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Melanoma is the most aggressive and deadly of skin cancers. 
Cutaneous melanomas are the most frequent, and are 
typically associated with ultraviolet (UV) exposure and 

elevated tumor mutational burden (TMB), which contribute to high 
immunogenicity. Several historical observations point to melanoma 
as an immune-responsive tumor. First, 5% of patients with mela-
nomas present with metastatic disease that genotypically resembles 
cutaneous melanoma, but without an identifiable primary mela-
noma, suggesting that the primary tumor may have spontaneously 
regressed1. Second, melanoma is often associated with vitiligo—the 
manifestation of an autoimmune reaction against melanocytes, 
indicative of cross-reactive immune responses targeting mela-
noma and normal melanocytes. Vitiligo was shown to be a favor-
able prognostic indicator in patients with melanoma2, suggesting 
that anti-melanocytic immune responses help control melanoma 
growth. Third, melanomas can be infiltrated by reactive lympho-
cytes3, with dense infiltration of peritumoral lymphocytes being 
associated with better prognosis. Melanoma classification based on 
tumor-infiltrating lymphocyte (TIL) distribution (brisk, non-brisk, 
and absent) is still used today4–7. However, melanoma disseminates 
and metastasizes very easily, indicating that active immune suppres-
sion or dysfunction must offset its immunogenicity. Reliance on 
immune-evasion mechanisms for disease progression may under-
score the specific vulnerability of melanoma to immunotherapy, 
thus explaining its unique responsiveness to these treatments.

The concept of immune checkpoint blockade (ICB) for the treat-
ment of cancer was pioneered by Jim Allison and colleagues, who 
showed that antibodies blocking the T cell co-inhibitory receptor 
CTLA-4 can regress tumors in mice8. Human CTLA-4 blocking 
antibodies were then developed and tested in cancer patients, with 
ipilimumab becoming the first therapy to extend survival in meta-
static melanoma9,10, which led to its approval for treating this disease 

in 2011. PD-1 was recognized as another key T cell immune check-
point11. PD-1 or PD-L1 blocking antibodies have been found to 
enhance tumor control in mice12,13 and CD8+ T cell functionality in 
a chronic viral infection model14. Promising results in early clinical 
trials with PD-1 blocking antibodies in refractory solid tumors were 
confirmed in phase 3 studies in melanoma, where the PD-1 inhibi-
tors pembrolizumab and nivolumab were found to extend survival 
compared with ipilimumab or chemotherapy15–19. These agents were 
then approved for the treatment of metastatic melanoma in 2014.

Overall, the clinical success with ICB in melanoma has confirmed 
the therapeutic impact of re-invigorating the immune system to 
effectively target this disease. However, even in the optimal scenarios 
with combination ICB, approximately half of patients do not derive 
long-lasting benefit20. This indicates the need for better predictive bio-
markers of response and new rational targets for more effective com-
bination treatments to overcome immune resistance. While elevated 
tumor PD-L1 expression and TMB have been found to correlate with 
clinical responses to ICB in melanoma21, these biomarkers cannot 
accurately predict outcomes in all cases. Because the longest and most 
consolidated clinical experience with ICB is in melanoma, this infor-
mation can be now leveraged to achieve a more precise understanding 
of the molecular determinants of activity of these therapies in people.

Here, we provide an updated overview of the immune landscape 
of human melanoma and how it is modulated by ICB, focusing 
on studies in humans. Moreover, we highlight current limitations 
of immunotherapy and delineate the next potential avenues to 
improve the use of these treatments.

Melanoma-specific T cells and their therapeutic potential
Melanoma TILs are enriched for specificity to melanoma-associated 
antigens, indicating that anti-melanoma T cells can undergo prim-
ing, expansion, and recruitment to the tumor (Fig. 1a). Endogeneous 
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T cell responses to melanoma have been exploited for multiple 
objectives, including (1) identification of the cognate antigens 
that can then be used for vaccine development and (2) expansion  
and/or engineerization of tumor-specific T cells for adoptive cell 
therapy (ACT).

The easy access to cutaneous melanoma lesions prompted the 
study of melanoma TILs, which was further facilitated by the dis-
covery of IL-2 (ref. 22) in 1977, enabling expansion of T cells in vitro 
for their characterization. T cells recognizing melanocyte differ-
entiation antigens (for example MelanA and gp100), cancer germ-
line (cancer-testis) antigens, and tumor-overexpressed antigens in 
human melanoma were then identified (Box 1) and comprehen-
sively profiled using peptide–MHC multimers23,24. More recently, 
high-throughput antigen screening coupled with next-generation 
sequencing of both T cell receptor (TCR) repertories and tumor 
genomes have substantially expanded our understanding of 
anti-tumor T cell specificities and their dynamics25. Indeed, advances 
in tumor sequencing and associated computational approaches 
have allowed the identification of tumor-mutation-derived neoan-
tigens (Box 1) that contribute to tumor immunogenicity and T cell 
recognition25. Neoantigens are particularly abundant in melanoma, 
given the elevated frequency of somatic mutations in this dis-
ease26. Notably, many anti-melanoma TILs recognize neoantigens 
derived from tumor somatic mutations27–29, which are attractive 
for tumor-specific targeting and reduced autoimmune toxicity. To 
boost T cell responses in vivo against tumor neoantigens, vaccines 
with tumor-associated neoepitopes have been demonstrated to be 
safe and to elicit potent tumor-specific T cell responses in patients 

with melanoma30–32. These responses included both CD4+ and CD8+ 
T cells, pointing towards dual CD4+ and CD8+ immunogenicity of 
strong neoepitopes and possibly to the ability of CD4+ T cells to 
directly control melanoma tumors. This mechanism may be par-
ticularly relevant in the setting of melanoma, considering its unique 
MHC-II expression.

Overall, the existence of melanoma-specific TILs indicated 
that in many cases (1) these cells are numerically or functionally 
insufficient to completely eradicate the tumor, and (2) they could 
be boosted to achieve the numbers required for complete tumor 
eradication in vivo. Toward this goal, ACT using ex vivo-expanded 
TILs has been shown to contribute to tumor regressions, especially 
in melanoma. The Rosenberg group at the Surgery Branch of the 
National Cancer Institute and other teams demonstrated that ACT 
of TILs can be clinically effective, further confirming the tumor 
reactivity of melanoma-derived T cells33–36. Interestingly, ACT 
using TIL products enriched for tumor-neoantigen specificities 
were found to produce durable clinical responses with no signifi-
cant toxicity37–42, suggesting a potential role for T cells recognizing 
tumor-associated neoantigens in the activity of ACT.

From the early to the most advanced characterization of mela-
noma TIL specificities and the use of these cells as anti-cancer ther-
apy, these studies have extensively corroborated the biologic and 
therapeutic relevance of T cell responses in patients with melanoma. 
Whether the recent developments with neoantigen-specific immu-
notherapy will lead to the next chapter of ACT and/or vaccines in 
melanoma remains to be determined, especially considering that 
neoantigens arise from unique tumor-specific mutations rarely 
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Fig. 1 | The immune microenvironment of melanoma. a, Schematic representation of the principal immune components in the melanoma 
microenvironment. Four main functional modules can be distinguished: (1) a CD8 module (red/orange/yellow), including cytotoxic T cells (CTLs) and a 
spectrum of dysfunctional cells including progenitor TEX (pTEX) and terminal TEX cells; (2) an innate module (violet/purple) that can impact the recruitment 
and activation of T cells depending on the tolerogenic (tolerogenic DCs; myeloid-derived suppressor cells, MDSC), pro-tumor (M2), or anti-tumor (DCs) 
inflammatory potential; (3) a CD4 module (green), which is highly heterogeneous and can be shaped by the immune cells in the other modules and 
includes immunosuppressive Treg cells, TH2 cells with pro-tumor inflammatory potential, and TFH-like cells, which can promote B cell function; and (4) 
a B cell module (blue), including B cells in various stages of differentiation up to plasma cells (PCs), with pro- or anti-tumor function depending on the 
profile of immunoglobulins produced (IgA, IgG2, IgG4 versus IgG1, respectively) and expression of co-inhibitory molecules (for example IL-10 and PD-L1). 
Each of these immune modules has a counter-regulatory program to dampen immune responses, thus explaining the coexistence of tumor cells and 
anti-tumor lymphocytes in the same environment. b, The immune infiltrate in melanoma can organize in cellular aggregates defined as tertiary lymphoid 
structures (TLSs), with B cells at the core surrounded by T cells and APCs, which generate a germinal-center-like pattern. The impact of these structures 
on anti-tumor immunity is likely determined by the potential to recruit or expand CTLs and TH1 cells versus immunosuppressive or TEX cells.
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shared between indidividuals. Thus, such interventions would 
require patient-specific identification and product manufacturing25.

B cell responses in melanoma
Melanoma antigens can also elicit B cell responses, further sup-
porting the immunogenicity of this disease. Serological analyses 
from patients wih melanoma contributed to the definition of sev-
eral melanoma-associated antigens43–45. Autoantibodies against 
melanoma-associated antigens have been reported to develop 
in patients with melanoma and to correlate with improved prog-
nosis in certain cases46–48. However, whether anti-melanoma anti-
body responses play a causal role in tumor protection remains 
to be fully elucidated. Mature B cells can be found in melanoma 
lesions at higher frequencies compared with normal skin, and have 
been described to localize in aggregates with T cells and dendritic  
cells (DCs), defined as tertiary lymphoid structures (TLSs)49,50  
(Fig. 1b). TLSs are ectopic lymphoid structures that typically form 
in response to chronic inflammation and evolve dynamically to 
adapt to the local tissue injury51. Mature TLSs comprising T and  
B cells in germinal-center-like zones are found more frequently  
than immature, B-cell-depleted TLSs in metastatic melanoma 

lesions49. Key mediators of TLS formation, including early 
(CXCL13), intermediate (lymphotoxin beta receptor), and later 
lympho-angiogenic factors (CCL21, LIGHT), can be overexpressed 
in metastatic melanoma52,53. It is possible that chronic immuno-
genic stimuli elicited by melanoma-associated antigens trigger 
TLS-supporting signals that recruit and expand tumor-specific 
B cells. In TLS, B cells can theoretically undergo maturation into 
antibody-secreting cells in the presence of proper T cell-mediated 
helper signals and/or can serve as antigen-presenting cells (APCs) 
that contribute to local tumor-specific T cell priming. The relative 
impact of these two B cell functions in TLSs, as well as the role of 
B cell antigen specificity and functionality in tumors, remains to 
be precisely and comprehensively elucidated. B cells and their anti-
body products may be highly heterogeneous, with profiles ranging 
from pro-inflammatory (IgG1+) to immunosuppressive (for exam-
ple CD1d+IL-10+PD-L1+, IgA+, IgG2+, or IgG4+) (Fig. 1b). This 
heterogeneity may explain the apparently conflicting results from 
independent studies reporting associations between B cell infil-
trates and either favorable50,54,55 or negative56 prognosis in people 
with melanoma. These discrepancies may be also explained by the 
variety of microenvironmental immune signals and their effects on 
intratumor B cell polarization toward pro- or anti-inflammatory 
profiles. TLSs are highly dynamic and can also attract immuno-
suppressive cells, such as regulatory T (Treg) cells, immature tolero-
genic DCs, and/or myeloid-derived suppressor cells (MDSCs), in 
response to excessive inflammation57–59 (Fig. 1b). It is still not clear 
whether bona fide T follicular helper (TFH) cells with germinal cen-
ter B cell-selective features can differentiate in tumor-associated 
TLSs. However, T cells with a similar phenotype have been found 
to overlap with dysfunctional and/or non-conventional suppressive 
T cells in chronic viral infection and tumors60,61, suggesting their 
potential negative impact on anti-tumor immunity. The possibility 
of precisely measuring the immune stimulatory versus immuno-
suppressive potential of tumor-associated TLSs, and to predict their 
fate based on composition and inflammatory signals, would offer 
a potentially valuable biomarker for response to immunotherapy. 
Indeed, despite the many unknowns in TLS and intratumor B cell 
biology, these factors have been recently reported to associate with 
improved tumor responses to ICB in patients62–64. These initial find-
ings open new avenues to potentially improve immunotherapy by 
dissecting the biology, heterogeneity, and mechanistic role of TLSs 
in tumors and find ways to properly manipulate these structures for 
potentiating local anti-tumor immune responses. Mechanistic stud-
ies in this space are limited by the lack of TLS formation in mouse 
tumor models, restricting these analyses to correlative observations 
in patients. Engineering animal models to induce spontaneous TLSs 
in tumors could help add causal inference to these correlative obser-
vations and facilitate an understanding of how the manipulation of 
these structures alters B cell versus T cell responses and the outcome 
to different immunotherapies.

Immunosuppressive mechanisms in melanoma
Despite the immunogenicity of melanoma, metastatic melanoma is 
generally not eliminated spontaneously. The strong immune selec-
tive pressure in response to melanoma immunogenicity may induce 
the tumor to adapt and suppress anti-tumor immunity. In addition, 
local inflammation can activate homeostatic immunologic feed-
back, which contributes to this adaptive resistance. As an example, 
intratumoral CD8+ T cells, by producing CCL22 and IFN-γ, induce 
intratumor Treg accumulation and PD-L1 on tumor cells, respec-
tively65,66. In turn, melanoma-specific TILs are functionally ham-
pered in human melanoma lesions but can regain functionality after 
ex vivo culture with the proper cytokine growth factors67.

By binding PD-1 expressed on tumor-specific T cells, PD-L1 
and PD-L2 induce a negative signaling cascade downstream of 
PD-1, which dampens T cell activation and tumoricidal function11. 

Box 1 | Relevant tumor antigens in melanoma

Cancer germline antigens: Cancer germline genes (for exam-
ple MAGEA1, NY-ESO-1) are methylated and silenced in hu-
man adult tissue, except male germ cells and trophoblastic cells, 
which lack MHC-I molecules. Tumors often have aberrant pat-
terns of DNA methylation, resulting in the demethylation, ec-
topic expression, and presentation of cancer germline genes to 
T cells, leading to immune recognition147,148.

Melanocyte differentiation antigens: Genes encoding 
melanocyte differentiation antigens (for example MART-1,  
GP100, TYR) play a role in the normal differentiation of 
melanocytes, and are thus shared between the tumor and 
melanocytes. Normal melanocytes are present in the skin, inner 
ear, and eye. Immune responses to these antigens target both 
melanoma and normal melanocytes. A manifestation of this 
cross-reacting response is vitiligo.

Overexpressed antigens: Overexpressed antigens (for 
example PRAME) are antigens that are expressed at low levels in 
normal host tissue but are overexpressed in tumors, thus creating 
a therapeutic window for immune intervention.

Neoantigens: Neoantigens are derived from tumor-specific 
somatic mutations that are absent in the normal human genome 
and are exclusively expressed in cancer cells; 95% of somatic 
mutations are single-nucleotide variants (SNVs), resulting in 
proteins (and peptides) with single amino acid substitions149. 
Neopeptides also arise from nucleotide insertions or deletions 
(indels), which generate frameshift or non-frameshifted 
sequences depending on the number of nucleotides added 
and deleted, leading to aberrant protein expression. While the 
minority of mutations are indels (<5% for melanoma)147,150, 
frameshift mutations can generate a number of immunogenic 
neoepitopes that are highly distinct from the self.

Additional sources of immunogenic antigens: Immunogenic 
epitopes can also derive from mutations associated with gene 
fusion, aberrant messenger-RNA splicing resulting in retained 
introns, or aberrant translation resulting in cryptic antigens147. In 
addition, endogenous retroviruses, which are integrated genomic 
sequences of viral origin inherited as remnants from previous 
retroviral infections, are normally epigenetically silenced in 
normal host tissue, but can be re-expressed in tumors147, similar 
to cancer germline antigens.
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Therefore, in melanoma cells, expression of PD-L1 or PD-L2 can 
offset the positive T cell signals delivered by both MHC-I and 
MHC-II antigen-presentation routes (Box 2).

Melanoma can also directly attract immune inhibitory cells. 
Especially through MHC-II expression, melanoma cells have a unique 
capacity to interact with and attract immunosuppressive CD4+ T cell 
subsets. Treg cells are increased in peripheral blood (PB), lymph nodes, 
and in the tumor microenvironment (TME) of patients with mela-
noma, and have been found to inhibit TIL function61,68,69. The typical 
Treg increase in metastatic lymph nodes suggests that melanoma may 
directly modulate its microenvironment to evade immune surveil-
lance and grow (Fig. 1a). In early studies, melanoma-associated Treg 
cells were found to recognize melanoma antigens70,71. This has been 
recently confirmed by initial single-cell omics analyses showing that 
melanoma-infiltrating Treg cells are highly clonal and can recognize 
tumor cells via TCR–pMHC-II interactions, suggesting that melanoma 
cells can directly activate and expand Treg cells, thus controlling local 
immunosuppression72. Notably, clonal expansion of tumor-specific 
Treg cells has been found to be associated with neoantigen burden, 
which in turn correlated with tumor expression of MHC-II, further 
pointing to a mechanism whereby melanoma controls Treg expansion 
via MHC-II expression depending on its immunogenicity72.

Moreover, in patients with melanoma, a skew toward type 2 
T helper (TH2)-polarized CD4+ T cells and related cytokines has 
been reported, once again highlighting an altered CD4+ T cell 
compartment in the presence of melanoma73–75. A TH2 immune 
bias is an indicator of chronic and counterproductive inflamma-
tory responses. Over-production of VEGF and galectin-9 (GAL9) 
by human melanoma cells can support such TH2 bias via M2 mac-
rophage differentiation, thus contributing to tumor-promoting 
inflammation73,75 (Fig. 1a).

Suboptimal co-stimulation due to insufficient mature DCs may 
also contribute to a hostile melanoma microenvironment for T cells. 
DCs play a key role in controlling local inflammation, T cell recruit-
ment, and activation in melanoma76–79 (Fig. 1a). In mouse mela-
noma models with a constitutively active beta-catenin signaling 
pathway, lack of infiltrating antigen cross-presenting CD103+ DCs 
contributed to T cell exclusion from the TME80,81. These observa-
tions underscore two important points: (1) active priming in the 
TME is key to maintaining the local T cell pool and to preserving 
TIL tumoricidal function and (2) the tumor pro-oncogenic pro-
gram can directly affect DC recruitment, priming capacity, and 
costimulatory potential in the TME. Similarly, abnormal produc-
tion of prostaglandin E2 (PGE2) by melanoma cells has been shown 
to limit intratumoral recruitment of cross-presenting DC subsets, 
possibly via downregulation of the DC chemoattractants XCL1 and 
CCL5 in intratumor natural killer cells82. Importantly, in cutaneous 
melanoma, UV exposure has been shown to promote the tolerogenic 
profile of a specialized subset of epidermal DCs called Langerhans 
cells, which sense the skin barrier surface through langerin—a 
C-type lectin that functions as a pattern recognition receptor83,84. 
These cells can efficiently migrate to the skin-draining lymph nodes. 
Upon UV exposure, suboptimally activated immature Langerhans 
cells migrate into the draining lymph nodes, tolerizing T cells in 
an antigen-specific way (Box 2). However, some controversy has 
emerged with respect to the specific type of langerin-expressing 
DCs primarily contributing to this tolerogenic phenotype84,85. A 
homeostatic/tolerogenic program was also found to be induced by 
IFN-γ in DCs infiltrating human tumors, including melanoma86. 
Overall, these observations indicate that melanoma cells and/or 
local inflammation, via multiple mechanisms, can negatively affect 
intratumor DC abundance and costimulatory capacity, thus limiting 
the generation of potent T cell responses. Considering the plasticity 
of DCs, the same findings would point to new potential therapeutic 
opportunities by re-polarizing DC function and restoration of suf-
ficient local anti-tumor T cell priming and activation87.

Recent progress with ICB therapy in melanoma
As detailed above, the immunogenicity of melanoma—demon-
strated by the presence of specific adaptive immune responses—can 
be offset by activation of regulatory programs that would nor-
mally serve to prevent immune pathology. As part of this regula-
tion, immune checkpoint molecules are expressed on activated 
antigen-experienced TILs and have been found to represent effec-
tive immunotherapeutic targets in melanoma. CTLA-4 was the first 
immune checkpoint to be identified. CTLA-4 on T cells competes 
with the costimulatory molecule CD28 for the same ligands, CD80 
and CD86. However, CTLA-4 binds CD80 and CD86 with greater 
affinity and avidity than does CD28 (ref. 88), depriving T cells of 
costimulatory signals. These discoveries led to the seminal find-
ing that CTLA-4 blocking antibodies can regress tumors in mice8, 
followed by the clinical development of these reagents, with ipili-
mumab obtaining first indication in metastatic melanoma in 2011 
(refs. 9,10) (Table 1). PD-1 was the second immune checkpoint to 
be discovered11. CD8+ exhausted T (TEX) cells progressively lose 
effector functions upon chronic antigen stimulation during infec-
tion and cancer and overexpress PD-1. PD-1 or PD-L1 blockade 
can reinvigorate these cells, resulting in their numeric expansion 

Box 2 | Immune resistance mechanisms in melanoma

Tolerance: The mechanisms by which lack of immune responses 
to an antigen—generally a self-antigen—is maintained. This is 
achieved through two main mechanisms: central and periph-
eral tolerance. Central tolerance is established via thymic dele-
tion of high-affinity auto-reactive T cells. Peripheral tolerance 
is maintained by several mechanisms, including suppression by 
Treg cells and anergy, which is generally induced via suboptimal 
T cell co-stimulation, deletion via apoptosis, or conversion into 
Treg cells. Dose of antigen and TCR affinity are considered major 
drivers of these mechanisms.

Exhaustion: A specific T cell differentiation process driven 
by chronic antigen stimulation, which leads to high expression 
of co-inhibitory immune receptors that are meant to dampen 
chronic TCR signaling and limit activation-induced cell 
death. In this state of strong contrasting stimuli (through 
simultaneous TCR stimulation and co-inhibitory pathways), 
TEX cells have decreased effector functions, including cytokine 
production and proliferative potential, but can survive in the 
hostile TME. Exhaustion appears to be a stepwise process 
encompassing intermediate reversible states more susceptible 
to reinvigoration by ICB.

Cell-mediated immunosuppression: These mechanisms 
involve immunosuppressive cell types, including Treg cells, MDSCs, 
and tolerogenic DCs. These are distinct cell types that instruct 
effector T and B cells not to react to positive immune stimuli.

Expression of immune checkpoint ligands: PD-L1 and PD-L2 
are prototype immune checkpoint ligands often overexpressed 
in melanoma cells in response to strong inflammatory signals, 
as a homeostatic mechanism co-opted by tumor cells to protect 
themselves from an immune attack.

Tumor escape: Evasion from anti-tumor immunity and 
immune surveillance. In addition to tumor-extrinsic mechanisms 
in the TME that can contribute to this effect, the tumor itself can 
evolve to prevent its recognition by the immune system. A strong 
immune selective pressure applied to highly heterogeneous tumor 
cells induces the enrichment of clones that can evade immune 
recognition, for example via inactivating genetic mutations of the 
antigen-presentation machinery (B2M, HLA, TAP, and so on) 
and/or IFN-γ-response genes (JAK1, JAK2).
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and restoration of effector functions in mice14,89 and humans90–92. 
These effects were associated with enhanced tumor control in pre-
clinical models12,13,93, which translated into substantial therapeutic 
activity in cancer patients, with the PD-1 inhibitors pembrolizumab 
and nivolumab being approved in metastatic melanoma in 2014  
(refs. 15–18) (Table 1). Considering the different and potentially com-
plementary effects of CTLA-4 and PD-1 blockade94, these therapies 
were subsequently tested in combination, demonstrating greater 
long-term efficacy than either agent alone in metastatic melanoma, 
with 49% of treated individuals remaining alive after 6.5 years  
(Table 1), albeit at the cost of greater toxicity20. Alternative regimens 
and/or dosages of anti-PD-1 + anti-CTLA-4 are currently being 
investigated to reduce toxicity95.

The discovery of immune co-inhibitory receptors and their 
co-expression in TEX cells89 has inspired further development of 
antibody therapeutics targeting novel immune checkpoint mol-
ecules. The most promising emerging ICB target is LAG-3. LAG-3 
is a surface inhibitory receptor that has structural similarity to 
CD4 and competitively binds to MHC-II and other ligands, includ-
ing galectin-3. Among other cell types, LAG-3 is upregulated on 
antigen-stimulated T cells, including TEX cells. Similar to CTLA-4, 

LAG-3 is also constitutively overexpressed on Treg cells, contributing 
to their suppressive function96. While LAG-3 blockade as mono-
therapy has modest anti-tumor efficacy, combined anti-LAG-3 + 
anti-PD-1 exhibited substantially enhanced therapeutic activity 
in several mouse tumor models, including models of melanoma96. 
Several antibody therapeutics targeting LAG-3 by mainly blocking 
the MHC-II–LAG-3 interactions are being tested in individuals with 
cancer96. The most advanced anti-LAG-3 antibody is relatlimab, 
which has been tested in combination with nivolumab in a phase 
2–3 clinical trial in participants with previously untreated meta-
static or unresectable melanoma. Results from this trial indicate that 
progression-free survival (PFS) following relatlimab + nivolumab 
treatment is greater than PFS following nivolumab monotherapy 
and similar to PFS following ipilimumab + nivolumab historically97 
(Table 1). Increases in circulating LAG-3+ T cells correlate with 
shorter survival and/or disease progression after PD-1 blockade in 
patients with melanoma98,99, supporting the rationale for combined 
PD-1 and LAG-3 inhibition. Whether anti-PD-1 + anti-LAG-3 has 
comparable efficacy to anti-CTLA-4 + anti-PD-1 and decreased 
toxicity, and whether circulating LAG-3+ T cells can serve as a bio-
marker to allocate patients to anti-LAG-3-containing therapies, 

Table 1 | Pivotal and most advanced clinical trials of ICB in melanoma

Summary Study Name

Phase 3 clinical trial comparing ipilimumab with or without the gp100 peptide vaccine with gp100 alone, demonstrating that the 
ipilimumab arms had improved PFS and OS compared with the gp100 arm.

NCT00094653

Phase 3 clinical trial demonstrating PFS and OS benefit of ipilimumab + dacarbazine compared with dacarbazine alone. NCT00324155

Phase 3 clinical trial comparing pembrolizumab administered every 2 or 3 weeks, with ipilimumab, demonstrating improved PFS 
and OS in the pembrolizumab arms.

KEYNOTE-006

Phase 3 clinical trial demonstrating PFS and OS benefit of nivolumab as compared with dacarbazine. CHECKMATE-066

Phase 3 clinical trial demonstrating that both ipilimumab + nivolumab and nivolumab had improved PFS and OS compared with 
ipilimumab. Although this trial was not powered to compare the combination arm with nivolumab, ipilimumab + nivolumab had a 
numerically greater survival rate.

CHECKMATE-067

Phase 3 clinical trial demonstrating a PFS benefit with relatlimab + nivolumab combination compared with relatlimab. RELATIVITY-047

Phase 3 clinical trial demonstrating survival benefit with ipilimumab in the adjuvant setting for the first time. NCT00636168

Phase 3 clinical trial comparing adjuvant nivolumab versus ipilimumab after complete resection of stage-IIIb/c-IV high-risk melanoma, 
which shows improved RFS with nivolumab versus ipilimumab.

CHECKMATE-238

First randomized phase 3 clinical trial of adjuvant pembrolizumab compared with placebo in stage-II melanoma, which shows 
initial evidence of reduced risk of recurrence in the adjuvant immunotherapy arm.

KEYNOTE-716

Randomized phase Ib trial comparing for the first time neoadjuvant versus adjuvant combination ICB with nivolumab + 
ipilimumab in participants with high-risk stage-III melanoma, demonstrating the feasibility of these treatment regimens in early 
disease settings, the clinical and immune activity of the neoadjuvant treatment, and the need to optimize treatment regimens for 
reduced toxicity.

OpACIN trial

Phase 2 clinical trial of neoadjuvant nivolumab versus ipilimumab + nivolumab in participants with high-risk resectable melanoma, 
showing the feasibility of neoadjuvant ICB in melanoma and the need to optimize treatment regimens for reduced toxicity.

NCT02519322

Phase 1b clinical trial investigating neoadjuvant followed by adjuvant anti-PD-1 with pembrolizumab in participants with stage-III/IV  
resectable melanoma, demonstrating the clinical feasibility of neoadjuvant/adjuvant anti-PD-1 therapy in melanoma and rapid 
pathological and immunologic responses in tumors.

NCT02434354

Three-arm phase 2 clinical trial investigating 3 regimens of combined neoadjuvant ICB with ipilimumab + nivolumab for reduced 
toxicity, identifying ipilimumab 1 mg/kg plus nivolumab 3 mg/kg as the most favorable schedule (expansion cohort with this 
regimen is ongoing).

OpACIN-neo trial

Extension study of OpACIN-neo, testing whether therapeutic lymph node dissection could be omitted in participants who achieve 
a complete or near-complete pathologic response to neoadjuvant ipilimumab + nivolumab.

PRADO

Phase 2 randomized clinical trial testing adjuvant nivolumab versus nivolumab + ipilimumab based on early pathological responses 
to neoadjuvant nivolumab in participants with resectable stage-III melanoma (ongoing).

NCT04013854

Phase 2 randomized clinical trial comparing adjuvant versus neoadjuvant anti-PD-1 with pembrolizumab for participants with 
resectable stage-III-IV high-risk melanoma (ongoing).

NCT03698019

First biomarker-driven neoadjuvant immunotherapy phase 1b clinical trial in stage-III melanoma, allocating participants with low 
and high IFN-γ signatures to neoadjuvant ICB ± histone deacetylase (HDAC) inhibition, with the aim of inducing the IFN-γ pathway 
through HDAC inhibition in participants with a low IFN-γ signature (ongoing).

NCT04133948
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remain to be directly tested in prospective clinical trials. Similarly,  
it will be important to understand whether MHC-II expression  
levels and localization play a role in the activity of LAG-3 blockade.

Additional advancements with ICB in melanoma have come 
from its investigation in earlier-stage disease, when administered 
after (adjuvant therapy) or before (neoadjuvant therapy) surgical 
resection. Ipilimumab was the first ICB therapy to show durable 
survival benefit in melanoma in the adjuvant setting100–102 (Table 1),  
followed by PD-1 blockade with either nivolumab or pembro-
lizumab, which showed improved relapse-free survival (RFS) 
compared with placebo or even ipilimumab in individuals with 
high-risk stage-III melanoma, although no overall survival (OS) 
benefit has been observed to date103. Given the improved toxic-
ity profile compared with that of ipilimumab, PD-1 blockade has 
become a standard of care for adjuvant therapy. Recently, adjuvant 
pembrolizumab received Food & Drug Administration approval for 
stage-IIb/c melanoma on the basis of its improved RFS compared 
with that of placebo104.

Neoadjuvant ICB has also gained momentum, with five studies 
being completed to date in melanoma105,106. Neoadjuvant ipilim-
umab + nivolumab or PD-1 blockade alone demonstrated 33–57% 
and 19–25% complete pathologic response (pCR) rates, respec-
tively. As the increased pCR rate with neoadjuvant ipilimumab + 
nivolumab comes at the cost of greater toxicity, studies to optimize 
doses and/or regimens for a better safety profile are underway 
(Table 1). Alternative combination regimens are also being inves-
tigated, with neoadjuvant nivolumab + relatlimab showing impres-
sive pCR rates (59%)107.

Notably, early pathologic responses to neoadjuvant ICB strongly 
predict RFS. Pathologic responses (<50% viable tumor) within 6 
weeks of anti-PD-1 ± anti-CTLA-4 were associated with >94% 
RFS at 2 years in a recent pooled analysis of individuals with stage 
III melanoma108. The ability to predict long-term outcomes on the 
basis of early pathological responses to neoadjuvant therapy pro-
vides the unique ability to tailor the type and duration of adjuvant 
therapy in a personalized manner. Moreover, initial biomarker 
analyses have reported that elevated baseline IFN-γ signature 
scores and TMB as well as post-treatment tumor fibrosis are asso-
ciated with pathologic responses and survival after neoadjuvant 

ICB109,110, offering biological parameters that can further improve 
patient allocation to the right treatment. Trials that test whether 
these potential biomarkers can be used to inform clinical manage-
ment are underway. For example, ongoing trials are investigating 
the advantage of modifying adjuvant therapy (NCT04013854) or 
surgical management111 on the basis of pathologic response to neo-
adjuvant therapy or baseline tumor IFN-γ scores (NCT4133948). 
Finally, the clinical efficacy of neoadjuvant versus adjuvant ICB 
with pembrolizumab is being directly tested in prospective studies 
(NCT03698019, Table 1).

Overall, these studies point to the feasibility of ICB in earlier-stage 
disease. In particular, neoadjuvant ICB offers the advantage of rapid 
activity evaluation, which facilitates early treatment modification if 
necessary. Moreover, neoadjuvant treatment serves as an efficient 
platform for analysis of immune correlates and resistance mecha-
nisms in patients, which is key to guide the most rational treatment 
combinations, as discussed below.

Assessment of pharmacodynamic ICB activity for refined 
biomarker discovery
The precise tracking and interrogation of the immunologic responses 
to ICB are critical for understanding the mechanism(s) of action 
and identifying early predictive biomarkers. The direct pharmaco-
dynamic effect of immunotherapy is on the immune compartment, 
with an indirect effect on the tumor. Neoadjuvant studies offer an 
optimal setting to investigate response predictors and tumor resis-
tance mechanisms in humans because of the availability of paired 
pre-treatment and on-treatment samples. Early neoadjuvant trials  
in melanoma identified pharmacodynamic immune responses of 
CD4+ and CD8+ TILs to high-dose IFN alpha-2b112 and anti-CTLA-4 
(ref. 106) at 4–6 weeks post therapy, demonstrating that the immuno-
logic activity of immunotherapies occurs early in humans.

Subsequent studies interrogated changes in cellular states in 
response to ICB in more depth. Through these analyses, CTLA-4 
blockade was found to primarily expand ICOS+T-bet+CD4+ effec-
tor T cells in PB and tumors, including melanoma113–115. Treg cells 
have been extensively studied as an another potentially relevant 
pharmacodynamic target of CTLA-4 blockade, because CTLA-4 is 
maximally expressed in Treg cells, especially intratumoral Treg cells116. 
While in murine tumor models, including melanoma, intratumoral 
Treg cells selectively decrease after anti-CTLA-4 and this contrib-
utes to the anti-tumor activity (Fig. 2), similar effects have not been 
definitely proven in humans. Ipilimumab is an IgG1 antibody and 
can mediate antibody-dependent-cellular-cytotoxicity (ADCC) of 
human Treg cells ex vivo117. However, Foxp3+ Treg cells were not found 
to be reduced in melanoma biopsies after ipilimumab treatment118. 
In addition, in mice and humans, peripheral Treg cells are overall 
expanded after CTLA-4 blockade independent of the therapeutic 
activity106,119,120. This indicates that CTLA-4 can limit Treg expansion 
and that when this pathway is blocked more Treg cells are generated 
in the periphery, despite potentially being less suppressive during 
CTLA-4 inhibition (Fig. 2)61,121,122. This peripheral Treg expansion 
can contribute to replenish the intratumor Treg pool, thus explain-
ing our inability to detect substantial intratumoral Treg loss even 
upon treatment with a depleting anti-CTLA-4 antibody. Deeper Treg 
profiling will help us understand whether certain Treg subsets (for 
example CTLA-4hi Treg cells) may be specifically modulated and/
or reduced by CTLA-4 blockade and can be monitored as robust 
biomarkers. There may also be distinct mechanisms of action of 
anti-CTLA-4 against peripheral and intratumoral Treg cells, which 
can be determined by the different composition and function of the 
microenvironment. These observations led to the development of 
optimized versions of the anti-CTLA-4 ipilimumab for increased 
ADCC of Treg cells or preferential activation in the TME to limit the 
effect on peripheral Treg cells123. These agents are currently in clinical 
testing for advanced solid cancers, including melanoma.

Anti-PD-1Anti-CTLA-4

TFH Treg cells TEX CTLTH1 effector

CD4+ CD8+

Fig. 2 | Main cellular targets of ICB in humans. Schematic representation of 
the immune cell types primarily affected by anti-CTLA-4 (red arrows) and 
anti-PD-1 (blue arrows) as reported in humans. Notably, most of these cell 
types overexpress the targets of ICB, potentially explaining their preferential 
modulation after ICB. CTLA-4 blockade induces TH1 effector cells (eff) and 
TFH cells, while counteracting Treg function and possibly expanding TEX cells. 
PD-1 blockade reinvigorates TEX and possibly potentiates effector CD8+ CTLs 
but expands functionally suppressive Treg cells and can decrease TFH cells. 
Combined assessment of these immune cell subsets during ICB will likely  
help select relevant pharmacodynamic changes that can be then taken 
as reliable activity biomarkers for these treatments. Dark color, definitive 
evidence; light color, weaker evidence.
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Recent studies have also carefully profiled the kinetics and com-
position of the pharmacodynamic immune responses of human 
cancers—including melanoma—to PD-1 blockade. PD-1 blockade 
results in early activation and proliferation of T cells and Treg cells. 
The CD8 response is largely composed of TEX over-expressing PD-1, 
CTLA-4, and Eomes90,91. Early CD8+ TEX reinvigoration was associ-
ated with clinical and pathologic responses after a single dose of 
PD-1 blockade, with TEX proliferation peaking by 7 days after the 
initial treatment dose90. The heterogeneity of CD8+ TEX cells is now 
being deconvoluted, with specific TEX subsets shown to preferen-
tially respond to anti-PD-1, such as progenitor CD8+ TEX cells124. 
However, the immunologic response to PD-1 blockade in humans is 
heterogenous and may extend to other CD8+ T cell subsets, such as 
effector-memory CD8+ T cells125 (Fig. 2). Increases in Treg prolifera-
tion and activation after PD-1 blockade were associated with poor 
clinical outcomes90,91. These data are consistent with recent studies 
showing that PD-1 blockade potentiates Treg immunosuppression126. 
Therefore, the relative effects of anti-PD-1 on CD8+ T cells versus 
Treg cells may play an important role in dictating clinical outcomes127. 
Other PD-1hi T cells that can be preferentially impacted by PD-1 
blockade and respond to this treatment are TFH and T follicular reg-
ulatory cells. These are the CD4+ T cells displaying the highest PD-1 
expression; however, their dynamic changes and role in the response 
to immunotherapy are not fully understood. A population of circu-
lating PD-1hiFoxp3–CD4+ T cells resembling TFH cells was described 
to be decreased during PD-1 blockade in patients with melanoma, 
but expanded upon anti-CTLA-4 (Fig. 2)61 according to observa-
tions in CTLA-4-deficient mice121,128. Intriguingly, these cells were 
found to suppress T cell effector functions in mice and humans and 
to accumulate in progressing melanoma tumors in mice61. Notably, 
in a retrospective analysis, patients with melanoma with lower fre-
quencies of these TFH-like cells in PB showed improved responses to 
PD-1 blockade61. The precise role and predictive/prognostic signifi-
cance of bona fide TFH cells in the response to immunotherapy need 
to be confirmed in prospective studies in patients.

Advances in sequencing technology are expected to tremen-
dously accelerate the interrogation of these pharmacodynamic 
immune responses, through single-cell transcriptional character-
ization of T cell states129 and paired RNA–TCR sequencing analy-
ses of clonally expanded T cells. Initial studies have shown that 
CD8+ TEX cells preferentially responding to ICB are more clonal 
than are other T cell states and are enriched for tumor-reactive 
cells across solid cancer types29,129,130. These initial results provide 
proof-of-principle that we will soon be able to monitor and inter-
rogate the antigen-specific pharmacodynamic immune responses to 
immunotherapy at unparalleled depth.

overcoming immunotherapy resistance by targeting 
melanoma metabolism
Despite the success of ICB, the efficacy of these therapies, even 
in combination, has reached a plateau, and novel classes of drugs 
are urgently needed. Tumor metabolic dependencies are emerging 
as key tumor vulnerabilies that may be amenable for targeting in 
combination with immunotherapy. Tumor cells generally adapt to 
undergo aerobic glycolysis, which is energetically less efficient than 
oxidative phosphorylation, but can feed metabolic intermediates 
into anabolic processes to sustain rapid cell division. Aerobic glycol-
ysis is normally used by rapidly dividing cells, such as activated lym-
phocytes. However, in the TME, cancer cells are selected to acquire 
a metabolic advantage over normal immune cells, thus tipping the 
balance in favor of tumor progression and immune evasion.

Metabolic competition is particularly relevant in melanoma, as 
its oncogenic program unavoidably converges into activation of 
MAPK and PI3K–AKT signaling pathways—most commonly via 
activating BRAFV600E mutation or PTEN loss/inactivation—which 
supports a highly glycolytic profile131–135. Elevated glycolysis in 

human melanoma negatively correlates with T cell infiltration and 
activation122,134,136, and response to ACT or ICB134,137. Supporting 
these correlative observations in patients, pharmacologic or genetic 
targeting of glycolysis in tumor cells improves the activity of either 
ACT or ICB in mice122,134.

Intriguingly, progressing melanoma can acquire a hypermeta-
bolic phenotype sustaining oxidative metabolism. These traits have 
been found to specifically distinguish brain melanoma metastases in 
humans138 and to contribute to ICB therapy resistance in mice139,140. 
To counteract this hypermetabolic phenotype and enhance immu-
notherapy, the antidiabetic biguanides are being investigated in 
melanoma, with promising results for phenformin in combina-
tion with anti-PD-1 in melanoma-bearing mice141. In addition, ini-
tial retrospective analyses show reduced occurrence of new brain 
metastases and trends toward favorable outcomes in individuals 
receiving metformin during ICB142.

Decreased oxygen tension in the microenvironment of 
hyper-oxidative tumors can promote T cell exhaustion143 and 
T cell resistance to anti-PD-1-mediated reinvigoration140 (Fig. 3). 
Conversely, tumor glycolysis and glucose deprivation in the micro-
environment pose preferential resistance to CTLA-4 blockade122 
(Fig. 3). The preferential barriers posed by oxidative versus glyco-
lytic tumor metabolism to anti-PD-1 and anti-CTLA-4 blockade, 
respectively, may be at least partially explained by the distinct cel-
lular localization of the direct targets of these immunotherapies. 
While PD-1 blockade primarily serves to reinvigorate dysfunctional 
PD-1+ T cells, which are pushed to terminal irreversible exhaustion 
states in low oxygen tension, CTLA-4 blockade has a role in coun-
teracting Treg cells, whose stability is potentiated in glucose-deprived 
environments122,144 (Fig. 3). To counteract Treg function independent 

TEX

Treg FA

Lactate

Glucose

Oxygen

Glycolysis
(MAPK, PI3K–AKT)

OXPHOS
(e.g., brain metastases)

Resistance to
anti-CTLA-4

Resistance to
anti-PD-1CTL

NK

Fig. 3 | Impact of melanoma metabolism on the immune 
microenvironment and response to ICB. Schematic representation of 
possible metabolic scenarios in melanoma. Left, the pro-oncogenic 
program of melanoma, converging on MAPK and/or PI3K–AKT activation, 
supports a highly glycolytic profile, which results in a glucose-deprived and 
lactate-enriched environment that creates a metabolic barrier to glycolytic 
effector immune cells (for example NK cells and CTLs) and preferentially 
retains Treg cells and TEX cells due to their reliance on alternative sources 
of fuels (for example lactate and fatty acids, FA). This TME potentiates 
Treg stability and suppressive profiles and poses specific obstacles to the 
activity of CTLA-4 blockade. Right, the metabolic state of melanoma can 
evolve with tumor progression and metastasis dissemination through the 
acquisition of a hypermetabolic phenotype, including the ability to sustain 
oxidative metabolism, such as in brain metastases. Low oxygen tension 
fosters the development of terminal TEX cells, generating an environment 
that is particularly refractory to the activity of PD-1 blockade. OXPHOS, 
oxidative phosphorylation.
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of tumor glycolysis, recent studies have shown that targeting lac-
tate144 or fatty acid metabolism145 in Treg cells enhances the response 
to ICB in mouse melanoma models.

Together, these findings highlight three major concepts: (1) the 
existence of symbiotic metabolic interactions between tumors and 
dysfunctional/suppressive immune cells that use complementary 
sources of fuel in the TME; (2) the possibility to interfere with these 
vicious interactions as a useful strategy to combine with immuno-
therapy; and (3) the relevance of profiling tumor metabolic states 
as additional key information to guide therapeutic decisions for 
assigning patients to the right immunotherapy.

Conclusions and future directions
Despite its immunogenicity, metastatic melanoma grows and  
disseminates owing to immunosuppression and escape mecha-
nisms. CTLA-4 and PD-1 blockade can efficiently target some of 
these mechanisms, by improving T cell priming, counteracting  

Treg suppression and re-invigorating PD-1hi TEX cells. However, 
many individuals still do not derive long-lasting benefits, even  
upon combined ICB.

In the era of combination immunotherapy, with more agents 
becoming available, the mechanism of single-agent therapies needs 
to be clearly delineated for guiding their rational combination. As 
the immunologic effects of immunotherapy occur early, we need 
to focus on these early events to identify (1) robust biomarkers, 
(2) resistance mechanisms, and (3) if necessary, proper thera-
pies to add in a timely manner, in order to capitalize on the prior 
pharmacodynamic response. Moving forward, the neoadjuvant 
treatment setting appears to be an optimal platform to efficiently 
explore all these aspects. Moreover, toxicity from current and new 
immunotherapy combinations remains a critical point to address146. 
Understanding the molecular mediators of immune toxicity (for 
example, antibody mediated versus T cell mediated) will substan-
tially help control these side effects and improve management of 
patients with melanoma.

The successful history of immunotherapy—especially with 
ICB—in melanoma has paved the way for its development in other 
cancers. Here, we have summarized the main lessons learned in the 
setting of melanoma immunobiology and immunotherapy, which 
can inform and accelerate further development of these treatments 
in other cancer types (Box 3). Comparing and contrasting efficacy 
and toxicity of immunotherapy across tumor types will tremen-
dously aid in delineating the key parameters to assess for predict-
ing response, limiting toxicity, and guiding therapeutic decisions to 
overcome treatment resistance.
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