduced CD8:FOXP3 T cell ratio11. This increase in Treg proportions was
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Fig. 4 | Predicting immunotherapy resistance with the young immunosup-
pressed melanoma (YIM) score and drug target identification to overcome
therapy resistance. aHeatmaps showing thegender, immunotherapy response for
non-adjuvant (Adj.) treatment (complete response CR, partial response PR, pro-
gressivedisease PD), immunephenotype (IP) group, gene signature scores, somatic
variants, and mIF T cell densities (peritumoral, peri; intratumoral, tumo) of AYA
melanomas (n = 28); not determined, ND. b Heatmap of the top 50 differentially
expressed genes between Group 1 andGroup 2 ICI-resistant AYApatients which are
correlated with KEGG pathways; top genes with adjusted-P <0.05 (Wald test P
values adjusted for multiple testing) were ranked by absolute fold change. c Top

pathways in KEGG gene set enrichment analysis (adjusted-P <0.05). P values are
calculated based on the hypergeometric distribution model and adjusted for
multiple testingwith the Benjamini Hochbergmethod. Dot size represents gene set
size and color scale represents log2 fold change. d Sankey diagram highlighting the
alternative drug-gene interactions in AYA ICI resistant patients (Supplementary
Data 12); left represents the total number of druggable gene andmutational targets
in SILhigh and SILlow groups,middle shows targetable expressed ormutatedmarkers,
right shows the drug categories; line thickness represents the proportion within
each group, for example, line will have a thickness of 1 if one patient expressed the
drug target; bi-specific T cell engager, BiTE.
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primarily observed in AYA patients aged 16–30 years old. These find-
ings suggest that the presence of FOXP3 + T cell subtypes in someAYA
tumors may impede the success of anti-PD-1-based therapies by sup-
pressing CD8+ effector T cell function, thus AYA patients can poten-
tially benefit from the use of combination ICI to overcome
immunosupression37.

Our study highlighted the unique TME in AYA melanomas, which
may contribute to the differences in treatment outcomes to combi-
nation versus monotherapy ICI in this patient population. We identi-
fied an increase in Tregs within the peritumoral region of ICI-resistant
AYA melanomas, which may suppress effector T-cell function and
prevent their intratumoral migration24. This is evident by the inflamed
transcriptional phenotype, but with high peritumoral Tregs and T cell
dysfunction scores38. The upregulation of T cell receptor and cytokine
receptor signaling pathways, including ICOS expression, further sup-
ports the immunosuppressive role of Tregs in the TME26. These results
suggest the potential to reshape the immune TME with additional
immune augmentation, such as combination or alternative ICI thera-
pies. Similar to a previous study on young adult melanoma12, we
observed that AYApatients treatedwith combination ICI therapy had a
higher response rate and longer PFS thanmonotherapy, whichmay be
associatedwithTreg enrichment in theTME. Thesefindings support the
use of combination therapy as a potential strategy to overcome Treg-
mediated immunosuppression and improve treatment outcomes in
AYA melanoma patients.

In contrast, immune signaling pathways were suppressed in ICI-
resistant SILlow tumors, which also lacked the expression of IFNG,
IFNLR1, TNF and TNFR genes, limiting the pro-inflammatory immune
stimulating activities within the TME, which is corroborated by our
findings of poor lymphocyte infiltration and checkpoint expression in
the SILlow melanomas. Clinical decisions for treating SILlow AYA mela-
nomas with ICI standard therapies should be carefully considered, as
their melanomas demonstrate the immune features associated with
primary resistance15. Future clinical trials may consider leveraging
SILlow patients’ genomic profiles at baseline to treat on a personalized
basis. Increased antigen expression and TILs have also been observed
post treatment with targeted therapies which may improve suscept-
ibility to ICI when given in combination22. Further immune augmen-
tation for SILlow patientsmaybe achievedwith immune agonistic drugs
or adoptive cell therapy39.

Previous research on the tumor intrinsic disparities between
cancers in AYA and adults have yielded mixed results. Some studies
found an overall lower mutation burden and less genomic instability
in AYA patients compared to adult counterpart40,41. This may lead to
lower immune recognition and hence reduced ICI efficacy. Other
studies found similar mutational burdens between AYA and
adults12,18. We observed a higher frequency of somatic mutations in
BRAF, but not PTEN, in AYA patients compared to adults, and the AYA
mutational profiles were not distinctly associated with TME profiles
or ICI-resistance. This suggests that extrinsic factors perhaps play a
greater role in ICI resistance in AYA melanoma, which warrants fur-
ther investigation in larger AYA cohorts and using a more compre-
hensive genomic sequencing panel42. We observed a high frequency
of TERT promoter mutations in AYA melanomas that showed a trend
of co-occurrence with BRAF mutations, similar to findings in older
adult patients which potentially suggests an intrinsic pathway of
immunosuppression43.

As the first comprehensive immunogenomic study of AYA mela-
noma to date, we demonstrated the potential for generating
treatment-personalizationmodelswithmulti-omic studies through the
YIM scoremodel and drug prediction analysis. Although limited by the
current sample size for statistical strengths, the YIM score gene set
displayed an over-representation of biological processes such as cell
differentiation and cellular developmental process, which indicates
potential tumor evolution into immune evasive subtypes44. The YIM

score gene set also demonstrated the downregulation of immune-
related signaling pathways such as antigen processing and presenta-
tion, natural killer cell mediated cytotoxicity and B cell receptor sig-
naling, which supports our immunosuppressive pathway findings in
ICI-resistant subtypes of melanoma, and together suggests that an
immunogenic state is required for T cell infiltration, but further
immune and TME interactions (perhaps involving B cells, antigen-
presenting cells, and other immune and stromal cell types)45 are
required to sustain T cell resilience46 and ICI response. Given the lim-
ited number of AYA patients who achieved durable ICI response in our
study cohort, the non-resistant comparison group data could be
influencedby features of acquired resistance. Thiswas indicatedby the
similar immunophenogram profiles and comparable levels of T cell
infiltration in the TME and between the non-resistant and SILhigh

patients. Further studies of well curated ICI responsive AYA patients
are needed to tease out the nuance of resistant groups and mechan-
isms of ICI response.

Published gene signatures for ICI response prediction, including
IPRES47 and various immune signatures48–51, were predominately based
on the expression profiles of adult melanoma patients. We show that
AYA patients have distinct immunogenomic profiles, and the YIM
score demonstrated superior predictive value in our AYA cohort
compared to published signatures. We recognize that the predictive
value of the YIM score requires validation in independent cohorts. In
addition, our study provides a preliminary framework for designing a
treatment switch plan for ICI resistant AYA patients, guided by per-
sonalized biomarkers. Further investigation into synergistic drug
combinations and their active molecular context will allow for the
identification of clinically relevant drugs and combinations for patient
groups with unique immunogenomic profiles. Through this study, we
hope to propose a starting framework that would enable the identifi-
cation of AYA patients at high risk of ICI resistance, and encourage the
generation ofmore AYA cancer data thatwill empower future research
to allow biomarker-driven clinical guidance andmolecularly-informed
enrichment of personalized treatments.

Methods
References for analysis algorithms used as described below are sum-
marized in Source Data.

Patient samples and treatment
The researchprotocolwas approved by the institutional reviewboards
and ethics committees (Sydney Local Health District Human Research
Ethics Committee, Protocol No. X-15-0454 and HREC/11/RPAH/444).

The Melanoma Research Database of the Melanoma Institute
Australia (MIA) was used to identify cohort 1 AYA patients (n = 28)
with the following criteria: (i) patients must have had AJCC52 stage
III or IV melanoma, (ii) ≤30 years of age at primary diagnosis and
(iii) received treatment for melanoma with any of the following
ICI therapies, including anti-PD-1 (nivolumab or pembrolizumab)
monotherapy, anti-CTLA-4 (ipilimumab) monotherapy, and com-
bination of anti-PD-1 and anti-CTLA-4 antibodies (ipilimumab
combined with nivolumab or pembrolizumab) as detailed in Fig. 1
and Supplementary Data 1. Patients who received the treatments
as a part of a clinical trial are detailed in Supplementary Data 1, all
patients have ceased trials except AYA21 who is currently enrolled
in the trial for survival follow-up (treatment completed). Patients
who received ICI treatments in both the adjuvant and advanced
setting were included. For patients treated in the advanced set-
ting, response was determined as per the RECIST 1.1 criteria53 and
classified as complete response (CR), partial response (PR), stable
disease (SD) and progressive disease (PD). Seven patients (AYA 4,
5, 6, 22, 25, 26, 28) were treated with adjuvant ICI. All biospeci-
mens were obtained from the MIA Biospecimen Bank, with all
patients providing written informed consent. All samples were
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pathologically assessed prior to inclusion into the study as pre-
viously described32.

Cohort 2 and 3 were obtained from published datasets (Fig. 1a,
Supplementary Data 1). Cohort 2 comprised of 71 adults (>30 years of
age at diagnosis) with advanced melanoma from a previous study15,
their transcriptome and multiplex immunofluorescence data were
analyzed in this study.Cohort 3 comprisedof 19AYApatients fromThe
Cancer Genome Atlas-Skin Cutaneous Melanoma (TCGA-SKCM) pro-
ject, these patients do not have accessible clinical treatment record,
their transcriptome data were used for the baseline comparison of
immune profiles (CIBERSORT deconvolution) between AYA (total
n = 47) and adult patients.

Patients treated with ICI who achieved a best RECIST response of
CR, PR, or SD lasting over 6 months prior to progression in the
advanced setting or a recurrence-free survival of over 12months (since
treatment initiation) in the adjuvant setting were deemed “non-resis-
tant” to ICI. Conversely, patients who did not meet these criteria were
classified as “ICI-resistant”.

Nucleic acid extraction
Both DNA and RNA were extracted from 10μm-thick FFPE tissue sec-
tions using the AllPrep DNA/RNA FFPE Kit (Qiagen) according to the
manufacturer’s instructions. After deparaffinization and tissue lysis,
the lysate was centrifuged to produce RNA-containing supernatant
and DNA-containing pellet, which subsequently underwent separate
purification procedures. Total RNA andDNAwere eluted in 14–30μl of
RNase-free water and 30–100μl of ATE buffer, respectively. Samples
were quantified using the Qubit Fluorometer (Thermo Fisher Scien-
tific) and were further assessed for DNA quality using a quantitative
PCR.Thequantity of amplifiableDNA in samples are evaluatedwith the
Archer DNA QC assay to determine the amount of DNA input for
making sequencing libraries.

Next-generation custom amplicon sequencing
All recurrently mutated coding and non-coding genes discovered in
our previous whole genome sequencing of a large cohort of
melanomas18,32 were designed into a custom next-generation sequen-
cing panel in the ArcherDX Assay Designer (Supplementary Data 10).
Sequencing libraries were prepared and barcoded using the unique
molecular identifier and index tagging following the VariantPlex
Somatic Protocol (ArcherDx). Pool-library was loaded at 1.2 pM con-
centration with 20% PhiX and sequencing was performed using the
NextSeq 500 Illumina sequencer using 300 cycle high output
reagent kit.

DNA sequence data processing and variant calling analysis
The Illumina Local Run Manager Analysis Service v3 was used to gen-
erate FASTQ files and processed using the VariantPlex Archer Analysis
Pipeline v6.2.7 with default settings, except for down-sampling default
option which was disabled (changed to 0) to ensure use of all read
pairs. Sequences were aligned to the hg19 reference genome and
somatic variants were called using Freebayes and Lofreq and duplicate
calls merged in the Archer Analysis 6 software. The quality of the
sequencingdatawas assessed as thenumber of unique start sites (from
DNA and ambiguous reads) calculated per GSP2 (across the entire
panel). Samples with a sequence or variant score of <50 for average
unique DNA were excluded from further analysis (AYA 3, AYA6, AYA8,
AYA18) as per the manufacture’s guidelines. Subsequent variants were
filtered using the sequencing metrics of the annotated variant call file
as follows: (1) UDP > 10, UAO>6 (except TERT promoter), DAO> 1
(except TERT promoter), (2) HomopolymerCount<6, (3) gnomAD
AD<0.01 and Global AF < 0.01, (4) No positive call for sequence
direction bias or Sample strand bias, (5) Sequence Direction Strand
Bias Probability > 0.1 (except TERT promoter), (6) If the call was made
with FreeBayes, then Sample Strand Bias Probability > 0.05 or Sample

Strand Bias Ratio >0.4, as well as 95MDAF<0.2, (7) If the call wasmade
with LoFreq, AF >0.1 and AF < = 0.2, and (8) For protein-coding
mutations, only those with a High or Moderate impact based on
Ensembl predicted consequences were kept. For non-coding muta-
tions, only those with a sequence ontology term of 5_prime_UTR_var-
iant or upstream_gene_variant consequence were kept. Remaining
variants were annotated using the Cancer Genome Interpreter to
predict the functional significance of the variants and produce the
mutation annotated file (MAF). MAFs were analyzed and visualized
with maftools v2.8.05.

Whole-transcriptome sequencing
The mRNA samples were fragmented in preparation for cDNA synth-
esis and library construction using theTruSeqRNAExomeLibrary Prep
Kit (Illumina) according to themanufacturer’s protocol. Library quality
was assessed on an Agilent 2100 Bioanalyzer using a High Sensitivity
DNA chip prior to paired-end sequencing on the Illumina NovaSeq
6000 machine, and a median of 87 million reads per sample was
generated.

Whole-transcriptome data processing
The data processing pipeline for whole transcriptome sequencing was
described previously15. Briefly, after removing the adapter sequence in
Trimmomatic, the sequences were aligned to Ensembl GRCh38 Homo
sapiens reference genome using TopHat v2.0.8. Sequence alignment
and sorting were performed using Bowtie v2.1.0 and SAMtools v0.1.19.
Alignment statistics of aligned reads were generated using FastQC and
RNA-SeQC for quality control, and sequences with a score >Q35
(>99.9% base call accuracy) were selected for analysis.

Differential gene expression analysis
Gene count and differential expression analysis was performed using
HTSeq and DESeq2 v1.32 with default parameters. After filtering genes
with low counts of ≤20 counts for ≤5 samples, the genes were subse-
quently normalized using the DESeq function. Differentially expressed
genes (DEGs) are identified as those with an adjusted P value of <0.05
with Benjamini-Hochberg multiple testing correction.

Calculating cell proportion and immunophenotypes based on
gene expression profiles
Normalized gene counts were used to determine the relative pro-
portions of immune cells and the types of major determinants
relating to tumor immunological features using CIBERSORT and
Immunophenogram29 respectively. The CIBERSORTwas performed
using the LM22 gene signature, with the default parameters applied
in relative mode – B-mode batch correction, and the number of
permutations set to 100 generating Pearson correlation coeffi-
cients. The algorithmobtained from immunophenogramcalculates
mean expression z-scores for marker genes of immune cells and
features (effector cells, suppressor cells, checkpoints, and major
histocompatibility complex) across each sample29. The immuno-
phenograms were used to stratify AYA patients for downstream
analyses.

Gene set enrichment and pathway analysis
The curated gene sets including Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO; including biological path-
ways [BP], cellular compartments [CC], and molecular functions [MF])
were downloaded from the Molecular Signature Database (MSigDB).
Gene set enrichment analysiswasperformedusing theGSEA() function
in clusterProfiler v4.0.5 based on the log2 fold change of DEGs, and
enriched signaling pathways were identified with an adjusted
P value < 0.05. The biological features (including biological processes,
molecular functions and pathways) and their corresponding genes
were visualized with clusterProfiler v4.0.5.
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Gene signature scores
The gene signature enrichment scores for predicting poor immuno-
genicity in AYA melanomas were calculated using non-parametric,
rank-based scoring method implemented in singscore:

Sdir,i =

P
gR

g
dir,i

Ndir,i

 !

Where:
• dir is the gene set direction (i.e., expected up- or down- regulated
genes in AYA ICI-resistant melanoma);

• Sdir,i is the score for sample i against the directed gene set in AYA
patients;

• Rg
dir,i is the rank of gene g in the directed gene set (increasing

transcript abundance for expected up-regulated genes and
decreasing abundance for expected down-regulated genes in
ICI-resistant AYA melanoma);

• Ndir,i is the number of genes in the expected up- or down- regu-
lated gene set that are observed within the data (i.e., YIM genes
not present within the sample RNA data are excluded).

Differential gene expression analysis was performed between ICI-
resistant AYA patients and non-resistant CR patients (no primary
resistant and did not progress), PR patients were removed due to
heterogenous biological features and ICI outcome (short PFS). For the
singscore calculation, YIM genes upregulated in ICI-resistant patients
were positively weighted (+1) and genes upregulated in CR patients
were negatively weighted (−1); IPRES genes were weighted equally (+);
and for the IMMU score, immune effector genes (chemokine, inter-
feron-γ, T effector, and T cell inflamed signatures) were positively
weighted and immunosuppressive genes (B-catenin, TGFβ and
immunosuppression signatures) were negatively weighted. Tumor
immune dysfunction and exclusion (TIDE) computational model was
used for calculating T cell dysfunction scores and performing bio-
marker evaluation of the YIM signature28.

Identification of druggable target genes
To select the druggable genes, we obtained a panel of genes (Sup-
plementary Data 12) based on the significantly enriched signaling
pathways as described in the previous section, and crossmatched with
theDrug-Gene InteractionDatabase (DGIdb), similar to the drug-target
network analysis done in a previous study40. Actionable drug targets
were identified by filtering for those with “approved”, “antineoplastic”
and “immunotherapy” drugs in the DGIdb. The potential target genes
and treatment switch plan were illustrated using networkD3.

Multiplex immunofluorescence staining
Whole slide mIF staining was performed on 4μm FFPE tissue sections
mounted on Superfrost Plus slides (Thermo-Scientific). Panels were
optimized and stained as previously described15,54. Briefly, slides were
first heated at 65 °C for 30min, deparaffinized in xylene and rehy-
drated in decreasing concentrations of ethanol. Slides were stained in
the intelliPATH FLX® Automated Slide Stainer (Biocare Medical) using
the tyramide signal amplification (TSA) method. In this method, tissue
sections underwent antigen retrieval at 110 °C for 10min and blocking
with hydrogen peroxide before incubation with primary antibodies
(CD3 1:1500, CD8 1:1500, FOXP3 1:250, ICOS 1:2000, CD39 1:1000,
Grazyme B 1:200, PD-1 1:1500, SOX10 1:200) followed by signal
amplification and Opal visualization. Antigen retrieval was repeated
after each staining round and after the final staining round slides were
counterstained with spectral DAPI (Akoya Biosciences, 1:2000). Slides
were coverslipped in Prolong Diamond Antifade Mountant (Thermo-
Scientific). Using this method, all samples were stained and visualized
for the regulatory and CD8 T cell characterization panels as detailed in
Supplementary Data 13.

Image acquisition
Stained sections were imaged using the Vectra 3.0.5 Automated
Quantitative Pathology Imaging system (Akoya Biosciences) using the
FITC, Cy3, Texas Red, Cy5 and DAPI filters. 20X high power field (HPF)
images covering the entire tumor were acquired and spectrally
unmixed using inForm v2.4.2 (Akoya Biosciences). HPFs were subse-
quently stitched together for further analysis using HALO v3.2
(Indica Labs).

Image analysis
Whole tissue sections were included for quantification and down-
stream analysis, which included the tumor core and the immediate
surrounding stromal (peritumor) region. The tumor-stroma boundary
was manually annotated by XB. Areas of necrosis, tissue folds and
staining artifacts were excluded from analysis. A machine learning
(random forest) based classifier algorithmwas trained on images from
the study to classify tissue as either tumor or peritumor. Cells were
recognized based on nuclear DAPI and/or SOX10 staining. Positivity
thresholds were manually optimized for each marker based on mean
cellular intensity (nuclear or cytoplasmic). Cell populations were
phenotyped based on the expression of individual markers, e.g., T cell:
CD3+SOX10-.

Statistical analysis
Where indicated, data were analyzed for statistical significance and
reported as P values. Continuous data were analyzed by non-
parametric Mann–Whitney U test when comparing two independent
groups and two-way ANOVA when comparing more than two groups.
Categorical data were analyzed by Fisher’s test for contingency tables
with two rows and two columns, and by chi-square (χ2) test for con-
tingency tables with more than two rows or columns. P <0.05 was
considered statistically significant.

Kruskal-Wallis test, corrected with the Benjamini-Hochberg
method, was used to compare AYA versus adult CIBERSORT immune
cell proportions; and multiple Mann–Whitney test corrected with the
two-stage step-up method of Benjamini-Krieger-Yekutieli was used to
compare Group 1 vs Group 2 mIF cell densities, as this correction
method is more compatible when comparisons are negatively corre-
lated (e.g., if Treg is high, CD8 T cell is low).

Evaluationof survival patterns between different responsegroups
of AYA patients was performed by the Kaplan–Meier method, and
results were ranked according to the Mantel–Cox log-rank test.
P <0.05 was considered statistically significant.

To evaluate the performance of YIM score, areas under the curve
(AUC) for receiver operating characteristic (ROC) curves were calcu-
lated and visualized using pROC v1.18.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA sequencing data for cohort 1 MIA AYA patients (n = 28) is
deposited in the European Nucleotide Archive (ENA) under accession
number PRJEB52880. DNA sequences of cohort 1 MIA AYA patients
(n = 28) are available at the European Genome-Phenome Archive
under accession number EGAS50000000238. The GRCh38 Homo
sapiens reference genome was downloaded from Ensembl database
(https://www.ensembl.org/Homo_sapiens/Info/Index). External data-
sets analyzed include the sequencing data of AYA patients from
TCGA-SKCM project (https://portal.gdc.cancer.gov/projects/TCGA-
SKCM), and adult from ENA (PRJEB23709). Data for the drug pre-
diction analysis were retrieved from the DrugBank database (v5.1.3)
[https://go.drugbank.com/releases/5-1-3]. All other data that support
the findings of this study are available upon reasonable request from
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the corresponding authors. Melanoma Institute Australia will
promptly review all data requests to ensure that intellectual property
and confidentiality obligations are met. A Material Transfer Agree-
ment will be used to transfer any and all data that can be
shared. Source data are provided with this paper.

Code availability
Codes for the bioinformatics analysis of key results in this paper are
available at the AYA_MelanomaGithub repository (https://github.com/
cameliaquek/AYA_Melanoma) and on Zenodo55.

References
1. Indini, A. et al. Cutaneous melanoma in adolescents and young

adults. Pediatr. Blood Cancer 65, e27292 (2018).
2. Bleyer, A., O’Leary, M., Barr, R. & Ries, L. A. G. (eds). Cancer Epi-

demiology inOlder Adolescents and Young Adults 15 to 29 Years of
Age, Including SEER Incidence and Survival: 1975-2000. National
Cancer Institute, National Institute of Health 6, 53–63 (2006).

3. Carlino, M. S., Larkin, J. & Long, G. V. Immune checkpoint inhibitors
in melanoma. Lancet 398, 1002–1014 (2021).

4. Larkin, J. et al. Five-year survival with combined nivolumab and
ipilimumab in advanced melanoma. N. Engl. J. Med. 381,
1535–1546 (2019).

5. Robert, C. et al. Pembrolizumab versus Ipilimumab in Advanced
Melanoma. N. Engl. J. Med. 372, 2521–2532 (2015).

6. Eggermont, A. M. et al. Adjuvant pembrolizumab versus placebo in
resected stage III melanoma.N. Engl. J. Med.378, 1789–1801 (2018).

7. Balch, C. M. et al. Final version of 2009 AJCC melanoma staging
and classification. J. Clin. Oncol. 27, 6199–6206 (2009).

8. Pires da Silva, I. et al. Clinical models to define response and sur-
vival with anti–PD-1 antibodies alone or combined with ipilimumab
in metastatic melanoma. J. Clin. Oncol. 40, 1068–1080 (2022).

9. van der Kooij, M. K. et al. Agedoesmatter in adolescents and young
adults versus older adults with advanced melanoma; a national
cohort study comparing tumor characteristics, treatment pattern,
toxicity and response. Cancers 12, 2072 (2020).

10. Wolchok, J. D. et al. Overall survival with combined nivolumab and
ipilimumab in advanced melanoma. N. Engl. J. Med. 377,
1345–1356 (2017).

11. Kugel, C. H. et al. Age correlates with response to Anti-PD1,
reflecting age-related differences in intratumoral effector and
regulatory T-Cell Populations. Clin. Cancer Res. 24, 5347 (2018).

12. Wong, S. K. et al. Efficacy and safety of immune checkpoint inhi-
bitors in young adultswithmetastaticmelanoma. Eur. J. Cancer 181,
188–197 (2023).

13. Newell, F. et al. Multiomic profiling of checkpoint inhibitor-treated
melanoma: Identifying predictors of response and resistance, and
markers of biological discordance. Cancer Cell 40, 88–102.e107
(2022).

14. Lee, J. H. et al. Transcriptional downregulation of MHC class I and
melanoma de- differentiation in resistance to PD-1 inhibition. Nat.
Commun. 11, 1897 (2020).

15. Gide, T. N. et al. Distinct immune cell populations define response
to Anti-PD-1 monotherapy and Anti-PD-1/Anti-CTLA-4 combined
therapy. Cancer Cell 35, 238–255.e236 (2019).

16. Rozeman, E. et al. Survival and biomarker analyses from the
OpACIN-neo and OpACIN neoadjuvant immunotherapy trials in
stage III melanoma. Nat. Med. 27, 256–263 (2021).

17. Murciano-Goroff, Y. R., Warner, A. B. & Wolchok, J. D. The future of
cancer immunotherapy: microenvironment-targeting combina-
tions. Cell Res. 30, 507–519 (2020).

18. Wilmott, J. S. et al. Whole genome sequencing of melanomas in
adolescent and young adults reveals distinct mutation landscapes
and the potential role of germline variants in disease susceptibility.
Int. J. Cancer 144, 1049–1060 (2019).

19. Vidotto, T. et al. PTEN-deficient prostate cancer is associated with
an immunosuppressive tumor microenvironment mediated by
increased expression of IDO1 and infiltrating FoxP3+ T regulatory
cells. Prostate 79, 969–979 (2019).

20. Liu, C. et al. BRAF inhibition increases tumor infiltration by T cells
and enhances the antitumor activity of adoptive immunotherapy in
mice. Clin. Cancer Res. 19, 393–403 (2013).

21. Peng,W. et al. Loss of PTENpromotes resistance to T cell–mediated
immunotherapy the role of PTEN loss in immune resistance.Cancer
Discov. 6, 202–216 (2016).

22. Ascierto, P. A. & Dummer, R. Immunological effects of BRAF+MEK
inhibition. OncoImmunology 7, e1468955 (2018).

23. Cabrita, R. et al. The role of PTEN loss in immune escape,melanoma
prognosis and therapy response. Cancers 12, 742 (2020).

24. Togashi, Y., Shitara, K. & Nishikawa, H. Regulatory T cells in cancer
immunosuppression — implications for anticancer therapy. Nat.
Rev. Clin. Oncol. 16, 356–371 (2019).

25. Tanaka, A. & Sakaguchi, S. Targeting Treg cells in cancer immu-
notherapy. Eur. J. Immunol. 49, 1140–1146 (2019).

26. Sawant, D. V. et al. Adaptive plasticity of IL-10+ and IL-35+ Treg cells
cooperatively promotes tumor T cell exhaustion.Nat. Immunol. 20,
724–735 (2019).

27. Attrill, G. H. et al. Higher proportions of CD39+ tumor-resident
cytotoxic T cells predict recurrence-free survival in patients with
stage III melanoma treated with adjuvant immunotherapy. J.
Immunother. Cancer 10, e004771 (2022).

28. Jiang, P. et al. Signatures of T cell dysfunction and exclusion predict
cancer immunotherapy response. Nat. Med. 24, 1550–1558 (2018).

29. Charoentong, P. et al. Pan-cancer immunogenomic analyses reveal
genotype-immunophenotype relationships and predictors of
response to checkpoint blockade. Cell Rep. 18, 248–262 (2017).

30. Duhen, T. et al. Co-expression of CD39 and CD103 identifies tumor-
reactive CD8 T cells in human solid tumors. Nat. Commun. 9,
1–13 (2018).

31. Wolchok, J. D. et al. Long-term outcomes With Nivolumab Plus
Ipilimumab or Nivolumab Alone Versus Ipilimumab in Patients With
Advanced Melanoma. J. Clin. Oncol. 40, 127–137 (2022).

32. Hayward,N. K. et al.Whole-genome landscapes ofmajormelanoma
subtypes. Nature 545, 175–180 (2017).

33. Mao, Y. et al. Cross-platform comparison of immune signatures in
immunotherapy-treated patients with advanced melanoma using a
rank-based scoring approach. J. Transl. Med. 21, 257 (2023).

34. Machiraju, D., Schäfer, S. & Hassel, J. C. Potential Reasons for
Unresponsiveness to Anti-PD1 immunotherapy in young patients
with advanced melanoma. Life 11, 1318 (2021).

35. Castro, A. et al. Strength of immune selection in tumors varies with
sex and age. Nat. Commun. 11, 4128 (2020).

36. Chambers, E. S. & Vukmanovic-Stejic, M. Skin barrier immunity and
ageing. Immunology 160, 116–125 (2020).

37. Simpson, T. R. et al. Fc-dependent depletion of tumor-infiltrating
regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy
against melanoma. J. Exp. Med. 210, 1695–1710 (2013).

38. Wherry, E. J. & Kurachi, M. Molecular and cellular insights into T cell
exhaustion. Nat. Rev. Immunol. 15, 486–499 (2015).

39. Sarnaik, A. et al. Long-term follow up of lifileucel (LN-144) cryo-
preserved autologous tumor infiltrating lymphocyte therapy in
patients with advanced melanoma progressed on multiple prior
therapies. J. Clin. Oncol. 38, 10006–10006 (2020).

40. Akhavanfard, S., Padmanabhan, R., Yehia, L., Cheng, F. & Eng, C.
Comprehensive germline genomic profiles of children, adoles-
cents and young adults with solid tumors. Nat. Commun. 11,
2206 (2020).

41. Wang, X., Langevin, A.-M., Houghton, P. J. & Zheng, S. Genomic
disparities between cancers in adolescent and young adults and in
older adults. Nat. Commun. 13, 7223 (2022).

Article https://doi.org/10.1038/s41467-024-47301-9

Nature Communications |         (2024) 15:3014 12

https://github.com/cameliaquek/AYA_Melanoma
https://github.com/cameliaquek/AYA_Melanoma


42. Colebatch, A. J. et al. Elevated non-coding promoter mutations are
associated with malignant transformation of melanocytic naevi to
melanoma. Pathology 54, 533–540 (2022).

43. Fredriksson, N. J., Ny, L., Nilsson, J. A. & Larsson, E. Systematic
analysis of noncoding somatic mutations and gene expression
alterations across 14 tumor types.Nat. Genet.46, 1258–1263 (2014).

44. Lim, S. Y., Pedersen, B. & Rizos, H. Protein-based classification of
melanoma differentiation subtypes. Pigment Cell Melanoma Res.
35, 471–473 (2022).

45. Schumacher, T. N. &Thommen,D. S. Tertiary lymphoid structures in
cancer. Science 375, eabf9419 (2022).

46. Zhang,Y. et al. A T cell resiliencemodel associatedwith response to
immunotherapy in multiple tumor types. Nat. Med. 28,
1421–1431 (2022).

47. Hugo,W. et al. Genomic and transcriptomic features of response to
Anti-PD-1 therapy in metastatic melanoma. Cell 165, 35–44 (2016).

48. Ayers, M. et al. IFN-γ–related mRNA profile predicts clinical
response to PD-1 blockade. J. Clin. Investig. 127, 2930–2940 (2017).

49. Herbst, R. S. et al. Predictive correlates of response to the anti-PD-L1
antibody MPDL3280A in cancer patients. Nature 515,
563–567 (2014).

50. Mariathasan, S. et al. TGFβ attenuates tumour response to PD-L1
blockade by contributing to exclusion of T cells. Nature 554,
544–548 (2018).

51. Cui, C. et al. Ratio of the interferon-γ signature to the immuno-
suppression signature predicts anti-PD-1 therapy response in mel-
anoma. npj Genom. Med. 6, 7 (2021).

52. Gershenwald, J. E. et al. Melanoma staging: evidence-based chan-
ges in the American Joint Committee on Cancer eighth edition
cancer staging manual. CA: A Cancer J. Clin. 67, 472–492 (2017).

53. Eisenhauer, E. A. et al. New response evaluation criteria in solid
tumours: revised RECIST guideline (version 1.1). Eur. J. Cancer 45,
228–247 (2009).

54. Yaseen, Z. et al. Validation of an accurate automated multiplex
immunofluorescence method for immuno-profiling melanoma.
Front. Mol. Biosci. 9, 810858 (2022).

55. Bai, X., & Quek, C. Stroma-infiltrating T cell spatiotypes define
immunotherapy outcomes in adolescent and young adult patients
with melanoma (Version 1.0.0). Archived software repository at
https://doi.org/10.5281/zenodo.10681885 (2024).

Acknowledgements
This work was supported byMelanoma Institute Australia, the University
of Sydney Medical Foundation, Cancer Institute NSW and National
Health andMedical ResearchCouncil of Australia. X.B., G.H.A. andK.J.N.
are supported by the University of Sydney and Melanoma Institute
Australia Scholarships. G.V.L., R.A.S. and A.M.M. are supported by a
individual NHMRC InvestigatorGrants. J.S.W. is supportedby anNHMRC
investigator fellowship (APP1174325). A.M.M. is also supported by
Nicholas and Helen Moore and Melanoma Institute Australia. C.Q.,
T.N.G. and I.P.DaS. are supported by the Cancer Institute NSW (2020/
ECF1153, 2020/ECF1244, and 2021/ECF1376). Support from The
Cameron Family, The Ainsworth Foundation, Charles Perkins Centre
Seed Fund, Tour De Cure, the CLEARBridge Foundation as well as from
colleagues at MIA and Royal Prince Alfred Hospital is also gratefully
acknowledged.

Author contributions
G.V.L., R.A.S., J.S.W. and C.Q. conceived and designed the study. K.J.N.,
I.P.D.S., M.S.C. and A.M.M. collected the clinical data and samples.

P.M.F. performed pathological examination of the tissue samples. X.B.,
G.H.A., T.N.G. and P.S. conducted the experiments. X.B., C.Q. and I.A.V.
performed the data analysis. U.P. reviewed the immune cell phenotypes.
X.B. drafted the manuscript. All authors contributed to the revision and
editing of the manuscript.

Competing interests
G.V.L. is consultant advisor for Agenus, Amgen, Array Biopharma,
AstraZeneca, Bayer, BioNTech, Boehringer Ingelheim, Bristol Myers
Squibb, Evaxion, Hexal AG (Sandoz Company), Highlight Therapeutics
S.L., IO Biotech, Immunocore, Innovent Biologics USA, Merck Sharpe &
Dohme, Novartis, PHMR Ltd, Pierre Fabre, Regeneron, SkylineDx B.V.,
and Scancell. R.A.S. has received fees for professional services from
SkylineDx B.V., IO Biotech ApS, MetaOptima Technology Inc., F.
Hoffmann-La Roche Ltd, Evaxion, Provectus Biopharmaceuticals Aus-
tralia, QBiotics, Novartis, Merck Sharp & Dohme, NeraCare, Amgen,
Bristol Myers Squibb, Myriad Genetics, and GlaxoSmithKline. M.S.C. is
consultant advisor for Amgen, Bristol Myers Squibb, Eisai, Ideaya, Merck
Sharp & Dohme, Nektar, Novartis, Oncosec, Pierre Fabre, QBiotics,
Regeneron and Roche, and honoraria for Bristol Myers Squibb, Merck
Sharp & Dohme, and Novartis. A.M.M. is on the advisory board for Bris-
tol Myers Squibb, Merck Sharp & Dohme, Novartis, Roche, Pierre Fabre,
andQBiotics. I.P.S. is on the advisoryboard forMerkSharp&Dohme, and
has received fees for professional services from Roche, Bristol Myers
Squibb, and Merck Sharp & Dohme. The other authors declare no
competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47301-9.

Correspondence and requests for materials should be addressed to
Camelia Quek.

Peer review information Nature Communications thanks Mauro Alaibac
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-47301-9

Nature Communications |         (2024) 15:3014 13

https://doi.org/10.5281/zenodo.10681885
https://doi.org/10.1038/s41467-024-47301-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Stroma-infiltrating T cell spatiotypes define immunotherapy outcomes in adolescent and young adult patients with melanoma
	Results
	Clinical characteristics and response�to ICI
	Enrichment of FOXP3+ T�cells within the AYA melanomas compared to�adults
	Tregs are localized predominately at the peritumoral margin of ICI-resistant AYA melanomas
	Subtypes of immunologically suppressed ICI-resistant AYA tumors show distinct T cell infiltration
	Intrinsic and extrinsic hallmarks of resistance in AYA patients who progressed on ICI immunotherapies
	ICI-resistant AYA patients with high young immunosuppressive melanoma (YIM) scores express alternative immune and non-immune drug targets

	Discussion
	Methods
	Patient samples and treatment
	Nucleic acid extraction
	Next-generation custom amplicon sequencing
	DNA sequence data processing and variant calling analysis
	Whole-transcriptome sequencing
	Whole-transcriptome data processing
	Differential gene expression analysis
	Calculating cell proportion and immunophenotypes based on gene expression profiles
	Gene set enrichment and pathway analysis
	Gene signature�scores
	Identification of druggable target�genes
	Multiplex immunofluorescence staining
	Image acquisition
	Image analysis
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




