
1Vallacchi V, et al. J Immunother Cancer 2024;12:e007612. doi:10.1136/jitc-2023-007612

Open access 

Multistep tumor genetic evolution and 
changes in immunogenicity trigger 
immune- mediated disease eradication 
in stage IV melanoma: lessons from a 
single case

Viviana Vallacchi    ,1 Elisabetta Vergani    ,1 Mara Cossa    ,2 Chiara Gargiuli    ,3 
Adele Busico    ,4 Andrea Devecchi    ,4 Matteo Dugo    ,5 Laura Bergamaschi,1 
Loris De Cecco    ,6 Stefano Cavalieri    ,7,8 Barbara Valeri    ,2 
Elena Tamborini    ,4 Gianfrancesco Gallino    ,9 Michele Del Vecchio    ,7 
Mario Santinami    ,9 Marialuisa Sensi    ,3 Licia Rivoltini    ,1 
Lorenza Di Guardo    ,7 Monica Rodolfo    1

To cite: Vallacchi V, Vergani E, 
Cossa M, et al.  Multistep 
tumor genetic evolution and 
changes in immunogenicity 
trigger immune- mediated 
disease eradication in stage 
IV melanoma: lessons from 
a single case. Journal for 
ImmunoTherapy of Cancer 
2024;12:e007612. doi:10.1136/
jitc-2023-007612

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ jitc- 2023- 007612).

VV and EV contributed equally.

VV and EV are joint first authors.

LDG and MR are joint senior 
authors.

Accepted 30 November 2023

For numbered affiliations see 
end of article.

Correspondence to
Dr Monica Rodolfo;  
 monica. rodolfo@ istitutotumori. 
mi. it

Case report

© Author(s) (or their 
employer(s)) 2024. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Durable remissions are observed in 10%–20% of treated 
patients with advanced metastatic melanoma but the 
factors associated with long- term complete clinical 
responses are largely unknown. Here, we report the 
molecular characteristics of tumor evolution during disease 
progression along a 9- year clinical course in a patient with 
advanced disseminated melanoma who received different 
treatments, including trametinib, ipilimumab, radiation, 
vemurafenib, surgical tumor debulking and a second 
ipilimumab course, ultimately achieving complete long- 
term disease remission.
Longitudinal analyses of therapies- resistant metastatic 
tumors revealed the effects of different treatments on 
tumor’s microenvironment and immunogenicity, ultimately 
creating a milieu favorable to immunotherapy response. 
Monitoring of the temporal dynamics of T cells by analysis 
of the T cell receptor (TCR) repertoire in the tumor and 
peripheral blood during disease evolution indicated that 
T- cell clones with common TCR rearrangements, present 
at low levels at baseline, were maintained and expanded 
after immunotherapy, and that TCR diversity increased. 
Analysis of genetic, molecular, and cellular components of 
the tumor depicted a multistep process in which treatment 
with kinase inhibitors strongly conditioned the immune 
microenvironment creating an inflamed milieu converting 
cold into hot tumors, while ipilimumab impacted and 
increased the TCR repertoire, a requirement for tumor 
rejection.
Since the optimal sequencing of treatment with antibodies 
targeting immune checkpoints and kinase inhibitors for 
advanced melanoma is still clinically debated, this case 
indicates that immunotherapy success is possible even 
after progression on targeted therapy.

INTRODUCTION
In advanced melanoma, complete responses 
to treatment are restricted to a small fraction 

of patients due to acquired or primary resis-
tance to therapy. In the case of immune 
checkpoint inhibitors (ICIs), the molecular 
factors determining the response of the 
tumor and host remain elusive.1 Genomic 
analysis of longitudinal tumor samples is 
a way to obtain information about tumor 
evolution and the effects of therapies on the 
composition of the tumor microenvironment 
(TME). The genetic evolution of melanoma 
in long- term survivors identified distinct 
poorly immunogenic melanoma phenotypes 
evolving after long- term latency.2 Tumor 
phylogeny studies revealed that dysregula-
tion of genomic integrity and large- scale copy 
number alterations (CNAs) dominate disease 
progression.3 4 Transcriptomic analysis of 
longitudinal tumor biopsies collected during 
treatment showed that the early activation of 
the adaptive immune response can be predic-
tive of response to immunotherapy with ICIs5 
and that increased richness of T cell receptor 
(TCR) diversity in peripheral blood and in 
tumor- infiltrating lymphocytes (TILs) after 
ICI treatment could associate with clinical 
benefit.6–8

RESULTS
The patient’s clinical course and follow- up 
shown in figure 1 provided longitudinal 
samples for the characterization of tumor 
genomic profiles, tumor immune microen-
vironment (TIME) factors, and TCR reper-
toires associated with therapy resistance and 
treatment response. Due to the early times 
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Figure 1 (Continued)
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in kinase inhibitors and ICI usage, this case offered the 
unique opportunity to investigate how different single 
treatments impact tumor genetics and local and systemic 
immunity.

To explore the effect of treatment on tumor genomic 
evolution, tumor samples T1–T4 (figure 1) obtained 
from four different surgeries, were analyzed for their 
genetic and transcriptional profiles. Whole genome 
CNA and targeted mutation analyses showed evidence 
of a clonal pattern of disease progression as individual 
CNAs and point mutations were detected in addition 
to a set of common genetic aberrations (figure 2A–B, 
online supplemental table S1). All lesions showed muta-
tions in the BRAF and ATRX genes and TERT promoter, 
while individual mutations in GATA3 (T2), FBXW7 
and MAP2K1 genes (T3), and NRAS genes (T4) were 
detected, all possibly associated with BRAF inhibitors 
(BRAFi) resistance. Consistently, the cell line SB derived 
from the T4 tumor specimen showed an identical profile, 
with BRAF, ATRX, and RAS alterations and in vitro resis-
tance to BRAFi9 (online supplemental figure S1A). These 
results indicate that tumor genetic evolution was shaped 
by treatment with the BRAFi, which led to the selection of 
melanoma subpopulations carrying mutations related to 
acquired BRAFi resistance.

At the transcriptional level, single- sample gene set 
enrichment analysis (ssGSEA) revealed that tumors 
were characterized by unique patterns of enrichments 
included in the signal transduction and immune system Reac-
tome categories (online supplemental table S2), indi-
cating that a remarkable reshaping of signaling pathways 
and the immune response at the tumor level associated 
with tumor progression. Immune system category showed a 
significant positive enrichment of non- overlapping signa-
tures linked to both adaptive immunity and innate immunity 

only in T3B and T4 (figure 2C). The signatures enriched 
in T3B suggested a highly inflamed TIME with some signs 
of adaptive responses, while in T4, the inflammatory 
signatures were less enriched, and specific T- cell signa-
tures were displayed. Such a pattern was confirmed by the 
high protein levels of the inflammatory factors CXCL8 
and CXCL7 in T3 tumor tissue lysate, and of CCL5 and 
CXCL10, which are mainly produced by adaptive immune 
responses, in T4 (data not shown). Consistently, cellular 
deconvolution analysis revealed enrichment of T central 
memory, T naïve, activated CD4, T helper 2, and gdT cells 
in T3B, while T4 showed enrichment of cytotoxic CD8, 
T effector memory, CD4 T regulatory, T helper- follicular, 
and exhausted lymphocyte populations. Notably, T3B 
showed enrichment of myeloid- derived suppressor cells 
(MDSCs) while T4 showed enrichment of M1 and M2 
macrophages and activated dendritic cells (figure 2D).

Tissue immunostaining confirmed a prevalent lack of 
intratumoral T- cell markers in T1, with positive staining 
for CD3 found only in the tumor margin, while staining 
for the macrophage marker CD68 was intense. The 
other samples displayed a gradual increase in intra-
tumor infiltrating cells positive for CD3, CD8, CD4, and 
for programmed cell death 1 (PD-1) T- cell activation 
marker (figure 3A–B). In agreement with the specific 
enrichment of the interferon- gamma (IFNγ) signaling 
gene signature, T4 was the only sample that showed 
positive programmed death ligand 1 (PDL- 1) staining 
(figure 3C). Indeed, the expression of PDL- 1 could be 
induced in the T4- derived cell line SB by IFNγ treat-
ment, suggesting that IFNγ was produced in the TME 
(online supplemental figure S1B–C). In- depth charac-
terization of the composition of the T- cell compartment 
in the T4 nodal metastasis confirmed the relevance of 
regulatory and activated/exhausted populations (online 

Figure 1 (A) Clinical history of the patient, course of treatments and samples timing. In 2011, the patient was in late 20s 
when presented with a dermal melanoma lesion that was excised (tumor sample T1). The primary tumor was removed 8 years 
before when the patient was staged as pT2bN0M0 stage IIA. CT scan showed metastases in the right adrenal gland and two 
lung lesions, and since the T1 tumor was BRAF- V600E mutated, the patient was enrolled in a phase III clinical trial comparing 
trametinib with chemotherapy (trial MEK114267). The patient was randomized to receive trametinib and underwent 5 months 
of treatment (June–November 2011), until lung and adrenal disease progression and new brain metastasis were detected. The 
patient was given whole brain radiotherapy (total 30 Gy), and four courses of ipilimumab (3 mg/kg every 21 days) from January 
to March 2012 (IPI1) through an expanded- access program. After a partial response, 6 months later the disease progressed 
in the brain, lung, adrenal, liver, and pelvic soft tissues. BRAF mutation was confirmed in a cutaneous metastasis (tumor 
sample T2), and vemurafenib (1920 mg/24 hours) was started in September 2012 in an expanded- access program. CT scans 
showed partial reduction of brain, lung, and adrenal metastases and stable disease in liver and soft tissues, until pelvic disease 
progression occurred (October 2013). An explorative laparotomy evidenced a large pelvic mass (tumor sample T3) infiltrating 
the left ovary (tumor sample T3A) and meso- sigma (tumor sample T3B), which was totally removed (November 2013). Three 
months later, as the disease in the lungs, right adrenal gland, and right axillary lymph nodes progressed, an immunotherapy 
rechallenge with ipilimumab was offered. The patient received re- induction with ipilimumab with the same dosage and schedule 
from April to June 2014 (IPI2) in an expanded- access program, and a partial response in all sites of disease was detected 
1 month after the end of treatment. The toxicities included diffuse vitiligo (which persisted) and asymptomatic Graves’ disease- 
related thyrotoxicosis (which resolved without treatment). Regular follow- up CT scans evidenced continuous tumor shrinkage 
in all disease locations. The patient remained tumor- free until February 2017, when an axillary lymph node became clinically 
evident, and complete lymph node dissection was performed, revealing one node out of 26 examined with tumor involvement 
(tumor sample T4). The patient received no subsequent treatment and at the time of this report (March 2023) remains free of 
disease. Tumor burden is calculated by the sum of the volumetric measurements based on the CT scans. Sc met, subcutaneous 
metastasis. (B) CT scan images: March 2013 adrenal, lung, and brain lesions; October 2013 pelvic mass; lesions are indicated 
by arrows.
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Figure 2 Genetic and transcriptional profiles of T1–T4 tumor samples. (A) Pathogenic gene variants detected by targeted 
mutation analysis performed by the Ion Torrent Personal Genome platform (ThermoFisher Scientific). (B) Copy number alteration 
(CNA) genomic plots obtained by analysis by OncoScan CNV arrays (Affymetrix). The figure displays the log R ratio, the x- axis 
represents the chromosomes. T3 samples were obtained from the pelvic mass, and T3A was localized in the ovary while T3B 
in the ileum. (C) Heatmap of enriched Reactome gene sets for Immune genes in individual T1–T4 transcriptional profiles as 
resulting from single- sample gene set enrichment analysis (ssGSEA) of transcriptional profiles obtained by Affymetrix ClariomS 
GeneChip Assay (Affimetrix). Significant enrichments (p<0.01) are indicated by an asterisk. (D) Immune cells deconvolution 
analysis. Immune cells gene signatures used for deconvolution are reported in online supplemental methods table 1. The red 
section includes genes sets of immune cell populations relative to adaptive immunity, while the blue section includes those 
relative to innate immunity.
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supplemental figure S2). Interestingly, T1 stained nega-
tive for human leukocyte antigen (HLA) class I, while 
T2 showed some positivity in melanoma cells, and T3B 
and T4 displayed strong staining, indicating that upreg-
ulation of antigen- presenting molecules could underlie 
the increase in T- cell infiltration and activity. T3B and 

particularly T4 sample also displayed HLA class II posi-
tivity (figure 3D). A consistent and concomitant upregu-
lation of molecules involved in major histocompatibility 
complex (MHC) class I- mediated antigen processing and 
presentation from T2 to T4 was confirmed also at tran-
scriptional level (figure 3E).

Figure 3 Tumor immune microenvironment (TIME) profiles of T1–T4 tumor samples. (A) Tumor immunostaining for tumor- 
infiltrating immune cells (bar 100 μm). (B) Spots of T cells accumulation at the tumor border in T1 sample. Bar 200 μm. 
(C) Immunostaining for programmed death ligand 1 (PDL- 1) in T4 sample (bar 50 μm). (D) Snapshots of T1–T4 tumor sections 
stained with HLA- ABC and HLA- DR antibody (bar 3 mm). All samples stained positive for S100, HMB45, SOX1 melanoma 
markers (not shown). (E) Heatmap showing upregulation of molecules involved in major histocompatibility complex (MHC) class 
I- mediated antigen processing and presentation machinery in T2, T3, and T4. The top 20 genes upregulated in T4 compared 
with T2 are shown; HLA- A, HLA- B, HLA- C, HLA- E, and B2M, as well as other molecules involved in antigen presentation 
(CANX, TAP1, TAPBP, and TAP2) and in antigen processing (PSMB4, PSMB9, PSMC4, WSB1, UBA52, PSMA7, SKP1, PSME1, 
and PSMB2) are included.
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To gain insights into the temporal dynamics of T cells 
during the disease course at the local and systemic levels, 
the TCR- beta (TCRB) chain repertoire was assessed by 
ImmunoSEQ (Adaptive Technologies) in T1–T4 tumor 
samples, in one regional tumor- free lymph node (LN1) 
obtained at the T4 surgery, and in peripheral blood 
obtained at three different time points (the first (WB1, 
March 2012) between the T1 and T2 surgeries and after 
the last ipilimumab infusion, the second (WB2, February 
2017) obtained at T4- LN1 surgery, and the last (WB3, 
January 2019) obtained at disease remission 2 years later). 
At difference with sampling for transcriptomic analysis 
for which the tissue section areas were selected for high 
tumor cellularity, for this analysis the T cell- rich peritu-
moral tissue margin of T1 was included. The analysis of 
productive TCRB rearrangements, at amino acid level, 
identified a large degree of similarity between T1 (excised 
before any treatment) and T2 (excised 1 year later, after 
treatment with MEK and IPI1), while T3B and T4 showed 
different patterns (figure 4A, online supplemental figure 
S3A–B). TCR rearrangements intersection revealed that 
TILs enriched at the T1 border persisted in the circula-
tion (WB1) and infiltrated the T2 tumor. Similarly, WB2, 
the T4- synchronous blood sample, showed T- cell clones 
that had accumulated in LN1 non- invaded LN from the 
same basin and were also present in T4 TILs (figure 4B). 
TCRB rearrangements were shared by all blood samples, 
up to 2 years after T4 excision (online supplemental 
figure S3C). Longitudinal tracking of representative 
clonotypes showing a productive frequency >0.1% 
(online supplemental table S3) identified some of them 
which, present at low frequency in baseline T1 tumor, had 
expanded or persisted in all the other specimens during 
therapy. Others instead, present in T1 or shared between 
T1 and T2, decreased in all other specimens and were 
mostly undetected or present at low frequency in blood. 
Increase of clonotypes only at specific tumor sites was also 
observed (figure 4C). TCR diversity in tumor specimens 
increased during the disease course, as shown by the 
decrease in clonality, and the same trend was observed in 
blood (figure 4D). Consistently, a decrease during treat-
ment was observed for the frequency of the most abun-
dant clone after computationally down- sampling, as per 
cent maximal productive frequency (figure 4D), as well as 
for the total productive frequencies of the top 20 TCRB 
rearrangements of each sample (online supplemental 
figure S3B), indicating that the frequency of bioidentical 
TCRB clonotypes drops in blood and tumor lesions at 
therapy response, and a more diverse TCR repertoire is 
detected.

The matching of the identified complementarity- 
determining regions (CDRs) in the public database 
VDJdb identified a list of identical TCR clonotypes, which 
included specificity for the melanoma- associated antigen 
MAGEA6 and NRAS epitopes within the patient’s specific 
HLA molecules (haplotype HLA- A*01),10 11 for Melan- A 
melanoma antigen (ELAGIGILTV peptide) and for 
other tumor- associated antigens (TAAs) in HLA- A*02 

haplotype (online supplemental table S4). The presence 
of IFNγ-producing CD8+ T cells upon recognition of 
Melan- A peptides by lymphocytes obtained from periph-
eral blood mononuclear cells banked in 2019 (WB3) was 
detectable by flow cytometry (figure 4E).

DISCUSSION
Ipilimumab, a first- in- class ICI antibody, increased long- 
term survival in patients with advanced melanoma in phase 
II and III clinical trials.12 After anti- PD- 1 antibodies, which 
show superior first- line efficacy, ipilimumab is used only 
in selected cases. Few patients show dramatic responses 
to ipilimumab, making cytotoxic T- lymphocyte associated 
protein 4 (CTLA- 4) an important immunotherapy target. 
Trials to determine the most active regimen and sequence 
of ICIs and targeted therapy for patients with advanced 
BRAF- mutant melanoma so far favored an initial dual 
ICI combination over a treatment sequence beginning 
with BRAFi/MEKi.13 14 In addition, retrospective anal-
ysis of clinical results from a real- world setting revealed 
that a very low proportion of patients progressing on 
targeted therapy went on to receive a second- line ICI 
due to rapid disease progression.15 Although the current 
practice does not include the single treatments given to 
this patient, nonetheless this case indicates that immu-
notherapy rechallenge after targeted therapy in combi-
nation with surgical debulking can be effective, and that 
acquired resistance to ICIs in melanoma can be reversed, 
with resistant tumors potentially showing a response to 
therapy rechallenge.16 17 Even though it is not clear how 
commonly this change may occur, this particular case 
clearly shows that kinase inhibitors strongly regulated the 
TIME and tumor evolution from an immunologically cold 
to a hot tumor, thereby augmenting the effectiveness of 
immunotherapy, as previously shown for targeted therapy 
and for some other types of therapy.

This clinical case offered the exceptional opportunity to 
analyze metastatic tumors resistant to different treatments 
that were obtained at disease progression despite MEKi 
treatment and IPI1 (T2), vemurafenib (T3), and IPI2 
(T4) and compare them with a baseline untreated tumor 
(T1). Interestingly, the results show that the induction of 
an immune- permissive microenvironment occurred as 
a multistep process, and immunogenicity determinants 
were progressively acquired to eventually achieve tumor 
rejection. As such, we can imagine T1 recurrence as the 
result of a tumor immunoediting process that promoted 
immune evasion in the presence of an active antitumor 
T- cell response during the 8 years of tumor dormancy that 
occurred after the primary tumor excision. The pecu-
liarity of T1 is the lack of HLA class I expression and the 
immune- cold TIME, despite the clonality of T lymphocytes 
accumulating peritumorally and in blood detected by 
TCRB analysis. At transcriptional level, HLA class I and 
B2M transcripts were detectable, although expressed at 
low levels along with reduced expression of genes involved 
in antigen- presenting and antigen- processing machinery. 
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It is not possible to precisely determine whether the type 
of alteration underlying the lack of HLA- I expression in 
T1 might have resulted from epigenetic silencing induced 
by cancer immunoediting mechanisms, as described,18 or 

by genetic events occurring in upstream regulatory genes 
in tumor lesions. The loss of these genes appears unlikely 
as CNA analysis did not show alterations in chromo-
somal regions where MHC and B2M genes are localized. 

Figure 4 Longitudinal analysis of the T cell receptor- beta (TCRB) repertoire in tumor samples and the circulation reveals early 
expansion of common clones and an increase in clonotypes during treatment. (A) Venn diagrams displaying common TCR AA 
rearrangements in T1–T4 tumor samples and (B) in T1, WB1, and T2 (left), and in the synchronous T4, LN1, and WB2 samples 
(right). (C) Longitudinal TCR clonotype analysis in tumor, blood, and regional lymph node tissues. Representative clonotypes 
expanding in all specimens, enriched in T1 and T2, and clonotypes absent or present at low frequency at baseline and showing 
high frequency at specific tumor sites. (D) Top: TCR repertoire diversity, as numbers of unique productive TCR rearrangements 
in the different samples after normalization with down- sampling (DS). Middle: distribution spectrum of TCR clones, as 
productive clonality evenness index. Value of 1 indicate a monoclonal population. Bottom: frequency of the most abundant 
clones in every sample, as per cent maximal productive frequency. (E) Flow cytometry detection of Melan- A- specific CD8 T 
cells in peripheral blood mononuclear cell (PBMC) from peripheral blood banked in 2019 (WB3) on stimulation with synthetic 
peptides. Positivity of intracellular interferon- gamma (IFNγ) in CD3+CD8+ lymphocytes after stimulation with Melan- A is 0.029% 
(42/140,827), with positive control CEF is 0.198% (193/97,193), after negative control HIV- 1 NEF peptide pool is 0.010% 
(12/115,275), while in non- stimulated lymphocytes staining is 0.008% (10/120,564).
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Mechanisms underlying upregulation of the expression 
of molecules involved in MHC class I antigen processing 
and presentation during disease progression remain to 
be investigated. Remarkably, subsequent therapy with 
a MEKi and then with IPI1 led to a treatment- resistant 
tumor (T2) that expressed HLA- I, in line with the ability 
of MEKis to increase MHC class I and TAA presentation in 
melanoma cells.19 The acquisition of HLA class I expres-
sion represents a step towards an immune- vulnerable state 
of the tumor, as reduction or loss of MHC class I protein 
expression is a common mechanism of tumor immune 
evasion associated with poor clinical outcomes in mela-
noma and other tumor types. As well, alterations in the 
expression of MHC class II have long been reported in 
melanoma, often in relation to metastatic progression, 
immune evasion, and clinical outcome. High levels of 
HLA class II gene expression were previously found to 
be associated with high T- cell infiltration, and therapeutic 
response to ICIs.20 21 In line with this, T4 showed the 
features of an ICI- responsive tumor even though it was 
derived from tumor cells resistant to IPI2. In particular, 
the high level of PD- 1+ T cells suggests potential respon-
siveness to treatment with anti- PD- 1 immunotherapy.

Surgical debulking of the large pelvic tumor mass 
that progressed during BRAFi treatment (T3) may have 
played a role in the multistep acquisition of immu-
nogenic properties. Although metastatic progression 
following surgical tumor resection is often observed as 
a consequence of cancer cell shedding into the circula-
tion and stimulation of angiogenesis, it is also well known 
that reduced tumor burden can impact immunological 
control of cancer, as tissue damage provoked by surgical 
stress can cause activation of both innate and adaptive 
immune responses. Several studies in murine models 
have implicated the myeloid cell remodeling induced by 
systemic wound healing programs by showing that tumor 
resection causes the removal of MDSCs from the TME 
and circulation, resulting in the activation of effector T 
cells and ultimately restoring systemic immune capacity 
for strong adaptive responses.22 23 In addition, reducing 
the tumor load may allow T cells to target a few specific 
lesions. In this setting, although CD68 tissue staining for 
myeloid cells did not evidence major quantitative differ-
ences in T3 and T4, immune deconvolution analysis of 
transcriptional profiles is suggestive of a change of infil-
trating myeloid cells.

At baseline and during treatment, TILs and circulating 
T cells contained a low but reproducible frequency of 
rearrangements of CDR3 and even TCR bioidentity to 
clonotypes recognizing Melan- A without shared HLA 
class I restriction. This finding supports the existence 
of shared clonotypes across individuals with the same 
cancer type, as reported for melanoma24 and patients 
with other tumors.25 26 Although the patient’s reactivity 
against Melan- A was detectable, the specificity of the 
identified common TCRs remains to be established. The 
presence of CDR3 motifs and TCRB clonotypes identical 
to those specific for TAA restricted to mismatched HLA 

alleles was a common feature of TILs as also shown in a 
cohort of pretherapy lesions from patients with metastatic 
BRAF- mutated melanoma (data not shown). Whether the 
patient’s TCR clonotypes include neoantigen specificity 
remains to be studied. Overall, TCR clonality decreased 
as TCR diversity increased during the treatment course in 
TILs as well as in the periphery, indicating that an increase 
in the TCR repertoire might associated with ICI response, 
as formerly reported,6–8 and supporting the hypothesis 
that dynamic changes in the TCR repertoire are a clinical 
parameter for monitoring treatment responses.
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