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Abstract 34 

T cells are critical in cancer immune surveillance but they can also shape tumor immunogenicity, 35 

described as cancer immunoediting1,2. Melanoma patients commonly harbor T cells recognizing 36 

melanocyte differentiation antigens (MDAs)3-6. However, the roles of MDA-specific T cells in 37 

shaping melanoma immunogenicity and the response to immune checkpoint inhibition remain 38 

elusive. Here, we prospectively profiled peripheral CD8+ T cells from 27 stage IV patients before 39 

initiation of checkpoint inhibitor therapy. Clinical failure was associated with increased MDA-40 

specific CD8+ T cells and reduced tumor MDA expression pretreatment. In nonresponders, 41 

decreased tumor MDA expression was concomitant with a dedifferentiated melanoma phenotype. 42 

We confirmed in 30 stage III patients that individuals with relapse disease during adjuvant anti-43 

PD-1 therapy demonstrated a significantly higher incidence of dedifferentiated tumors 44 

pretreatment than individuals without recurrence. Thus, MDA-directed CD8+ T cells are 45 

associated with a dedifferentiated phenotype and reduced clinical response to checkpoint inhibitor 46 

therapy suggesting immunoediting as an important resistance mechanism.   47 
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Main 48 

Cancer immunotherapies targeting the inhibitory checkpoint molecules PD-1 and CTLA-4 harness 49 

the patient’s antitumor immunity and the presence of CD8+ T cell infiltrates in tumors is generally 50 

considered a positive correlative factor for response to checkpoint inhibitor therapy7,8. While 51 

tumor-specific CD8+ T cells play a critical role in cancer immune surveillance9, they can also 52 

shape tumor immunogenicity to evade immune-mediated killing, a process known as cancer 53 

immunoediting1,2. One mechanism of cancer immunoediting was previously shown in mouse 54 

models in which adoptive transfer of CD8+ T cells specific for melanosomal antigens elicited 55 

melanoma dedifferentiation in response to T cell-derived inflammatory cytokines and resulted in 56 

the loss of T cell-mediated tumor control10-12. However, evidence of inflammation-induced 57 

dedifferentiation13 in humans is scarce and hitherto derived from in vitro human cell lines 58 

experiments14,15, transcriptomic studies16,17  or case reports18. In one patient, adoptive transfer of 59 

MART-1-specific CD8+ T cells induced inflammation in the tumor microenvironment resulted in 60 

gradual loss of expression of MART-1 and other melanocytic antigens in relapsing tumors18.  61 

Although melanocyte differentiation antigen (MDA)-specific T cells have been studied for a long 62 

period in melanoma patients4,19,20, surprisingly little is known about the phenotypic co-evolution 63 

between MDA-specific T cells with melanoma respectively their influence in the context of 64 

immune checkpoint inhibitor treatment.  65 

A high proportion of melanoma patients commonly harbor CD8+ T cells recognizing tumor-66 

associated antigens such as MDAs5,6, cancer-testis antigens (CTA)4,21 or antigens derived from 67 

tumor-specific mutations (neo-antigens)22 but their role in immune checkpoint therapy has not 68 

been resolved. Vitiligo is elicited by MDA-specific CD8+ T cells and represents a positive 69 

correlative factor for clinical responses to immunotherapies in melanoma23-25. To assess MDA- 70 

and CTA-specific CD8+ T cell responses in the context of checkpoint inhibitor therapy, we 71 

prospectively enrolled 27 patients with stage IV melanoma treated with an anti-PD-1 antibody 72 
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either alone or in combination with an anti-CTLA-4 antibody (St. Gallen (SG) cohort, Fig. 1a and 73 

Extended Data Table 1). All patients were treatment naïve for anti-PD-1 therapy. Consistent with 74 

published trials, 44 % of the patients in our cohort were responders, while 56% of the patients in 75 

our cohort did not show an objective clinical response at 12 weeks according to Response 76 

Evaluation Criteria in Solid Tumors (RECIST) 1.1 26-29 (Extended Data Table 1, Extended Data 77 

Fig. 1a). To examine CD8+ T cell responses, we stimulated peripheral blood mononuclear cells 78 

(PBMCs) collected before initiation of checkpoint inhibitor therapy with separate overlapping 79 

peptide pools representing the full-length sequence of the MDAs tyrosinase (TYR), MART-1, 80 

gp100 and tyrosinase-related protein 2 (TRP2) and the CTAs MAGE-A1, MAGE-A3, MAGE-A4 81 

and NY-ESO-1 (Fig. 1b and Extended Data Fig. 1b). We found that the activity of antigen-82 

experienced CD45RAlow CD8+ T cells was commonly directed against the MDAs TYR (21 of 27 83 

patients), MART-1 (7 of 27 patients), and gp100 (6 of 27 patients), as indicated by the expression 84 

patterns of the cytokines IFN-γ and TNF-α (Fig. 1c, Extended Data Fig. 1c and Extended Data 85 

Fig. 2a).  Fewer T cell responses were observed against the MDA TRP2 (2 of 27 patients) and the 86 

CTAs MAGE-A1 (1 of 27 patients), MAGE-A3 (1 of 27 patients), MAGE-A4 (4 of 27 patients), 87 

and NY-ESO-1 (4 of 27 patients) (Extended Data Fig. 1c to e). Therefore, within this study we 88 

further focused on CD8+ T cells specific for the MDAs TYR, MART-1, and gp100. Interestingly, 89 

substantially higher proportions of nonresponders (NRs) than responders (Rs) showed increased 90 

IFN-γ+ and TNF-α+ CD8+ T cell responses against TYR, MART-1 and gp100 (Fig. 1c and d, 91 

Extended Data Fig. 1c and d and Extended Data Fig. 2a and b). Moreover, the nonresponders were 92 

characterized by a broader MDA-specific CD8+ T cell response, defined as cytokine-expressing 93 

CD8+ T cells against any of the melanocytic antigens TYR, MART-1 or gp100 (Fig. 1c and e and 94 

Extended Data Figure 2a and c). Likewise, the frequency of cytokine-producing CD8+ T cells 95 

specific for the three MDAs combined was significantly higher in the nonresponders compared to 96 

responders (Fig. 1c and f and Extended Data Fig. 2a and d). In sum, our data show that 97 
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nonresponders exhibit a higher proportion of MDA-specific CD8+ T cells prior to checkpoint 98 

inhibitor therapy.  99 

A T cell-mediated immunoselection process can result in the outgrowth of tumor cells lacking 100 

expression of immunodominant antigens30. To investigate the relationship between MDA-specific 101 

T cells and MDA tissue expression, we performed quantitative immunohistochemical (IHC) 102 

analysis for TYR, MART-1 and gp100 of pretreatment tumor samples from 19 patients in the SG 103 

cohort (R=10, NR=9; Fig. 2a and b). The percentage of tumor cells expressing each of these 104 

antigens was assessed as outlined in Extended Data Figure 3. Tumor cells of responders showed a 105 

higher frequency of expression of the individual MDAs TYR, MART-1 and gp100 compared to 106 

nonresponders (Fig. 2c and d). Moreover, expression levels of individual MDAs were not only 107 

decreased in nonresponders but we observed a broad loss of all melanocytic proteins in 108 

nonresponders (7 of 9 nonresponder, patients 1, 8, 14, 18, 19, 20 and 21) compared to responders 109 

(9 of 10 responders, patients 2, 4, 5, 11, 12, 15, 17, 22, 25) as described by the reduced breath of 110 

the expression of TYR, MART-1 and gp100 combined (Fig. 2c). Finally, Spearman’s correlation 111 

analysis revealed an inverse correlation between tumor MDA expression in pretreatment biopsies 112 

and MDA-specific CD8+ T cell responses in blood (Fig. 2c and e, Spearman r = -0.5666, P = 0.01). 113 

These observations showed that the broad loss of melanocytic antigen expression together with 114 

increased MDA-specific CD8+ T cells in the periphery are associated with an impaired response 115 

to checkpoint inhibitor therapy. Thus, MDA-directed T cell responses may have an 116 

underappreciated yet crucial role in shaping melanoma immunogenicity and affecting the clinical 117 

outcome to immune checkpoint inhibitors. 118 

A critical role of T cell responses against MDAs in melanoma emanates from therapies using 119 

adoptive transfer of either ex vivo expanded tumor-infiltrating lymphocytes or TCR-engineered 120 

T cells recognizing MDAs31,32. In mouse melanoma models, adoptive transfer of T cells targeting 121 

a melanosomal antigen compared to transfer of T cells against an oncogenic antigen, provoked 122 
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profound dedifferentiation11. Therefore, dedifferentiation represents an important evasion 123 

mechanism in response to T cell-mediated immune pressure12,13. In our study, we have observed 124 

high pre-existing MDA-specific CD8+ T cells concomitant with a broad loss of melanocytic 125 

antigen expression predominantly in nonresponders. Next, we investigated whether tumors with 126 

reduced MDA tissue antigen levels also exhibited a dedifferentiated phenotype rather than only 127 

selective downregulation of melanocytic antigens. Melanoma dedifferentiation proceeds along a 128 

differentiation trajectory that can be subclassified into four subtypes ranging from melanocytic 129 

and transitory to neural crest-like and undifferentiated16,33. To assess whether progression along 130 

the dedifferentiation trajectory described by Tsoi et al. in melanoma cell lines33 can be discerned 131 

in patient samples, we performed single-cell RNA sequencing (scRNA-seq) of melanoma 132 

metastases collected from 15 stage III or stage IV patients (Cohort Leuven; Extended Data Table 133 

2; 14 of the 15 patients were drug-naive). Unsupervised clustering of all 15 tumor lesions 134 

combined using Harmony integration and Uniform Manifold Approximation and Projection 135 

(UMAP) revealed 11 distinct clusters (Fig. 3a and Extended Data Fig. 4a and b). We leveraged the 136 

gene signatures for the melanoma differentiation subtypes identified by recent transcriptomic 137 

analysis33,34 and created corresponding scores for each subtype (Extended Data Tables 4 and 5). 138 

Based on these scores, we detected different melanoma differentiation cell states in this patient 139 

cohort. Tumor cells in clusters 1, 4, 5, 6, 8 and 10 showed a melanocytic (i.e., differentiated) 140 

phenotype with a high pigmentation signature, while tumor cells in clusters 0, 2 and 3 and 7 were 141 

in a transitory state with reduced pigmentation levels (Fig. 3b and Extended Data Fig. 4c and d). 142 

In contrast, melanoma cells in clusters 2, 3, 7 and 9 were identified as dedifferentiated phenotype 143 

as characterized by increased expression of genes associated with a neural crest-like cell signature 144 

(cluster 2, 7 and 9) or a an undifferentiated (i.e., “invasive”) phenotype (cluster 3 and 9) (Fig. 3b). 145 

Likewise, cells in clusters 2, 3, 7 and 9 demonstrated a reduced pigmentation signature as well as 146 

MDA expression and increased expression levels of neural crest stem cell (NCSC) and epithelial-147 



7 

 

mesenchymal transition (EMT) markers (Extended Data Fig. 4c and d). In addition, levels of the 148 

transcription factor MITF, the master regulator of melanocytic differentiation35,36, were decreased 149 

in melanoma cells in clusters 2, 3 and 9 (Fig. 3c), all of which harbor the dedifferentiated 150 

melanoma phenotype (Fig. 3b). Moreover, we observed increased expression of the receptor 151 

tyrosine kinase EGFR in clusters 3 and 9, while tumor cells from clusters 2 and 7 expressed the 152 

neural crest marker NGFR (Fig. 3c), both marker are linked to a dedifferentiated melanoma 153 

phenotype10,14,37,38. Overall, this single-cell transcriptomic analysis in treatment-naïve clinical 154 

samples established the presence of melanoma cells exhibiting distinct differentiation statuses 155 

ranging from cells with either a melanocytic differentiated phenotype to a dedifferentiated 156 

phenotype with reduced melanocytic antigen expression.  157 

Next, we sought to investigate whether tumor cells from patients in the SG cohort not only 158 

exhibited reduced expression of melanocytic antigens but show a dedifferentiated phenotype. We 159 

performed quantitative IHC analysis of the 19 available biopsies obtained prior to treatment (Fig. 160 

3d-g, Fig 2a, Extended Data Fig 3) and examined tissue expression of MITF, EGFR and NGFR, 161 

markers associated with dedifferentiated tumors according to our scRNA-seq data (Fig. 3). 162 

Strikingly, our IHC analysis revealed significantly reduced expression of MITF and markedly 163 

increased frequency of tumor cells expressing EGFR in nonresponders compared to responders, 164 

whereas the expression of NGFR was not different (Fig. 3d and e, Extended Data Fig. 5a to c). We 165 

further defined tumor cells with low MITF expression (MITFlow) and high EGFR expression 166 

(EGFRhigh) as dedifferentiated melanomas based on threshold values determined for each protein 167 

by receiver operator characteristic (ROC) curves (Fig. 3e, green boxes). Dedifferentiated MITFlow 168 

EGFRhigh tumors were identified exclusively in nonresponders (8 out of 9), while tumors from 169 

responders showed a uniformly differentiated and melanocytic phenotype (Fig. 3e and Fig 2c and 170 

and f, Extended Data Figure 5d and e). Moreover, compared to patients with differentiated tumors, 171 

patients with dedifferentiated tumors demonstrated significantly diminished progression-free 172 
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survival (Fig. 3g). Thus, melanoma patients with reduced MDA expression not only selectively 173 

downregulated these antigens but rather exhibited a dedifferentiated phenotype which was 174 

exclusively found in nonresponders.  175 

Finally, to strengthen our findings that patients with dedifferentiated melanomas are associated 176 

with poor outcome to checkpoint inhibitor treatment, we obtained tumor biopsies from 30 stage 177 

III melanoma patients before initiation of adjuvant checkpoint inhibitor therapy (Zurich (ZH) 178 

cohort, Extended Data Table 3). Adjuvant anti-PD-1 therapy after surgical resection of regional 179 

lymph node metastases has become the standard of care in melanoma patients, resulting in 180 

significantly longer recurrence-free survival than placebo treatment39,40. In this independent 181 

cohort, 37% of patients developed recurrence within the observed time (Relapses; Rel), whereas 182 

63% remained disease-free (Disease-Free; DF) (Fig. 4a, Extended Data Fig. 6a). We performed 183 

IHC analysis of the collected biopsies and quantified the expression of MITF, EGFR, NGFR (Fig. 184 

4b and c and Extended Data Fig. 6b to d). In this validation cohort, 47% of patients (14 out of 30) 185 

presented with a MITFlow EGFRhigh and/ or MITFlow NGFRhigh dedifferentiated tumor phenotype. 186 

Strikingly, individuals with relapsed disease were characterized by a significantly higher incidence 187 

of dedifferentiated tumors than patients without recurrence (Fig. 4c and d, Extended Data Figure 188 

6b to f). Accordingly, adjuvant anti-PD-1 treated patients with a dedifferentiated tumor phenotype 189 

exhibited significantly shorter progression-free survival than those with a differentiated tumor 190 

phenotype (Fig. 4e). Together, these data demonstrate that patients with a dedifferentiated 191 

melanoma prior to treatment initiation are associated with therapeutic resistance to adjuvant 192 

immune checkpoint therapy. Importantly, we have shown that dedifferentiated melanomas impacts 193 

therapy response independent of the stage of the tumor. 194 

In this study, immune profiling of peripheral T cells revealed an interrelationship among MDA-195 

directed CD8+ T cell responses and reduced expression of the MDAs TYR, MART-1 and gp100 196 

in the tumor tissue. Additionally, MDA downregulation was correlated with an increased incidence 197 
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of a dedifferentiated phenotype and poor clinical outcome following immune checkpoint 198 

inhibition. Taken together, we showed in two independent cohorts of patients with different tumor 199 

stages (stages III and IV) that a differentiated phenotype is negatively associated with the response 200 

to immune checkpoint inhibitor blockade. 201 

Increased T cell infiltrates into tumors7,8 as well as T cell-mediated adverse events, such as vitiligo 202 

which is elicited by MDA-specific CD8+ T cells23-25, represent a positive correlation with clinical 203 

outcome. However, these tumor-specific immune responses can, at the same time, promote cancer 204 

immunoediting and affect clinical response to treatment. During the course of disease, cancer 205 

immunoediting by MDA-specific CD8+ T cells may drive the evolution of tumor cells resulting in 206 

reduced MDA expression and, ultimately, the loss of melanocytic identity. Tumors in patients may 207 

fall into one of the three phases of the immunoediting process - elimination, equilibrium or escape2 208 

- and can result in different clinical outcomes to checkpoint inhibitor treatment. 209 

Immune checkpoint blockade with anti-PD-1 re-invigorates pre-existing tumor-specific CD8+ T 210 

cells in a large proportion of melanoma patients but only 40 % of the patients respond clinically41. 211 

Thus, based on our data, we hypothesize that release of CD8+ T cells targeting melanocytic 212 

antigens upon PD-1 therapy results in immune-mediated elimination of melanoma cells in patients 213 

with differentiated tumor phenotypes. In contrast, releasing the brakes on pre-existing MDA-214 

specific CD8+ T cells in patients with dedifferentiated tumors may be less effective because (i) 215 

these tumors have lost their melanocytic identity and thus the expression of melanocytic antigens 216 

during the course of disease and (ii) MDA-specific CD8+ T cells may outcompete the expansion 217 

of T cells with other specificities. Kvistborg et al. have studied CD8+ T cell responses to 218 

melanoma-associated epitopes in patients receiving anti-CTLA-4 therapy using HLA-*0201-219 

restricted tetramers. Within their study, they have identified pre-existing melanoma-specific T cell 220 

prior to treatment but did not relate them to therapeutic outcome to immune checkpoint blockade19. 221 

In our study, we have employed an HLA-independent methodological approach using overlapping 222 
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peptide pools which unveiled a high level of detectable MDA- and to a lesser extent CTA-specific 223 

CD8+ T cells prior to checkpoint inhibitor treatment and markedly increased frequencies of the 224 

MDAs TYR, MART-1 and gp100 were detected in nonresponders compared to responders. 225 

Therefore, our study suggests that MDA-directed T cells have a more profound impact on different 226 

melanoma therapies than currently assumed. Understanding the co-evolution of melanoma cells in 227 

response to immunological pressure by T cells targeting melanocytic antigens is critical to improve 228 

the outcome of patients treated with cancer immunotherapies and in the design of new treatments 229 

targeting dedifferentiated tumors. 230 

Our study is not without caveats. First, it characterizes CD8+ T cell responses against a limited 231 

number of melanoma-associated antigens without considering CD8+ or CD4+ T cell responses 232 

specific for other antigens. Second, our study cohorts are relatively small. Still, we have validated 233 

and combined our findings in three independent patient cohorts and these findings are based on 234 

strong data generated in mouse models10,11,16. Third, in almost all patients we only analyzed one 235 

available tumor lesion obtained at a time point close to initiation of checkpoint inhibitor therapy 236 

and the collection of PBMCs. However, further studies should evaluate the tumor phenotype and 237 

the corresponding T cell responses during the time course of the disease as well as in multiple 238 

lesions. Lastly, we suggest that immune-mediated dedifferentiation is an important resistance 239 

mechanism for immune checkpoint inhibitor therapy in melanoma; yet this resistance mechanism 240 

may be transferable to other tumor entities.  241 
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Main Figures 242 

 243 

Figure 1. Levels of pre-existing MDA-specific CD8+ T cells in melanoma patients receiving 244 
checkpoint inhibitor therapy. a, In the prospective St.Gallen (SG) cohort, peripheral blood mononuclear 245 
cells (PBMCs) were obtained from 27 patients with stage IV melanoma prior to checkpoint inhibitor 246 
therapy. Clinical responders (R; N=12) and nonresponders (NR; N=15) were determined at 12 weeks. b-f, 247 
CD8+ T cell responses against the melanocyte differentiation antigens (MDAs) TYR, MART-1 and gp100 248 
after in vitro stimulations of PBMCs with overlapping 15-mer peptide pools for each individual antigen for 249 
10 days as measured by IFN-γ expression. b, Representative FACS plots of samples from patient 16 (NR) 250 
and patient 4 (R). c, Heatmaps summarizing the frequency of IFN-γ-producing CD8+ T cells for the 251 
indicated antigens. The color scale represents the frequency of IFN-γ+ CD3+ CD8+ CD45RAlow T cells. The 252 
breadth of the CD8+ T cell response was defined as the number of the individual IFN-γ+ CD8+ T cells 253 
against the MDAs TYR, MART-1 and gp100, as indicated by the detection of IFN-γ+ CD8+ T cell 254 
responses, ranging from 0 (none) to 3 (all). d, Proportions of R and NR with MDA-specific CD8+ T cell 255 
responses to the individual MDAs or any MDA. e, Summary of the breadth of MDA-specific CD8+ T cells 256 
in R and NR as shown for individual patients as shown in panel c. f, Frequencies of IFN-γ+ CD8+ T cells 257 
against any MDA (TYR, MART-1 or gp100) in R vs NR. Dots represent individual patients, and lines 258 
indicate the mean values (e and f). Statistical analysis was performed using the chi-square test (d) and 259 
Mann-Whitney test (e and f); *P < 0.05, **P < 0.01, ***P < 0.001. 260 
 261 
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 262 
Figure 2. MDA tissue expression inversely correlates with peripheral MDA-specific CD8+ T cells. a,  263 
In 19 of the patient from the SG cohort, tumor biopsies obtained before initiation of checkpoint inhibitor 264 
therapy and matched PBMCs from Fig. 1 were analyzed. The expression of the MDAs TYR, MART-1 and 265 
gp100 was analyzed using quantitative IHC analysis of biopsy tissue. b, Representative images for the 266 
indicated antigens in patient 5 (R) and patient 1 (NR). The frequency of tumor cells expressing each of 267 
these antigens was assessed as outlined in Extended Data Figure 3.  Hematoxylin (H) staining to identify 268 
the cell nucleus. Scale bars are 500 and 2000 µm for the general images (top and bottom images) and 20 269 
µm for the magnified images. c, Heatmaps summarizing the frequency of melanoma cells stained positive 270 
for the MDAs TYR, MART-1 and gp100. The breadth of MDA expression was defined as the number of 271 
MDAs expressed per patient sample ranging from 0 (none) to 3 (all) as defined by values from ROC curves 272 
for each individual antigen. The breadth of T cell response (data from Fig. 1) is specified as the number of 273 
individual MDAs recognized, as indicated by the detection of IFN-γ+ CD8+ T cell responses, ranging from 274 
0 (none) to 3 (all). d, Frequencies of melanoma cells showing positive staining for each of the MDAs TYR, 275 
MART-1 and gp100 in the analyzed tissue slides between R and NR. Dots represent individual patients, 276 
and lines indicate mean values. e, Correlation between the breadth of MDA expression and that of MDA-277 
specific CD8+ T cell responses. Dots represent individual patients. Statistical analysis was performed using 278 
the Mann-Whitney test (d) and Spearman’s correlation (e); *P < 0.05, **P < 0.01, ***P < 0.001. 279 
  280 
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 281 
 282 
Figure 3. The dedifferentiated melanoma phenotype predicts patient outcome in response to 283 
checkpoint inhibitor therapy. a-c, We collected melanoma metastases from 15 stage III or stage IV 284 
treatment-naïve patients and performed single-cell RNA-seq analysis of tumor cells (Leuven cohort). a, 285 
UMAP plot displaying cluster assignment. Highlighted clusters harbor tumor cells with a dedifferentiated 286 
phenotype (cluster 2, 3, 7 and 9) whereas the other cluster exhibit a melanocytic and differentiated 287 
phenotype. b, Violin plots based on the Tsoi et el. (2018) gene signatures for melanocytic, transitory, neural 288 
crest-like and undifferentiated melanoma phenotypes. c, UMAP plots showing the gene expression of 289 
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MITF, EGFR and NGFR. d-g, In the SG cohort, the expression of MITF, EGFR and NGFR was assessed 290 
in tumor biopsies obtained before initiation of checkpoint inhibitor therapy by quantitative IHC analysis. 291 
d, Representative images for the indicated antigens in patient 5 (R) and patient 1 (NR). The frequency of 292 
tumor cells expressing each of these antigens was assessed as outlined in Extended Data Figure 3. 293 
Hematoxylin (H) or Methyl Green (MG) staining to identify the cell nucleus. Scale bars are 500 and 2000 294 
µm for the general images (top and bottom images) and 20 µm for the magnified images.  e, Heatmaps 295 
summarizing the frequencies of melanoma cells showing positive staining for MITF, EGFR or NGFR using 296 
quantitative IHC analysis. The dedifferentiated melanoma phenotype (Dediff) was defined as MITFlow 297 
EGFRhigh or MITFlow NGFRhigh as based on threshold values from ROC curves for each individual protein. 298 
f, Proportions of patients in the 19 patients from the SG cohort with a dedifferentiated phenotype in the R 299 
and NR groups. g, Progression-free survival of patients with a dedifferentiated or differentiated melanoma 300 
phenotype. Statistical analysis was performed using the chi-square test (f) or the Mantel-Cox log-rank test 301 
(g); *P < 0.05, **P < 0.01, ***P < 0.001. 302 
  303 
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 304 

 305 
 306 
Figure 4. The dedifferentiated melanoma phenotype predicts patient outcome in response to adjuvant 307 
anti-PD-1 therapy. a, In the Zurich (ZH) adjuvant cohort, tumor biopsies were obtained before initiation 308 
of adjuvant anti-PD-1 treatment. Disease-Free patients (DF; R; n=19) and patients who experienced relapse 309 
(Rel; n=11) were determined at the first PET-CT scan within 3 months after start of therapy. b, 310 
Representative images showing the expression of MITF, EGFR and NGFR in patient 5 (DF) and patient 28 311 
(Rel). The frequency of tumor cells expressing each of these antigens was assessed as outlined in Extended 312 
Data Figure 3. Hematoxylin (H) or Methyl Green (MG) staining to identify the cell nucleus. Scale bars are 313 
1000 and 2000 µm for the general images (top and bottom images) and 20 µm for the magnified images. c, 314 
Heatmaps summarizing the frequency of tumor cells stained positive for MITF, EGFR and NGFR using 315 
quantitative IHC analysis. The dedifferentiated phenotype (Dediff) was defined as MITFlow EGFRhigh or 316 
MITFlow NGFRhigh and based on threshold values from ROC curves for each individual protein. d, 317 
Proportions of patients in the ZH adjuvant anti-PD-1 cohort with a dedifferentiated phenotype in the DF 318 
and Rel groups. e, Progression-free survival of patients with a dedifferentiated or differentiated melanoma 319 
phenotype. Statistical analysis was performed using the chi-square test (d) or Mantel-Cox log-rank test (e); 320 
*P < 0.05, **P < 0.01, ***P < 0.001. 321 
  322 
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Material and Methods 323 

Ethical Approval 324 

All patients provided written informed consent. All study procedures were performed in 325 

accordance with the principles of the Declaration of Helsinki and applicable Swiss and Belgian 326 

laws and regulations, and approved by the Ethics Committee of Eastern Switzerland (BASEC Nr. 327 

2016-00998, BASEC Nr. PB_2017-00494) and UZ Leuven Medical Ethical Committee (S62275).  328 

Patients 329 

In this prospective study, 27 patients with unresectable stage IV melanoma at Kantonsspital St. 330 

Gallen were included (SG cohort, see Extended Data Table 1 for patient information). Patients 331 

were treated with antibodies against the checkpoint inhibitor molecules PD-1 (pembrolizumab or 332 

nivolumab) either alone or in combination with anti-CTLA-4 (ipilimumab) and were included only 333 

if they had not received prior anti-PD-1 treatment. Tumor responses were evaluated by CT imaging 334 

after 8-12 weeks using RECIST 1.127. According to these criteria, patients who achieved complete 335 

remission (CR) or partial remission (PR) were categorized as clinical responders (Rs), and those 336 

with stable disease (SD) or progressive disease (PD) were categorized as clinical nonresponders 337 

(NRs). For each patient, blood was drawn before start of immune checkpoint therapy. PBMCs 338 

were isolated using Ficoll-Paque gradient centrifugation and cryopreserved at -150°C. In addition, 339 

available pretreatment formalin-fixed and paraffin-embeded metastatic lesion biopsies taken for 340 

routine histopathological diagnosis from 19 patients in the SG cohort (10 Rs; 9 NRs) in proximity 341 

to the therapy start were used for IHC analysis. 342 

In the second cohort, the Leuven cohort, metastatic lesion biopsies from 15 patients with locally 343 

advanced or metastatic melanoma (stage IIIB to stage IV) were collected as part of the 344 

noninterventional prospective study SPECIAL (prospective serial biopsy collection before and 345 

during immune checkpoint inhibitor therapy in patients with malignant melanoma) and used for 346 
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single-cell RNA sequencing. Almost all patients (N=14) were treatment naïve. Details of the 347 

samples are summarized in Extended Data Table 2. 348 

A validation cohort of 30 stage III melanoma patients at the University Hospital Zurich who 349 

received anti-PD-1 (pembrolizumab or nivolumab) as adjuvant therapy was used to confirm our 350 

findings (ZH cohort, see Extended Data Table 3 for patient information). Response to therapy was 351 

assessed at the first PET-CT scan (within 3 months after start of therapy) using RECIST 1.1 352 

criteria27, and patients were classified as either disease-free (DF) or experiencing a relapse (Rel) 353 

during the observation (up to 1 year after treatment cessation). Available pretreatment formalin-354 

fixed and paraffin-embedded tumor biopsies taken for routine histopathological diagnosis from all 355 

the patients in proximity to the therapy start were used for IHC analysis (19 DF; 11 Rel). 356 

T cell stimulation assays and flow cytometry 357 

For each patient, blood was drawn before the start of therapy, and PBMCs were isolated using 358 

Ficoll-Paque density gradient centrifugation and cryopreserved at -150° C. To assess T cell 359 

responses, PBMCs were thawed and cultured at 37°C and 5% CO2 in RPMI 1640 medium 360 

containing 8% human serum (Biowest, catalog number S4190-100), 1% penicillin-streptomycin, 361 

1% L-glutamine, 1% nonessential amino acids, 1% sodium pyruvate, 0.1 mg/mL kanamycin and 362 

0.1% β-mercaptoethanol. PBMCs were seeded in 24-well plates at a density of 0.5-1x106 cells per 363 

well and stimulated with 15-mer peptide pools (2 g/mL peptide) with an 11-amino-acid overlap 364 

for the following MDAs and CTAs according to the manufacturer’s instructions: gp100, TYR, 365 

TRP-2, MART-1, MAGE-A1, MAGE-A3, MAGE-A4, and NY-ESO-1 (JPT, Melanoma PepMix). 366 

Every second day, half of the culture medium was replaced with fresh medium supplemented with 367 

15000 IU/mL recombinant human IL-2 (ProLeukin, Roche). After 10 days, the cells were washed 368 

and restimulated for 6 hours with 2 g/mL cognate peptide pools in the presence of 10 g/mL 369 

brefeldin-A (Sigma), followed by staining for flow cytometry. PBMCs were stained with Aqua 370 

(BV510, BD, dilution 1:1000) according to the manufacturer’s instructions to exclude dead cells 371 
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and with antibodies against CD8 (PerCP, clone SK1, dilution 1:100), CD3 (APC-Cy7, clone 372 

OKT3, dilution 1:100), CD45RA (BV711, clone HI100, dilution 1:400), CD4 (PE/Cy, clone 373 

OTK4, dilution 1:100) in FACS buffer (1xPBS, 2% FCS, 5 mM EDTA, 0.1% Sodium azide) for 374 

20 min at 4°C. For intracellular staining, cells were fixed and permeabilized using the BD 375 

Cytofix/Cytoperm (BD Biosciences) and staining with  TNF-APC, clone Mab11b, dilution 376 

1:100) and IFN-PE, clone B27, dilution 1:100) was done in permeabilization buffer (1xPBS, 377 

2% FCS, 5 mM EDTA, 0.1% Saponin, 0.1% Sodium azide) for 40-60 min at 4°C. Samples were 378 

run on an LSR Fortessa, and flow cytometry data were analyzed with FlowJo software (TreeStar). 379 

Antigen-specific CD8+ T cell responses were identified by subtracting the frequency of IFN-γ+ 380 

and TNF-α+ CD8+ T cells from the unstimulated control and using a cutoff value of 1% IFN-γ+ or 381 

TNF-α+ cells. 382 

Immunohistochemistry 383 

Available baseline tissue samples taken for diagnostic histological examination were fixed in 384 

formalin and embedded in paraffin in the Pathology Department of KSSG using standard 385 

processing protocols. Four-micron-thick serial sections were cut using a Leica RM2255 rotary 386 

microtome (Leica Microsystems, CH). Single-epitope enzymatic immunohistochemistry on FFPE 387 

tissues was performed on serial sections to assess the expression of TYR, MART-1, gp100, MITF, 388 

EGFR, and NGFR within the tumors (immunohistochemical protocols for each antigen are 389 

described in the subsequent sections). Morphometric analysis was carried out on whole-slide scans 390 

acquired with a Panoramic 250 Flash III digital slide scanner (3D Histech, CH). Quantitative 391 

morphometry was performed using the QuPath v0.1.2 software platform for whole-slide image 392 

analysis (Edinburgh, UK)42 in order to determine the percentage of tumor cells expressing the 393 

antigens interrogated by immunohistochemistry. 394 

 395 

 396 
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Tyrosinase and MITF enzymatic immunohistochemistry 397 

FFPE tissues were sliced at a thickness of 4 μm using a rotary microtome and placed on poly-L-398 

lysine-coated slides. The slides were dewaxed in xylene, rehydrated, subjected to heat-induced 399 

epitope retrieval (HIER) in a microwave oven using a pH 9 target retrieval solution (catalog 400 

number S2367, Dako, DK) for TYR and a pH 6 target retrieval solution (catalog number S1699, 401 

Dako, DK) for 40 minutes, and allowed to cool to room temperature. Endogenous alkaline 402 

phosphatase activity was blocked using the dual endogenous blocking solution from the 403 

EnVisionTM G/2 Doublestain System, Rabbit/Mouse (DAB+/Permanent Red) (catalog number 404 

K536111-2, Dako, DK) for 10 minutes at room temperature, followed by an avidin/biotin blocking 405 

step for 30 minutes at room temperature (catalog number SP-2001, Vector Laboratories, CA, 406 

USA), a 30-minute incubation with 3% skim milk at room temperature, and an overnight 407 

incubation at 4°C with a mouse monoclonal anti-human TYR primary antibody (catalog number 408 

M3623, Dako, DK; dilution 1:50) and mouse monoclonal anti-human MITF primary antibody 409 

(catalog number M3621, Dako, DK; dilution 1:25). The next day, the slides were incubated for 1 410 

hour at room temperature with a biotinylated anti-mouse secondary antibody (catalog number 115-411 

065-062, Jackson ImmunoResearch, Cambridge, UK; dilution 1:500), followed by another 1-hour 412 

incubation at room temperature with a streptavidin-AP conjugate (ref. 434322, Invitrogen, IL, 413 

USA; dilution 1:100). The signal was visualized using the Warp Red chromogen kit (catalog 414 

number WR 806, Biocare Medical, CA, USA). The slides were dehydrated with alcohol, cleared 415 

with xylene and mounted with Pertex (catalog number 41-4011-00, Medite, DE) after hematoxylin 416 

counterstaining (catalog number 8947.1, Roth, DE).  417 

MART-1, gp100, and EGFR enzymatic immunohistochemistry 418 

Single-epitope enzymatic immunohistochemistry for MART-1, gp100, and EGFR in FFPE tissues 419 

was performed on serial sections using a Leica BOND MAX III automated immunostainer (Leica, 420 

CH) and the following antibodies according to the manufacturer’s instructions: monoclonal mouse 421 
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anti-human Melan A (Dako, catalog number M7196, clone A103, dilution 1:150, HIER - pH 9/20 422 

minutes/95°C, incubation for 15 min), monoclonal mouse anti-human Melanosome (gp100) 423 

(Dako, catalog number M0634, clone HMB-45, dilution 1:100, HIER - pH 6/20 minutes/100°C, 424 

incubation for 30 minutes), and monoclonal mouse anti-human EGFR (Leica Biosystems, catalog 425 

number NCL-EGFR-384, dilution 1:60, HIER - pH 9/30 minutes/95°C, incubation for 426 

60 minutes). The signal was visualized using the Leica Bond Polymer Refine Detection Kit 427 

(catalog number DS9800, Leica Biosystems, CH) and the AEC chromogen (catalog number K050-428 

110, Diagnostic BioSystems, CH).  429 

NGFR enzymatic immunohistochemistry 430 

FFPE tissues were sliced at a thickness of 4 μm using a rotary microtome and placed on poly-L-431 

lysine-coated slides. The slides were dewaxed in xylene, rehydrated, subjected to HIER using a 432 

pH 9 target retrieval solution (catalog number S2367, Dako, DK) for 20 minutes in a microwave 433 

oven, and allowed to cool to room temperature. Endogenous horseradish peroxidase activity was 434 

blocked by a 10-minute incubation at room temperature with 3% hydrogen peroxide solution 435 

(catalog number 160-0-029, Laboratorium Dr. G. Bichsel AG, CH), followed by an avidin/biotin 436 

blocking step (catalog number SP-2001, Vector Laboratories, CA, USA) for 30 minutes at room 437 

temperature, a 30-minute incubation with 3% skim milk at room temperature, and an overnight 438 

incubation at 4°C with a rabbit monoclonal anti-human p75 NGF receptor primary antibody 439 

(catalog number ab221212, Abcam, USA; dilution 1:100). The next day slides were incubated for 440 

30 minutes at room temperature with an anti-rabbit biotinylated secondary antibody (catalog 441 

number D30-1, GBI Labs, Bothell, WA, USA; dilution 1:200), followed by another 30-minute 442 

incubation at room temperature with HRP-conjugated streptavidin (catalog number D30-1, GBI 443 

Labs, Bothell, WA, USA; dilution 1:200). The signal was visualized using a Vector VIP 444 

peroxidase substrate kit (catalog number SK-4600, Vector Laboratories, CA, USA). The slides 445 

were dehydrated with alcohol, cleared with xylene and mounted with Pertex (catalog number 41-446 
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4011-00, Medite, DE) after methyl green counterstaining (catalog number H-3402, Vector 447 

Laboratories, CA, USA).  448 

Image analysis 449 

Quantitative morphometry was performed on all stained slides using the QuPath v0.1.2 software 450 

platform for whole-slide image analysis (Edinburgh, UK)42. Whole-slide scans acquired with a 451 

Panoramic 250 Flash III digital slide scanner (3D Histech, CH) were individually loaded into the 452 

software. For each staining vector (i.e., color), estimates of the background staining were applied 453 

to maximize differences in expression in QuPath by selecting a region of interest containing an 454 

area of background along with examples of strong nuclear counterstaining and chromogen staining 455 

and applying QuPath’s “Estimate stain vectors” command to identify stain vectors within this 456 

region. The “Cell detection” command was then used to identify cells across the entire tissue 457 

section based upon nuclear identification. The full extent of each cell (area occupied by the cell) 458 

was estimated based upon measurements of intensity and morphology, including nuclear area, 459 

circularity, staining intensity for counterstaining and chromogen staining, and nucleus/cell area 460 

ratio. A two-way boosted decision tree classifier was then interactively trained to distinguish tumor 461 

cells from all other detected artefacts (comprising nontumor epithelial cells, immune cells, stromal 462 

cells, necrosis, and any artefacts misidentified as cells). Cells were classified as positive or 463 

negative based upon a single-intensity threshold applied to the maximum optical density of the 464 

detected chromogen within the nucleus or cytoplasm of the cell depending on the expression 465 

pattern (the threshold was adjusted for a random region of interest containing both negative and 466 

highly positive tumor cells until all the cells defined as positive by the software matched those 467 

considered positive by the evaluator). Summary scores were generated as the percentage of cells 468 

classified as positive after “other” detections were removed.  469 

 470 

 471 
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Library construction and sequencing 472 

Metastatic lesions of 15 patients with locally advanced or metastatic melanoma (stage IIIB to stage 473 

IV, 14 treatment-naive) were collected and scRNA-seq analysis was performed. Libraries for 474 

scRNA-seq were created using the 10X Genomics Chromium platform according to the 475 

manufacturer’s instructions. Library construction was performed with the Chromium Single Cell 476 

3ʹ GEM, Library & Gel Bead Kit v3 (n = 16; 10x Genomics, catalog number 1000092) or the 477 

Chromium Single Cell A Chip Kit and 5′ Library & Gel Bead Kit (10x Genomics, catalog number 478 

1000014). We opted for high target recovery (median 5000, range 5000-10000), keeping within 479 

the range of optimal input concentration per target recovery, as recommended by the manufacturer. 480 

In brief, cells were partitioned into gel bead-in-emulsions (GEMs) at limiting dilutions, where lysis 481 

and reverse transcription occurred, yielding uniquely barcoded full-length cDNA from 482 

polyadenylated mRNA. GEMs were subsequently broken, and the pooled fraction was amplified 483 

and subjected to fragmentation, end repair and adaptor ligation of size-selected fractions.  484 

scRNA-seq data acquisition and preprocessing 485 

All libraries were sequenced on an Illumina NextSeq, HiSeq4000 or NovaSeq6000 until sufficient 486 

saturation was reached (73.8% on average). After quality control, the raw sequencing reads were 487 

aligned to the human reference genome v. GRCh38, followed by processing with CellRanger (10x 488 

Genomics, v2.0) to obtain feature-barcode matrices. Raw count matrices were analyzed using the 489 

R package Seurat v. 3.1.3443. The matrices were filtered for genes expressed in at least 10 cells 490 

and cells that expressed at least 1000 genes. The SCTransform function in Seurat was applied to 491 

each Seurat object separately for data normalization and transformation, followed by the 492 

application of DoubletFinder v. 2.0.2844 to each Seurat object separately to remove doublets 493 

(assuming that the doublet rate in each sample was 3.9%). Next, all the Seurat objects were merged 494 

and filtered by removing cell barcodes with <1000 expressed genes, >7500 expressed genes or 495 

>30% reads mapping to mitochondrial genes. The SCTransform function from the Seurat package 496 
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was applied to regress out the mitochondrial read percentage per cell. Subsequently, data 497 

integration was performed using the R package Harmony v. 1.0445. After data normalization and 498 

integration, cell cycle scoring was performed per cell, data were filtered for singlets, and 499 

SCTransform was again applied to regress out the mitochondrial read percentage and cell cycle 500 

scores, followed by data integration of this subset as described above.  501 

Malignant cell identification and CNV inference 502 

To identify malignant cells, two gene sets specific for melanoma were used; these gene sets were 503 

acquired from Tirosh et al.46 (Extended Data Table 4) and Rambow et al.34 (Extended Data Table 504 

5). The gene activity of these two gene sets was scored using the R package AUCell v.1.6.1447. 505 

Moreover, we calculated the copy number variation (CNV) based on scRNA-seq data by using the 506 

R package HoneyBADGER v. 0.1448. The input for HoneyBADGER was the count matrix from 507 

the “RNA” assay from the integrated Seurat object of all cells. The reference for normal cells was 508 

immune cells, which were also identified by AUCell using the immune gene set from Jerby-Arnon 509 

et al.49. The mean CNV score was calculated as follows: 510 

CNV score =
∑ |𝐺cnv,𝑖|𝑖 𝑛 , 511 

where G = gene and 𝑖= cell. 512 

 513 

Next, the mean CNV score was correlated with Tirosh et al.46 and Rambow et al.34 gene set activity. 514 

Based on the strength of the correlation, the gene set was used for further data analysis for 515 

malignant cells. The subsets of malignant cells were subjected to SCTransform (regressing out the 516 

mitochondrial read percentage and cell cycle scores) and Harmony integration followed by Seurat 517 

clustering. The number of dimensions for clustering was chosen based on Harmony embedding 518 

clustering; the cutoff was driven by the identification of clear variation in embeddings across the 519 

cells. The activity of different gene expression sets was quantified using AUCell47. 520 

 521 
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Statistical analysis 522 

Statistical analysis was performed using GraphPad 7.0. Unless otherwise specified, graphs depict 523 

the mean or median ± SD or SEM. Differences between two groups were evaluated using the 524 

unpaired Mann-Whitney test or chi-square test. Kaplan-Meier survival curves were assessed to 525 

calculate progression-free survival using the log-rank test. The results were considered statistically 526 

significant when P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***). Heatmaps summarizing IFN-γ+ or 527 

TNF-α+ CD8+ T cell responses or IHC signals as percentages of tissue area were used. Receiver 528 

operator characteristic (ROC) curves were used to determine the thresholds identifying high vs 529 

low expression in IHC analysis. 530 

  531 
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Extended Data Figures and Tables 697 

 698 

 699 
 700 
Extended Data Figure 1. Pre-existing MDA- and CTA-specific IFN-γ+ CD8+ T cells in melanoma 701 
patients receiving checkpoint inhibitor therapy. a, Progression-free survival of patients with stage IV 702 
melanoma in the St. Gallen (SG) cohort. Clinical responders (R; complete or partial response; n=12) and 703 
nonresponders (NR; progressive disease; n=15) to checkpoint inhibitor therapy. b-e, PBMCs were obtained 704 
from SG cohort patients prior to checkpoint inhibitor therapy and stimulated in vitro with overlapping 15-705 
mer peptide pools specific for the melanocyte differentiation antigens (MDAs) TYR, MART-1, gp100, and 706 
TRP2 and the cancer testis antigens (CTAs) MAGE-A1, MAGE-A3, MAGE-A4, and NY-ESO-1. b, The 707 
FACS gating strategy is shown. Cytokine-producing cells were detected within the antigen-experienced 708 
CD45RAlow CD8+ T cell population. c, Heatmaps summarizing the frequencies of IFN-γ-producing CD8+ 709 
T cells for the indicated antigens. The color scale represents the frequency of IFN-γ+ CD3+ CD8+ 710 
CD45RAlow T cells. d-e, Proportions of R and NR with IFN-γ+ CD8+ T cell responses against MDAs (d) 711 
and CTAs (e) after checkpoint inhibitor therapy. Statistical analysis was performed using log-rank (a) and 712 
chi-square tests (d and e); *P < 0.05, **P < 0.01, ***P < 0.001. 713 

 714 
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 715 
 716 
Extended Data Figure 2. Pre-existing MDA-specific TNF-α+ CD8+ T cells in melanoma patients 717 
receiving checkpoint inhibitor therapy. a, Heatmaps summarizing TNF-α+ CD8+ T cells in the SG cohort 718 
for the indicated antigens. The color scale represents the frequency of TNF-α+ CD3+ CD8+ CD45RAlow T 719 
cells. The breadth of the CD8+ T cell response was defined as the number of individual MDAs recognized, 720 
as indicated by the detection of TNF-α+ CD8+ T cell responses, ranging from 0 (none) to 3 (all). b, 721 
Proportions of R and NR with TNF-α+ MDA-specific CD8+ T cell responses after checkpoint inhibitor 722 
therapy. c, Summary of the breadth of MDA-specific CD8+ T cells in R and NR as shown for individual 723 
patients as shown in panel a. d, Frequencies of TNF-α+ CD8+ T cells against any MDA (TYR, MART-1 or 724 
gp100) in R vs NR. Dots represent individual patients, and lines indicate mean values (c and d). Statistical 725 
analysis was performed using the chi-square test (b) and Mann-Whitney test (c and d); *P < 0.05, **P < 726 
0.01, ***P < 0.001. 727 
  728 
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 729 
 730 
Extended Data Figure 3. Quantitative digital morphometry of enzymatic IHC using QuPath: image 731 
analysis strategy. a, Whole-slide scan of a lymph node metastasis stained for MITF (violet chromogen) 732 
with methyl green counterstaining. The selected region of interest for analysis is indicated (yellow outline). 733 
b, Detail showing MITF+ tumor cells (violet nuclei) and MITF- cells (NT); the dashed line separates tumor 734 
(T) and non-tumor (NT) areas (200× magnification). c, Cell identification (red mask) on the whole-slide 735 
scan using the “Cell detection command”. d, Detailed results for cell identification (red cellular and nuclear 736 
contours) (200× magnification). e, Results of cell classification by training a two-way boosted decision tree 737 
classifier (blue mask – MITF+ tumor cells; yellow mask – MITF- cells). f, Detail showing the results of cell 738 
classification (blue and yellow masks and contours identifying MITF+ tumor cells and MITF- cells, 739 
respectively) (200× magnification). 740 



33 

 

 741 

Extended Data Figure 4. Transcriptomic analysis revealing tumor cells with a dedifferentiated 742 
phenotype. a, Single-cell RNA sequencing of tumor cells from metastatic lesions obtained from 15 stage 743 
III and IV melanoma patients (Leuven cohort). UMAP plot displays individual lesion assignment to the 744 
assigned clusters as shown in Fig. 3a. b, Bar graph indicating the number of cells obtained from each lesion. 745 
c, Violin plots based on the Rambow et al. (2015)34 gene signatures for pigmentation, neural crest stem 746 
cells (NCSCs) and epithelial-mesenchymal transition (EMT). Tumor cells in cluster 2, 3, 7 and 9 exhibit a 747 
dedifferentiated phenotype d, UMAP plots showing the gene expression of TYR, MLANA (MART-1), 748 
PMEL (gp100) and DCT (TRP2).  749 
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 750 

Extended Data Figure 5. The dedifferentiated tumor phenotype is associated with the clinical 751 
response to checkpoint inhibitor treatment. a-c, Frequencies of melanoma cells stained positive for 752 
MITF, EGFR or NGFR in responders (R) and nonresponders (NR). d-e, The dedifferentiated phenotype 753 
was defined as d, MITFlow EGFRhigh or e, MITFlow NGFRhigh as defined by threshold values from ROC 754 
curves for each individual protein (dotted lines).  Dots represent individual patients (a-e) and lines indicate 755 
mean values (a-c). Statistical analysis was performed using the Mann-Whitney test; *P < 0.05, **P < 0.01, 756 
***P < 0.001. 757 
 758 

 759 

 760 

 761 
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 762 

 763 
Extended Data Figure 6. A dedifferentiated tumor phenotype predicts the clinical response to 764 
adjuvant checkpoint inhibitor therapy. a, Progression-free survival of patients with stage III melanoma 765 
in the Zurich (ZH) adjuvant anti-PD-1 cohort. Disease-Free patients (DF; R; n=19) and patients who 766 
experienced relapse (Rel; n=11) were determined at the first PET-CT scan within 3 months after start of 767 
therapy. e-f, Tumor biopsies were obtained before initiation of treatment. and frequencies of melanoma 768 
cells stained positive for MITF, EGFR or NGFR in the DF and Rel groups. e-f, The dedifferentiated 769 
phenotype was defined as e, MITFlow EGFRhigh or f, MITFlow NGFRhigh as defined by threshold values from 770 
ROC curves for each individual protein (dotted lines).  Dots represent individual patients (b-f) and lines 771 
indicate mean values (b-d).Statistical analysis was performed using the log-rank (a) and Mann-Whitney 772 
tests (d-g); *P < 0.05, **P < 0.01, ***P < 0.001. 773 
  774 
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Extended Data Table 1. Patient characteristics of the St.Gallen (SG) cohort 775 

Characteristic Responders 

(N = 12, 44 %) 

Nonresponders 

(N = 15, 56 %) 

Age at start of treatment - years   

Median 69 69 

Range 41-81 47-86 

Sex - no. of patients (%)   

Female 4 (33.3) 10 (66.7) 

Male 8 (66.7) 5 (33.3) 

Histological type (primary tumor) -  

no. of patients (%) 

  

Superficial spreading 5 (41.7) 7 (46.6) 

Nodular 3 (25) 1 (6.7) 

Acral lentiginous 1 (8.3) 0 (0) 

Mucosal lentiginous 0 (0) 1 (6.7) 

Uveal 1 (8.3) 3 (20) 

Unknown primary 2 (16.7) 3 (20) 

BRAF mutation - no. of patients (%)   

No 8 (66.7) 10 (66.7) 

Yes 4 (33.3) 5 (33.3) 

CRP levels at start of therapy - mg/L   

Median 1 5 

Range 0-19 0-114 

WBC at start of therapy - g/L   

Median 7.7 7.3 

Range 3-13.9 3.4-11 

Lymphocytes at start of therapy - g/L   

Median 1.6 1.2 

Range 0.4-2.9 0.6-3 

Granulocytes at start of therapy - g/L   

Median 4.9 5.4 

Range 2.2-12.1 1.8-8.7 

Checkpoint inhibitor therapy -  

no. of patients (%) 

  

pembrolizumab 9 (75) 12 (80) 

ipilimumab + nivolumab 3 (25) 3 (20) 

Progression-free survival - days*   

Median 481 107 

Range 137-878 56-222 

Overall survival - days†   

Median 615 371 

Range 256-931 107-908 

 

* Progression-free survival was calculated from the date of first dose of CI to the date of 

progression or censoring of data 
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† Overall survival was calculated from the date of first dose of CI to the date of death or 

censoring of data 

 
 

 

Extended Data Table 2. Patient characteristics of the Leuven cohort 776 

Patient number Orig.ident Tissue Library type Stage 

P1 sc5rCMA070 Subcutis 5′ GEX IV 

P2 scrCMA036 Subcutis 3′ GEX IV 

P3 scrCMA038 Lymph node 3′ GEX IV 

P4.1 scrCMA040 Skin 3′ GEX IV 

P4.2 scrCMA041 Skin 3′ GEX IV 

P5 scrCMA054 Lymph node 3′ GEX IV 

P6 scrCMA055 Lymph node 3′ GEX IIIC 

P7 scrCMA068 Subcutis 3′ GEX IV 

P8 scrCMA076 Lymph node 3′ GEX IV 

P9 scrCMA087 Lymph node 3′ GEX IV 

P10 scrCMA090 Subcutis 3′ GEX IV 

P11 scrCMA093 Lymph node 3′ GEX IIIC 

P12 scrCMA094 Lymph node 3′ GEX IV 

P13 scrCMA109 Skin 3′ GEX IIIC 

P14 scrCMA119 Lymph node 3′ GEX IIID 

P15 scrCMA120 Skin 3′ GEX IV 

  777 
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Extended Data Table 3. Patient characteristics of the Zurich (ZH) Cohort 778 

Characteristic Disease-Free 

(N = 19, 63%) 

Relapse 

(N = 11, 37%) 

Age at start of treatment - years   

Median 62 67 

Range 22-78 35-87 

Sex - no. of patients (%)   

Female 9 (47.4) 7 (63.6) 

Male 10 (52.6) 4 (36.4) 

BRAF mutation - no. of patients (%)   

No 14 (73.7) 3 (27.3) 

Yes 5 (26.3) 8 (72.7) 

Progression-free survival - days*   

Median 615 77 

Range 191-835 31-373 

Overall survival - days†   

Median 615 540 

Range 191-856 170-895 

 779 

* Progression-free survival was calculated from the date of first dose of CI to the date of progression or 780 

censoring of data 781 

† Overall survival was calculated from the date of first dose of CI to the date of death or censoring of data 782 

  783 
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Extended Data Table 4. Gene signatures based on Tsoi et al.33 784 

Undifferentiated Neural crest- like Transitory Melanocytic 

AJUBA VIT XYLT1 CCDC171 

TOR4A VIPR1 TSPAN7 CFAP61 

MARCH4 VEGFC SOD3 ZDHHC11B 

ZDHHC2 TWIST2 SCRG1 VEPH1 

ZNF467 TNFRSF12A SORL1 TNFRSF14 

ZNF185 TPM1 SEMA3E TDRD3 

ZIC2 TPBG SELENBP1 TPPP 

VASN TLE4 RNASE1 TRIM63 

UCP2 TOX2 RAPGEF4 TRPM1 

GALNT6 TLR4 PCDH7 TTC39A 

TNFAIP2 THSD4 PRSS33 TSPAN10 

TNFSF18 STX1A PCSK6 SLC7A8 

TMEM40 SYT1 PLBD1 SLC16A6 

TMEM200A SYNPO NELL1 SLAMF7 

TMEM184A STRA6 NPR1 SEMA6A 

TBL1X STC2 MCAM RUNX3 

TRERF1 SPRED3 MMP15 RNF144B 

TOX SPOCD1 MAMDC2 RNLS 

TBC1D2 SPOCK1 LSAMP RGS12 

SFN SLC2A1 LRRTM4 PYCARD 

SAMD12 SLC16A2 GDF11 PRUNE2 

SAMD11 SLC14A1 FXYD3 PRKCB 

SOX9 SLC12A8 EBF3 PRDM7 

SLC8A1 SMAGP COL11A2 KCNAB2 

SLC38A4 SLIT2 COL9A1 OCA2 

SLC16A14 SDK1 CX3CL1 NR4A3 

SCN5A STAC BCHE NAV2 

SCNN1A SLFN11 ANO4 MYO1D 

SH3RF2 S100A2 ALDH1A1 MAPK4 

SERPINB7 ROBO4  MAT1A 

SLPI RAB27B  MLANA 

SECTM1 PKIA  LXN 

RUNX2 PRSS23  KCP 

ARHGAP29 PAPPA  IL16 

REN PRDM1  IL12RB2 

PAWR KCNMA1  HSD17B14 

PSG9 KCNN4  HMOX1 

PSG5 PODXL  H2AFJ 

PSG4 PDGFRB  GOLGA7B 

PBX1 PLAUR  QPCT 

PLAGL1 PXDN  GFOD1 

PHLDB2 PTX3  GPR143 
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PLEKHA6 NMNAT2  FYB 

PDGFC NRP1  FAM83H 

PLAU NGEF  FAM174B 

PKP2 NEGR1  EPHA5 

PLAC8 NRG1  ENTHD1 

PADI3 NTN4  DNAJA4 

PITX1 MT2A  DENND2D 

NUAK1 MT1E  C2orf88 

NTNG1 MPP4  CCL18 

NMT2 LOXL2  CEACAM1 

MYEOV LDOC1  CAPG 

MICAL2 LAMB3  CDH3 

MGST1 JUN  CDH1 

MECOM IL31RA  ATP6V0D2 

LYPD6B IL11  ABCD1 

LAMA5 IL1B  ABCB5 

KISS1 ITGA3  APOLD1 

KRT86 ITGA2  ANKRD30B 

KRT81 IGFBP6  ADCY2 

KRT80 ID1  ADAM23) 

KRT8 INHBA   

KRT7 HRH1   

KRT18 GAS6   

JUP GLIPR1   

IL7R GFRA1   

IL4R GATA3   

IRS1 GPR176   

IGFN1 FZD2   

HES7 FJX1   

GDA FOSL1   

GLIS2 FOXF1   

GATA2 FBLIM1   

GPRC5C FLNB   

GPRC5A FAM83G   

FMNL1 FAM20C   

FOXA1 FAM171A1   

FLNC FAM155A   

FERMT1 ERRFI1   

FAT4 EFNB2   

FAM196B DPYD   

ELFN2 DKK1   

EGFR DOCK5   

DSE CYR61   

DMBT1 CLMP   
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DIO2 COL13A1   

DOCK2 COL12A1   

CYP2S1 COL5A1   

CRIM1 F2RL2   

CDK15 C16orf45   

CORO6 C15orf52   

COLEC10 C12orf75   

CCDC88C CD163L1   

CCDC69 CAV1   

F3 CARD10   

F2RL1 CLCF1   

CLU CDH13   

CDYL2 BMP2   

CITED2 AXL   

CARD11 ABCC3   

CPA4 ARNTL2   

CREB3L1 ANTXR2   

CNN1 ANXA1   

CALB2 AKR1C3   

CDH4 ARL4C   

BTBD11    

BDNF    

BASP1    

BNC1    

ATP8B1    

ABCG2    

ARMC4    

ANKRD1    

AR    

AMIGO2    

ADAMTSL1    

ACSL5    
 785 
  786 
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Extended Data Table 5. Gene signatures based on Rambow et al.34 787 

Pigmentation HALLMARK_EMT NSCS 

TYR ABI3BP IGF1 

 SLC45A2 ACTA2 CADM1 

 PMEL ADAM12 VCAN 

 SLC24A5 ANPEP ADAMTS4 

 S100B APLP1 PDGFB 

 MLANA AREG ITGA6 

 GPR143 BASP1 SYT11 

 MLPH BDNF COL4A1 

 RAB38 BGN AQP1 

 MITF BMP1 ATP1B2 

 TYRP1 CADM1 ADGB 

 DCT CALD1 TMEM176B 

 RAB27A CALU SLC22A17 

 EDNRB CAP2 NRXN1 

 KIT CAPG MATN2 

 TRPM1 CD44 GFRA1 

 CD59 MPZ 

 CDH11 NGFR 

 CDH2 PRIMA1 

 CDH6 LAMCC1 

 COL11A1 RSPO3 

 COL12A1 ITGA1 

 COL16A1 THBS2 

 COL1A1 NLGN3 

 COL1A2 GFRA3 

 COL3A1 S100A4 

 COL4A1 CNN3 

 COL4A2 ANXA1 

 COL5A1 SLITRK6 

 COL5A2 A2M 

 COL5A3 COL1A1 

 COL6A2 L1CAM 

 COL6A3 SEMA3B 

 COL7A1 GFRA2 

 COL8A2 ATP1A2 

 COMP IL1RAP 

 COPA PLAT 

 CRLF1 SOX10 

 CTGF GDNF 

 CTHRC1 RXRG 

 CXCL1 MEF2C 

 CXCL12 TFAP2B 
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 CXCL6  

 CYR61  

 DAB2  

 DCN  

 DKK1  

 DPYSL3  

 DST  

 ECM1  

 ECM2  

 EDIL3  

 EFEMP2  

 ELN  

 EMP3  

 ENO2  

 FAP  

 FAS  

 FBLN1  

 FBLN2  

 FBLN5  

 FBN1  

 FBN2  

 FERMT2  

 FGF2  

 FLNA  

 FMOD  

 FN1  

 FOXC2  

 FSTL1  

 FSTL3  

 FUCA1  

 FZD8  

 GADD45A  

 GADD45B  

 GAS1  

 GEM  

 GJA1  

 GLIPR1  

 GLT25D1  

 GPC1  

 GPX7  

 GREM1  

 HTRA1  

 ID2  

 IGFBP2  
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 IGFBP3  

 IGFBP4  

 IL15  

 IL32  

 IL6  

 IL8  

 INHBA  

 ITGA2  

 ITGA5  

 ITGAV  

 ITGB1  

 ITGB3  

 ITGB5  

 JUN  

 LAMA1  

 LAMA2  

 LAMA3  

 LAMC1  

 LAMC2  

 LEPRE1  

 LGALS1  

 LOX  

 LOXL1  

 LOXL2  

 LRP1  

 LRRC15  

 LUM  

 MAGEE1  

 MATN2  

 MATN3  

 MCM7  

 MEST  

 MFAP5  

 MGP  

 MMP1  

 MMP14  

 MMP2  

 MMP3  

 MSX1  

 MXRA5  

 MYL9  

 MYLK  

 NID2  

 NNMT  



45 

 

 NOTCH2  

 NT5E  

 NTM  

 OXTR  

 PCOLCE  

 PCOLCE2  

 PDGFRB  

 PDLIM4  

 PFN2  

 PLAUR  

 PLOD1  

 PLOD2  

 PLOD3  

 PMEPA1  

 PMP22  

 POSTN  

 PPIB  

 PRRX1  

 PRSS2  

 PTHLH  

 PTX3  

 PVR  

 QSOX1  

 RGS4  

 RHOB  

 SAT1  

 SCG2  

 SDC1  

 SDC4  

 SERPINE1  

 SERPINE2  

 SERPINH1  

 SFRP1  

 SFRP4  

 SGCB  

 SGCD  

 SGCG  

 SLC6A8  

 SLIT2  

 SLIT3  

 SNAI2  

 SNTB1  

 SPARC  

 SPOCK1  
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 SPP1  

 TAGLN  

 TFPI2  

 TGFB1  

 TGFBI  

 TGFBR3  

 TGM2  

 THBS1  

 THBS2  

 THY1  

 TIMP1  

 TIMP3  

 TNC  

 TNFAIP3  

 TNFRSF11B  

 TNFRSF12A  

 TPM1  

 TPM2  

 TPM4  

 VCAM1  

 VCAN  

 VEGFA  

 VEGFC  

 VIM  

 WIPF1  

 WNT5A  
 788 



Figures

Figure 1

Levels of pre-existing MDA-speci�c CD8+ T cells in melanoma patients receiving checkpoint inhibitor
therapy. a, In the prospective St.Gallen (SG) cohort, peripheral blood mononuclear 2cells (PBMCs) were
obtained from 27 patients with stage IV melanoma prior to checkpoint inhibitor therapy. Clinical
responders (R; N=12) and nonresponders (NR; N=15) were determined at 12 weeks. b-f, CD8+ T cell
responses against the melanocyte differentiation antigens (MDAs) TYR, MART-1 and gp100 after in vitro
stimulations of PBMCs with overlapping 15-mer peptide pools for each individual antigen for 10 days as
measured by IFN-γ expression. b, Representative FACS plots of samples from patient 16 (NR) and patient



4 (R). c, Heatmaps summarizing the frequency of IFN-γ-producing CD8+ T cells for the indicated antigens.
The color scale represents the frequency of IFN-γ+ CD3+ CD8+ CD45RAlow T cells. The breadth of the
CD8+ T cell response was de�ned as the number of the individual IFN-γ+ CD8+ T cells against the MDAs
TYR, MART-1 and gp100, as indicated by the detection of IFN-γ+ CD8+ T cell responses, ranging from 0
(none) to 3 (all). d, Proportions of R and NR with MDA-speci�c CD8+ T cell responses to the individual
MDAs or any MDA. e, Summary of the breadth of MDA-speci�c CD8+ T cells in R and NR as shown for
individual patients as shown in panel c. f, Frequencies of IFN-γ+ CD8+ T cells against any MDA (TYR,
MART-1 or gp100) in R vs NR. Dots represent individual patients, and lines indicate the mean values (e
and f). Statistical analysis was performed using the chi-square test (d) and Mann-Whitney test (e and f);
*P < 0.05, **P < 0.01, ***P < 0.001.

Figure 2

MDA tissue expression inversely correlates with peripheral MDA-speci�c CD8+ T cells. a,In 19 of the
patient from the SG cohort, tumor biopsies obtained before initiation of checkpoint inhibitor therapy and



matched PBMCs from Fig. 1 were analyzed. The expression of the MDAs TYR, MART-1 and gp100 was
analyzed using quantitative IHC analysis of biopsy tissue. b, Representative images for the indicated
antigens in patient 5 (R) and patient 1 (NR). The frequency of tumor cells expressing each of these
antigens was assessed as outlined in Extended Data Figure 3. Hematoxylin (H) staining to identify the
cell nucleus. Scale bars are 500 and 2000 μm for the general images (top and bottom images) and 20 μm
for the magni�ed images. c, Heatmaps summarizing the frequency of melanoma cells stained positive
for the MDAs TYR, MART-1 and gp100. The breadth of MDA expression was de�ned as the number of
MDAs expressed per patient sample ranging from 0 (none) to 3 (all) as de�ned by values from ROC
curves for each individual antigen. The breadth of T cell response (data from Fig. 1) is speci�ed as the
number of individual MDAs recognized, as indicated by the detection of IFN-γ+ CD8+ T cell responses,
ranging from 0 (none) to 3 (all). d, Frequencies of melanoma cells showing positive staining for each of
the MDAs TYR, MART-1 and gp100 in the analyzed tissue slides between R and NR. Dots represent
individual patients, and lines indicate mean values. e, Correlation between the breadth of MDA expression
and that of MDA- speci�c CD8+ T cell responses. Dots represent individual patients. Statistical analysis
was performed using the Mann-Whitney test (d) and Spearman’s correlation (e); *P < 0.05, **P < 0.01, ***P
< 0.001.



Figure 3

The dedifferentiated melanoma phenotype predicts patient outcome in response to checkpoint inhibitor
therapy. a-c, We collected melanoma metastases from 15 stage III or stage IV treatment-naïve patients
and performed single-cell RNA-seq analysis of tumor cells (Leuven cohort). a, UMAP plot displaying
cluster assignment. Highlighted clusters harbor tumor cells with a dedifferentiated phenotype (cluster 2,
3, 7 and 9) whereas the other cluster exhibit a melanocytic and differentiated phenotype. b, Violin plots



based on the Tsoi et el. (2018) gene signatures for melanocytic, transitory, neural crest-like and
undifferentiated melanoma phenotypes. c, UMAP plots showing the gene expression of MITF, EGFR and
NGFR. d-g, In the SG cohort, the expression of MITF, EGFR and NGFR was assessed 290 in tumor biopsies
obtained before initiation of checkpoint inhibitor therapy by quantitative IHC analysis. d, Representative
images for the indicated antigens in patient 5 (R) and patient 1 (NR). The frequency oftumor cells
expressing each of these antigens was assessed as outlined in Extended Data Figure 3. Hematoxylin (H)
or Methyl Green (MG) staining to identify the cell nucleus. Scale bars are 500 and 2000 μm for the
general images (top and bottom images) and 20 μm for the magni�ed images. e, Heatmaps summarizing
the frequencies of melanoma cells showing positive staining for MITF, EGFR or NGFR using quantitative
IHC analysis. The dedifferentiated melanoma phenotype (Dediff) was de�ned as MITFlow EGFRhigh or
MITFlow NGFRhigh as based on threshold values from ROC curves for each individual protein. f,
Proportions of patients in the 19 patients from the SG cohort with a dedifferentiated phenotype in the R
and NR groups. g, Progression-free survival of patients with a dedifferentiated or differentiated
melanoma phenotype. Statistical analysis was performed using the chi-square test (f) or the Mantel-Cox
log-rank test (g); *P < 0.05, **P < 0.01, ***P < 0.001.



Figure 4

The dedifferentiated melanoma phenotype predicts patient outcome in response to adjuvant anti-PD-1
therapy. a, In the Zurich (ZH) adjuvant cohort, tumor biopsies were obtained before initiation of adjuvant
anti-PD-1 treatment. Disease-Free patients (DF; R; n=19) and patients who experienced relapse (Rel; n=11)
were determined at the �rst PET-CT scan within 3 months after start of therapy. b, Representative images
showing the expression of MITF, EGFR and NGFR in patient 5 (DF) and patient 28 (Rel). The frequency of
tumor cells expressing each of these antigens was assessed as outlined in Extended Data Figure 3.
Hematoxylin (H) or Methyl Green (MG) staining to identify the cell nucleus. Scale bars are 1000 and 2000
μm for the general images (top and bottom images) and 20 μm for the magni�ed images. c, Heatmaps
summarizing the frequency of tumor cells stained positive for MITF, EGFR and NGFR using quantitative
IHC analysis. The dedifferentiated phenotype (Dediff) was de�ned as MITFlow EGFRhigh or MITFlow
NGFRhigh and based on threshold values from ROC curves for each individual protein. d, Proportions of
patients in the ZH adjuvant anti-PD-1 cohort with a dedifferentiated phenotype in the DF 318 and Rel
groups. e, Progression-free survival of patients with a dedifferentiated or differentiated melanoma
phenotype. Statistical analysis was performed using the chi-square test (d) or Mantel-Cox log-rank test
(e); *P < 0.05, **P < 0.01, ***P < 0.001.


