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Simple Summary: Melanoma is a type of skin cancer that often spreads and is a significant cause
of skin-tumor-related deaths. Checkpoint inhibition with anti-programmed death protein-1 (PD-1)
antibodies has significantly improved outcomes for patients with advanced melanoma; however,
in the adjuvant setting, not everyone benefits equally. Little is known about the exact underly-
ing immunological mechanisms contributing to the efficacy of anti-PD-1 therapy in patients with
completely resected melanoma. This review summarizes the current knowledge on mechanisms of
cellular response to adjuvant PD-1 checkpoint inhibition and highlights a possible involvement of
ultraviolet radiation.

Abstract: Melanoma ranks as the fifth most common solid cancer in adults worldwide and is respon-
sible for a significant proportion of skin-tumor-related deaths. The advent of immune checkpoint
inhibition with anti-programmed death protein-1 (PD-1) antibodies has revolutionized the adjuvant
treatment of high-risk, completely resected stage III/IV melanoma. However, not all patients benefit
equally. Current strategies for improving outcomes involve adjuvant treatment in earlier disease
stages (IIB/C) as well as perioperative treatment approaches. Interfering with T-cell exhaustion to
counteract cancer immune evasion and the immunogenic nature of melanoma is key for anti-PD-1
effectiveness. Yet, the biological rationale for the efficacy of adjuvant treatment in clinically tumor-
free patients remains to be fully elucidated. High-dose intermittent sun exposure (sunburn) is a
well-known primary risk factor for melanomagenesis. Also, ultraviolet radiation (UVR)-induced
immunosuppression may impair anti-cancer immune surveillance. In this review, we summarize
the current knowledge about adjuvant anti-PD-1 blockade, including a characterization of the main
cell types most likely responsible for its efficacy. In conclusion, we propose that local and systemic
immunosuppression, to some extent UVR-mediated, can be restored by adjuvant anti-PD-1 ther-
apy, consequently boosting anti-melanoma immune surveillance and the elimination of residual
melanoma cell clones.

Keywords: melanomagenesis; PD-1 checkpoint inhibition; UVR exposure; ultraviolet radiation;
immune surveillance; skin; lymph nodes

1. Introduction

Melanoma is a malignant skin cancer with a high tendency for metastases. It is the
fifth most common solid cancer type in adults worldwide after breast, lung, colorectal
and prostate cancer and is responsible for approximately 90% of all skin-tumor-related
deaths [1,2]. The most prominent risk factors for melanoma include solar ultraviolet
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radiation (UVR), a family history of melanoma, high numbers of (dysplastic) nevi, male sex,
high age and immunosuppression [3–5]. Exposure to UVR is estimated to be responsible
for the development of approximately 65% of all melanomas [6,7] and is also the primary
modifiable cause. Primary prevention strategies hence aim at protecting the skin to avoid
sunburn [8].

Whereas stage 0 (in situ, i.e., confined to the epidermis) melanomas usually are cured
by excision, this is less frequently the case in stage I and II melanoma. Early stage I and II
melanomas already invade the dermis and implicate a considerable risk of recurrence of
2% to 8% in stage IA/B, with one-third recurring as distant metastases even after complete
melanoma resection [9,10]. Patients with stage IIB/C melanoma furthermore have a greater
risk of recurrence and melanoma-specific death than those with stage IIIA disease [11,12].
For patients with melanoma metastasizing to distant organs, the dramatically dropped
median 5-year survival has been raised to about 50% in those receiving immune-checkpoint
inhibition (ICI) combination therapy with nivolumab and ipilimumab [13].

Thus, avoiding disease progression and melanoma recurrence is of major importance
and the main driver towards earlier intervention with ICI therapy. In line is the very
recent approval for adjuvant anti-programmed death protein-1 (PD-1) treatment of stage
IIB/C melanoma in 2022/2023 [14–16] subsequent to the European Medicines Agency
approval of the anti-PD-1-inhibitors nivolumab and pembrolizumab for adjuvant treatment
of higher-risk stage III melanoma in 2018.

A main explanation for PD-1 blocking efficacy is that melanoma is a highly immuno-
genic tumor usually eliciting pronounced cytotoxic tumor-specific T-cell responses [17,18]
PD-1 is a co-inhibitory immune checkpoint and strongly expressed on exhausted cytotoxic
T cells in settings of chronic inflammation, e.g., the tumor microenvironment (TME). By
upregulating programmed death protein ligand-1 (PDL-1), melanoma cells hijack this phys-
iological negative feedback mechanism leading to PD-1/PDL-1-mediated T-cell inactivation
and dysfunction for immune evasion [19]. Therapeutic blockade of PD-1 proposedly leads
to the reactivation of tumor-specific cytotoxic CD8+ T cells, thus reactivating the anti-tumor
immune response [20].

However, we do not yet understand the underlying mechanism of adjuvant anti-PD-1
therapy, specifically considering the fact that the—supposedly immunogenic—primary
tumor mass is lacking. The rationale for earlier therapeutic interventions hence is based on
previously demonstrated treatment efficacy in more advanced disease stages rather than
on biology [15]. In this review, we aim to delineate a molecular explanation for the efficacy
of adjuvant anti-PD-1 therapy and propose two scenarios: boosting of anti-melanoma im-
mune surveillance for eliminating newly transforming pre-malignant melanocytes and the
elimination of residual melanoma clones/residual subclinical melanoma in UVR-damaged
skin and UVR-immune-compromised skin, respectively. To provide a comprehensive frame
on the research gap in the field, we first summarize current landmark trials of adjuvant
anti-PD-1 therapy before we delve into what is currently known about the identity of the
cells that actually respond to anti-PD-1 therapy and the multifaceted impact of UVR on
melanomagenesis, anti-cancer immune surveillance and PD-1 blockade.

2. Adjuvant Anti-PD-1 Therapy: Efficacy and Potential Drawbacks

The approval of nivolumab for adjuvant treatment of stage III melanoma was based
on data from the CheckMate-238 trial, in which patients with resected stage IIIB, IIIC
or IV melanoma (AJCC 7th edition) received one year of adjuvant treatment with either
nivolumab at a dose of 3 mg/kg or ipilimumab at 10 mg/kg. After 18 months of follow-up,
nivolumab showed superior efficacy compared to ipilimumab. The primary outcome
measure was recurrence-free survival (RFS) with a hazard ratio (HR) of 0.65 [97.56% CI, 0.51
to 0.83, p < 0.01] [14], further confirmed after 4 years of follow-up (HR 0.71 [95% CI, 0.60 to
0.86, p = 0.003]) [21]. In the absence of head-to-head evidence, an indirect comparison of
nivolumab (CheckMate 238) versus a placebo (EORTC 18071 trial: ipilimumab vs. placebo)
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also showed a clinically meaningful reduced relative risk of relapse after 4 years of follow-
up with an HR of 0.53 [95% CI, 0.42 to 0.68] in patients receiving adjuvant nivolumab [22].

Similar results were obtained with pembrolizumab. In the Keynote-054 (EORTC 1325)
trial, patients with resected stage IIIA (at least one lymph node metastasis > 1 mm), IIIB or
IIIC melanoma (AJCC 7th edition) either received a fixed dose of adjuvant pembrolizumab
(200 mg) every 3 weeks for 1 year or a placebo. RFS was significantly improved in the pem-
brolizumab arm compared to the placebo with an HR of 0.56 [95% CI, 0.47 to 0.68, p < 0.001]
after 3 years [23], which was sustained after 5 years of follow-up (HR 0.61 [95% CI, 0.51 to
0.72]) [24]. Also, the toxicity profile of adjuvant pembrolizumab (14.7% grade 3–5 treatment-
related adverse events (TRAEs)) [25] was comparable to that of adjuvant nivolumab in the
CheckMate-238 trial (14.4% grade 3–5 TRAEs) [14].

According to the eighth edition of the AJCC staging system, patients with stage
IIB melanoma face a worse prognosis than patients with stage IIIA disease, whereas the
prognosis of IIC patients is similar to that for stage IIIB [26]. These findings led to the
evaluation of adjuvant nivolumab and pembrolizumab in completely resected stage IIB/C
melanoma. The CheckMate-76K trial compared 480 mg nivolumab every four weeks for
1 year to a placebo in 790 stage IIB/C patients, demonstrating a significant improvement in
RFS in patients receiving adjuvant nivolumab (HR 0.42 [95% CI, 0.30–0.59, p < 0.0001]) [16].
A significant improvement in RFS (HR 0.62 [95% CI, 0.45–0.94]) was also reported for
adjuvant pembrolizumab in the Keynote-716 trial, in which 976 patients with resected stage
IIB and IIC melanoma received either 200 mg pembrolizumab or a placebo every 3 weeks
for 1 year [15]. Details of the trials are summarized in Table 1.

Despite the efficacy of adjuvant anti-PD-1 treatment, there is still a considerable risk
of recurrence. After only one year, recurrence rates in adjuvant phase III trials were 37%
in stage IV, 25–28% in stage III and approximately 10% in stage II, further increasing to
45–50% in stage III and IV after 5 years of follow-up [14–16,24,25,27].

In a retrospective multicenter evaluation, the median time to recurrence in stage III and
IV disease patients under adjuvant anti-PD-1-therapy was 4.6 months [95% CI 0.3–35.7].
The majority (76%) of patients experienced recurrence during adjuvant anti-PD-1 treatment
indicating an intrinsic, primary resistance, and the remaining 24% experienced recurrence
after treatment termination (median of 12.5 months) [28]. These findings are in line with
the suggested definition of the Society for Immunotherapy of Cancer of primary resis-
tance/early relapse in response to PD-1 pathway blockade as recurrence at <12 weeks and
late relapse as recurrence at >12 weeks after the termination of therapy [29].

Unfortunately, the patterns of disease recurrence are not reported in a standardized
way across adjuvant trials; however, initial recurrences most frequently occur at distant
sites. This was seen in stage IIB/IIC disease within the Keynote-716 trial, with 47% of
all recurrences evolving at distant sites at 27 months [30]. After 5 years of follow-up,
distant recurrence rates in patients with stage III/IV disease were 57% in the CheckMate-
238 and 63% in the Keynote-054 trial [24,27]. Real-world data confirm these recurrence
patterns, with 57% of stage III/IV melanoma recurrences happening distantly [28]. Also, the
development of new primary melanoma has been reported in 1–2% of patients undergoing
adjuvant anti-PD-1 therapy [15,27].

The prevention of disease recurrence is still the main driver of dynamically evolving
perioperative and/or combination treatment strategies.

The combination of anti-PD-1 therapy with other immune checkpoint inhibitors has
been successful in the metastatic setting and is currently being evaluated in the adju-
vant setting. Ongoing adjuvant phase III trials examine dual checkpoint inhibition with
nivolumab and the LAG-3 inhibitor relatlimab in completely resected stage III disease in
the Relativity-098 trial (NCT05418972), the combination of cemiplimab (anti-PD-1) and
fianlimab (anti-LAG-3) in patients with stage IIC-IV melanoma (NCT05608291), and the
co-formulation of pembrolizumab and vibostolimab (inhibitor of T-cell immunoreceptor
with Ig and ITIM domains (TIGIT)) in resected stage II–IV disease in the Keyvibe-010
trial (NCT05665595).
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However, in the CheckMate-915 trial, the addition of 1 mg/kg ipilimumab every
6 weeks to 240 mg nivolumab every 2 weeks did not achieve a clear RFS benefit in com-
parison with 480 mg nivolumab every four weeks, but was associated with substantially
increased toxicity (33% vs. 12.8% grade 3–5 TRAEs) [31] (see Table 1). Of note, the schedule
of ipilimumab administration in this trial was different from that routinely used in the
advanced disease setting.

In general, the risk of severe acute as well as long-term toxicities is another potential
drawback of adjuvant anti-PD-1 immunotherapy, which must be particularly considered in
patients with relatively low risk of recurrence (e.g., stage IIB, III A) [32].

Table 1. Pivotal phase III trials involving adjuvant anti-PD-1 immunotherapy in resectable high-risk
melanoma; * AJCC 7th edition; # AJCC 8th edition; Abbreviations: CLND, complete lymph node
dissection; RFS, relapse-free survival; TRAEs, treatment-related adverse events.

Trial Stage Trial Arms (n Patients) CLND RFS (%) Grade 3–5 TRAEs (%)

CheckMate-238
[14,21,27,33,34]

IIIB, IIIC,
IV *

Nivolumab vs. Ipilimumab
A: 3 mg/kg nivolumab; Q2W (n = 453)
B: ipilimumab 10 mg/kg Q3W 4x, followed by Q12W
≤1 year (n = 453)

Yes Nivolumab
(Arm A)
−12 months: 70.5%
−24 months: 62.6%
−36 months: 58.0%
−48 months: 51.7%
−60 months: 50.0%

Nivolumab
(Arm A): 14.4%

Keynote-054 [23–25] IIIA-
IIIC *

Pembrolizumab vs. Placebo
A: 200 mg pembrolizumab Q3W, 18 doses (~1 year)

(n = 514)
B: placebo (n = 505)

Yes Pembrolizumab
(Arm A)
−12 months: 75.4%
−24 months: 68.3%
−36 months: 63.7%
−60 months: 55.4%

Pembrolizumab
(Arm A): 14.7%

SWOG S1404 [35] IIIA-
IIID, IV *

Pembrolizumab vs. Adjuvant Standard of Care
A: 200 mg pembrolizumab Q3W for 1 year (n = 647)
B: high-dose IFNα-2b or 10 mg/kg ipilimumab Q3W 4x,

followed by up to 11 doses Q12W (n = 654)

Yes Not reported Pembrolizumab
(Arm A): 19.5%

CheckMate-915 [31] IIIB-
IIID, IV #

Nivolumab/Ipilimumab vs. Nivolumab alone
A: 240 mg nivolumab Q2W + ipilimumab 1 mg/kg Q6W

(n = 920)
B: 480 mg nivolumab Q4W (n = 924)

Yes Nivolumab/Ipilimumab
(Arm A)
−24 months: 64.6%
Nivolumab Arm
(Arm B)
−24 months: 63.2%

Nivolumab/Ipilimumab
(Arm A): 33.0%

Nivolumab Arm
(Arm B): 12.8%

CheckMate-76K [16] IIB-
IIC #

Nivolumab vs. Placebo
A: 480 mg nivolumab Q4W (n = 526)
B: placebo (n = 264)

No Nivolumab
(Arm A)
−12 months: 89%

Nivolumab
(Arm A): 10.5%

Keynote-716 [15,36] IIB-
IIC #

Pembrolizumab vs. Placebo
A: 200 mg pembrolizumab Q3W, 17 cycles (n = 487)
B: placebo (n = 489)

No Pembrolizumab
(Arm A)
−12 months: 90%
−18 months: 86%
−36 months: 76%

Pembrolizumab
(Arm A): 17%

3. Mechanisms of Cellular Response

A clinically detectable melanoma has escaped from the cancer–immune equilibrium, a
phase during which subclinical melanoma already has been initiated but the immune sys-
tem is in control and prevents further growth and spread [17]. The underlying mechanisms
of melanoma immune evasion are reasonably well understood and include downregulation
of tumor-associated antigens (e.g., MART-1, tyrosinase, and gp100, cancer testis antigens,
neoantigens), upregulation of co-inhibitory receptor ligands such as PDL-1 [17,37], down-
regulation of MHC-I-class molecules [17,38–40] and a plethora of further mechanisms
contributing to a tumor-promoting microenvironment [17].

Upregulation of PDL-1 and downregulation of MHC-I-class molecules are particularly
relevant, as these two mechanisms complement each other, allowing melanoma cells
to evade MHC-I-restricted killing by tumor-specific cytotoxic CD8+ T cells and instead
render them dysfunctional via the PD-1/PDL-1 pathway. Interfering with CD8+ T-cell
dysfunction by immune checkpoint blockade has become a therapeutic cornerstone in
advanced melanoma. The proposed concept behind treatment with anti-PD-1 antibodies
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was to reinvigorate dysfunctional or exhausted CD8+ T cells within the TME to counteract
tumor progression [41,42].

In the case of adjuvant anti-PD-1 therapy in completely resected stage II/III melanoma,
the biology is less clear, because the tumor mass is lacking. Furthermore, the biology
behind T-cell dysfunction is complex, and the question of which cells mediate anti-PD-1 and
adjuvant anti-PD-1 therapy responses remains. The term T-cell dysfunction has been coined
for cancer immunology in analogy to T-cell exhaustion in chronic infection. In chronic
infection, pathogens persist, and sterilizing immunity cannot be achieved. The chronically
stimulated antigen-specific T cells gradually loose effector functions and concomitantly
upregulate inhibitory receptors such as PD-1 [43,44]. In contrast to acute infection, cancers
develop slowly through clonal evolution [45], during which they either initially evade T-cell
recognition simply by lack of sufficient cancer antigens required for activating antigen-
presenting cells or by suboptimal priming of tumor-specific T-cell responses in tumor-
draining lymph nodes (TDLNs) [46]. Subsequent accumulation of mutations and increased
expression/release of tumor antigens during cancer transformation may promote increased
antigen presentation in TDLNs and increased infiltration of the tumor with tumor-reactive
T cells. From there on, a continuous encounter with persistent tumor antigens (rather
than microenvironmental factors such as PDL-1 upregulation) drives T-cell dysfunction,
possibly explaining the incongruent results regarding PDL-1 expression in tumors and
response to anti-PD-1 therapy [47]. The dysfunctional differentiation program is triggered
during tumor initiation, epigenetically imprinted and, importantly, reversible only at early
stages [17,47]. During this dynamic process, T cells progressively loose effector functions
such as the ability to proliferate, produce cytokines and kill target cells [46,48,49]. Early and
late tumor-specific dysfunctional T cells have equally impaired cytotoxicity and express
PD-1 and LAG-3. Late dysfunctional T cells can be distinguished from early dysfunctional
T cells by the expression of additional inhibitory receptors such as CD38, CD39, CD101 and
TIM3 [47,50].

The fact that distinct states of T-cell dysfunction exist strongly suggests that exhausted
T cells from early to late dysfunctional states cannot be equally well boosted or respond
equally well to PD-1 blockade. Indeed, early dysfunctional T cells have been increasingly
described to be the least epigenetically constrained, with reversible dysfunction similar
to the so-called progenitor-exhausted T cells from chronic infection models [47,51–53].
Also, there is no evidence that dysfunctional CD8+ T cells within tumors are able to regain
function or expand in response to PD-1 blockade. Instead, increased proliferation of
circulating lymphocytes and clonotypic expansion of T cells observed in the blood were
associated with superior clinical responses [54,55]. Other studies demonstrated a clonal
replacement of exhausted intratumoral CD8+ T cells with non-exhausted T cells from
outside the tumor during anti-PD-1 therapy [56].

Importantly, tumor-specific CD8+ T cells readily identified in TDLNs are generally
of an early dysfunctional phenotype and express intermediate levels of PD-1 and the
chemokine receptor CXCR5 and high levels of T-cell factor 1 (TCF-1) [52,54]. Moreover,
these cells are capable of a proliferative burst in response to PD-1 blockade and highlight
the TDLNs as a reservoir for CD8+ T cells responsive to anti-PD-1 therapy [57–61].

Collectively, these studies propose that early dysfunctional tumor-specific PD-1+ CD8+

T cells in sites of micrometastases, lymph nodes and blood may be the actual target cells of
therapeutic anti-PD-1 antibodies, as they expand, infiltrate the tumor and most likely also
engage in the anti-tumor immune defense [46,62]. Moreover, early dysfunctional tumor-
specific CD8+ T cells circulating in blood implicate their systemic distribution, migration
into neighboring but also more distant lymph nodes and homing to the site of the skin
lesion and beyond. Early dysfunctional melanoma-specific CD8+ T cells accordingly are
still present, even after complete resection of the primary melanoma and affected TDLNs.
Hence, they are also plausible target cells in the setting of adjuvant PD-1 blocking therapy.
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4. The Multifaceted Effects of UVR (in Melanomagenesis)

Susceptibility to developing a clinically evident melanoma may arise from repeated
UVR-induced skin stress, as cutaneous melanoma has been consistently associated with
a history of repeated sunburns [63–66]. In fact, 85% of cutaneous melanomas present
evidence of UVR signature mutations in their genomes [18,67]. The association between
sun exposure and melanomagenesis, however, is complex because some melanomas arise
at sun-shielded anatomical sites or without known etiological association with UVR ex-
posure [68]. Here, inherited transcriptional programs involved in melanocyte positional
identity, microenvironmental permissive niche cues and thyroid hormone effects, among
others, may control melanoma biology [68,69].

The dual pathway hypothesis, first proposed by Holman et al. [70] and based on
observations of intermittent versus continuous patterns of sun exposure promotes two
distinct biological pathways by which cutaneous melanoma might develop. Accordingly, it
differentiates between a globally estimated 75% of cutaneous melanomas associated with
cumulative sun damage arising from excess sun exposure at sites such as head and neck
and those arising on less frequently sun-exposed sites in people with many nevi [71–73]. In
other words, melanomas arising from chronically sun-damaged skin (i.e., head and neck)
proposedly evolve from distinct evolutionary trajectories compared to those arising from
less frequently UVR-exposed sites [74,75].

Still another layer of complexity arises from the fact that melanomas are not a direct
consequence of UVR-exposure-associated damage but usually develop later during the
course of life [69]. This highlights the importance of revisiting the broad immunomodu-
latory properties of UVR on top of its direct skin-damaging effects, which might hinder
proper immune responses to the neoplastic transformation of melanocytes in the long
term. UVR-mediated effects on adaptive immune responses are subtle consequences of the
initial innate immune responses and the associated inflammatory milieu [76,77]. They can
occur locally and systemically, and their net effects are immunosuppressive, most likely to
avoid immune-mediated further destruction instead of the resolution of the UVR-induced
damage and inflammation.

In the following, we outline current knowledge about the significance of UVR-induced
skin stress from sunburn to systemic immunomodulation. This serves as a knowledge
base as to why adjuvant anti-PD-1 therapy can effectively enhance immune surveillance
against cancer.

4.1. Direct and Indirect Effects of UVR on the Skin and the Sunburn Response

The main mechanisms by which UVR induces skin tumorigenesis involve direct effects
on DNA mutations and indirect effects via the promotion of inflammation and suppression
of anti-tumor immune responses [75].

Solar UVR contains 6% UVB radiation (waveband 280–320 nm) capable of penetrating
only as far as the epidermis and 94% UVA radiation (waveband 320–400 nm) penetrating
deeper into the dermis [78]. Both are considered phototoxic because they elicit the produc-
tion of reactive oxygen species resulting in oxidative stress [79–81]. The small fraction of
shorter-wavelength UVB radiation is particularly relevant for skin cancer development
because it exerts both direct and indirect detrimental UVR effects on the skin [78]. Di-
rect UVR-induced damage, in particular, the formation of cyclobutane pyrimidine dimers
from the interaction of UVB with DNA [82], can give rise to cancer-driving mutations in
oncogenes and tumor suppressor genes if it remains unrepaired [75,76].

The relevance of direct UVR-induced DNA damage for melanomagenesis is high-
lighted by the fact that melanocytes contain over 2000 genomic sites that are extraordinarily
sensitive to UVR, which perfectly align with recurrent UV signature mutations (character-
istically C > T and CC > TT transitions) in individual gene promoters of melanomas and
known cancer drivers [83]. UVR thus has been implicated as a major factor in both the
initiation and progression of melanoma since it increases genomic instability in melanocytes
(Figure 1) [84]. Interestingly in a murine model, the ability to initiate melanoma formation
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after UVR exposure was higher in NRAS-mutant melanocytes as compared to BRAF-
mutant melanocytes, whereas mutational burden was higher in BRAF-driven tumors [85].
A growing body of evidence suggests that modifications in the epigenetic landscape associ-
ated with UVR exposure drive the alteration of transcriptional programs that are tightly
associated with the development of melanoma [86,87].
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Dose and intensity certainly are major factors determining the initial impact of UVR.
Normal UVR exposure causes keratinocytes to release alpha-melanocyte stimulating hor-
mone (α-MSH), which signals melanocytes that there is a need for melanin. The binding of
α-MSH to the melanocortin-1 receptor (MC1R) initiates the transcription of microphthalmia-
associated transcription factor and the synthesis of tyrosinase, tyrosinase-related protein 1
and pre-melanosome protein [79,88–91]. Melanocytes hence react with increased melano-
genesis and the transfer of UVR-absorbing melanin granules to keratinocytes for protecting
their nuclear DNA like a sun cap [92,93]. The resulting tanning protects both keratinocytes
and melanocytes themselves from repeated modest UV irradiation [69,94–96]. In addition,
MC1R is a key regulator of melanogenesis and determines the skin tone of tanning by
controlling the relative proportions of eumelanin and pheomelanin [69]. Critically, MC1R
also is the most polymorphic gene in the human genome [69]. Many natural human MC1R
variants occur and the carriers of MC1R variants, in particular those with pale skin, freckles
and red hair, have an around 60% higher risk of developing melanoma [97–100]. Data from
a B16F10 mouse melanoma model suggest that increased activity of MC1R as result of UVR
exposure dampens the anti-tumor T-cell response [101].

In the case of excessive solar UVR exposure leading to sunburn, the situation regarding
melanogenesis is completely different. Sunburn manifests as erythema, increased blood
flow, mast-cell degranulation and skin peeling associated with keratinocyte cell death,
increasing the risk of melanoma by exposing melanocytes to direct UVR damage and
UV-induced gene mutations [77].

The sunburn response furthermore is characterized by acute self-resolving inflamma-
tion, triggered by the release of damage-associated patterns (DAMPs) such as self-RNAs,
oxidized lipids, heat shock proteins and high-mobility group box 1 protein (HMGB1) re-
leased from UVR-damaged and necrotic keratinocytes [76]. The binding of DAMPs to
Toll-like receptors on intact neighboring cells activates downstream type I interferon re-
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sponses and the release of TNFα, IL-6, IL-10 and IL-1b [75,76,102], which again contributes
to neutrophil granulocyte, monocyte and T-cell infiltration of the skin.

Both acute inflammation and transition into the resolving phase are mainly determined
by indirect UVR effects through the absorption of UVB photons by chromophores in
membrane lipids, proteins and nuclear DNA of epidermal cells. The resultant UVB-
induced products include reactive oxygen species but also potent immune mediators such
as platelet-activating factor (PAF), PAF-like molecules, prostaglandin E, cytokines (e.g.,
TNFα, IL-4, IL-6, IL-10, IL-33), antimicrobial peptides, cis-urocanic acid and the active
pre-vitamin D3 metabolite 1.25 (OH)2 D3.

These immune mediators directly or indirectly activate cells in the epidermis and
dermis, recruit circulating immune cells and, importantly, instigate immune suppression
for the resolution of the acute innate inflammation [76,102].

4.2. UVR Effects on Innate and Adaptive Immune Cells

Understanding and integrating these extremely pleiotropic and dose-dependent in-
direct UVR effects, each dampening or interfering with specific aspects of the immune
response, is challenging. In the following paragraphs, we summarize published evidence
(visualized in Figure 2) on how UVR may modulate the innate and adaptive immune
crosstalk in the skin, which, mainly based on in vivo animal and in vitro cell culture
data, provides important mechanistic clues regarding a compromised anti-cancer immune
surveillance but might not fully represent human biology.
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Figure 2. UVR initiates a cascade of skin responses, color-coded here to indicate processes and out-
comes: DNA damage and sunburn (orange), activation of innate immune cells like macrophages and
mast cells (green) and induction of immune suppression via Tregs and B regs leading to inhibition of
effector T cells (blue). The commensal microbiome’s influence on cytokine, AMP and TLR generation
is also depicted (purple). The dynamics of TRM cells and their cytokine profiles in various skin
layers are highlighted, emphasizing the nuanced interplay between skin immunity and UVR. The
precise impact of UVR on these TRM cell populations, however, remains to be uncovered. Adapted
from [103]. Abbreviations: AMP, antimicrobial peptide; Bregs, regulatory B cells; IFN, interferon;
IL, interleukin; ILC, innate lymphoid cell; LC, Langerhans cell; TEM, effector memory T cells; TLR,
Toll-like receptor; TNF, tumor necrosis factor; Tregs, regulatory T cells; TRM, tissue-resident memory
T cells; UVR, ultraviolet radiation; ↑, increase.
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Langerhans cells (LCs) are professional antigen-presenting cells that reside in the
epidermis, where they continuously sample the microenvironment. Upon activation,
they migrate to the skin-draining lymph nodes to prime and activate adaptive effector
cell responses. The respective effector functions depend on the activation state of LCs.
Exposing LCs in vitro to UVR leads to a depressed antigen processing and presenting
function [104–106] and downregulated expression of costimulatory CD80 and CD86 [107],
resulting in impaired interactions with adaptive immune cells.

In mice, anti-inflammatory IL-4, IL-10 and TGFβ released from UVR-exposed ker-
atinocytes, skin-infiltrating neutrophils and mast cells promote a tolerogenic phenotype
in LCs. Upon migration into skin-draining lymph nodes, they prime regulatory rather
than effector phenotypes in CD4+ T and B cells and immunosuppressive natural killer T
cells, which may release IL-4 and IL-10, contributing to systemic immune suppression or
migrate to the exposed skin, contributing to local immune suppression [76,77,102,108–115]
(summarized in Figure 3). In addition, fewer antigen-specific effector and memory T cells
are generated, which insufficiently migrate to the site of UVR exposure [76].
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4.3. UVR Effects on the Skin’s Neuroendocrine System 

Figure 3. Sun exposure and stress signaling in the skin and its draining lymph nodes. Under
normal conditions, a homeostatic equilibrium is maintained in the skin without stress signals (right
part of the figure). Solar UVB (290–320 nm) and UVA (320–400 nm) radiation (left part of the
figure), capable of penetrating the epidermis (UVB) and dermis (UVA), cause a stress response from
skin cells, initiating direct local inflammation and indirectly promoting an immunosuppressive
environment. This includes an innate response promoted by the production of pro-inflammatory
cytokines and danger-associated molecular patterns from keratinocytes and melanocytes and the
activation of tolerogenic LCs via the release of anti-inflammatory IL-10 from keratinocytes and mast
cells. Upon migration to the skin-draining lymph nodes, tolerogenic LCs prime regulatory immune
cell phenotypes in T and B cells, which travel to the skin where they suppress adaptive immune
surveillance. Abbreviations: LC: Langerhans cell, MstC: mast cell, IL: interleukin, IFNγ: interferon
gamma, TNFα: tumor necrosis factor alpha, CCL: CC-chemokine ligand, CXCL: chemokine (C-X-C
motif) ligand, HSP: heat shock protein, DAMPs: damage-associated molecular pattern molecules,
HMBG1: high mobility group protein B1, NKG2D: NKG2-D type II integral membrane protein, Teff:
effector T cell, TRM: skin-resident memory T cells.
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IL-10 released from UVR-exposed keratinocytes and mast cells furthermore promotes
a local Th2 T-cell response and secretion of IL-4 in the dermis [116]. Mast cells also
directly transmit immunosuppressive UVR responses from the skin to the lymph nodes.
Constitutively expressing CXC-chemokine receptor 4, they follow cognate CXC-chemokine
ligand 12 gradients into B cell follicles where mast-cell-derived IL-10 negatively affects T
follicular helper function and antibody production [108,111,117], and they contribute to
the formation of IL-10-producing B cells (summarized in Figure 3) [76,108].

Indirect UVR effects on adaptive immune cells further involve reduced activity of
IL-17-producing tissue-resident memory T (TRM) cells with dampened recall responses and
suppressed functions of CD4+ and CD8+ effector T cells [118,119].

Interestingly, natural killer (NK) cells apparently are the sole immune cell subset not
suppressed by UVR [120]. NK cells were found to be recruited into the epidermis probably
regulated by TNF-alpha released from UVR-activated LCs [121]. Data from melanoma
research furthermore revealed that crosstalk of activated NK cells with conventional DC-
type 1 cells even may mitigate UVR-induced immunosuppression on melanoma-specific T
cells [108,122,123].

4.3. UVR Effects on the Skin’s Neuroendocrine System

A frequently neglected but increasingly recognized topic is that the UVR-associated
photoproducts also involve the release of mediators such as neurotransmitters, neu-
ropeptides and hormones. Particularly interesting examples are neuropeptides includ-
ing pituitary (proopiomelanocortin-derived adrenocorticotropic hormone (ACTH), beta-
endorphin or MSH peptides, and thyroid-stimulating hormone (TSH)) and hypothalamic
(corticotropin-releasing factor (CRF) and related urocortins, thyroid-releasing hormone
(TRH)) hormones, which are hierarchically produced and organized as hypothalamic–
pituitary–adrenal axis (HPA) and hypothalamic–thyroid axis (HPT) analogs in the skin [124].

The activation or modification of cutaneous HPA elements depends on higher-energetic
UVB wavelengths and results in fine-tuning and selective regulation of skin pigmentation
as well as innate and adaptive skin immunity, among other results [124]. The physiological
role of molecular elements of the HPT axis such as functional TSH and TRH receptors and
biologically active TSH and TRH expressed on keratinocytes, melanocytes and dysplastic
nevi is less clear [124]. UVR-damaged keratinocytes, however, are suspected to be involved
in thyroid autoimmune diseases by triggering anti-TSH receptor antibodies [125], whereas
TRH upregulation is proposedly involved in the malignant conversion of melanocytes into
melanoma cells and their further proliferation and progression [126].

5. Adjuvant Anti-PD-1 Therapy—Boosting Anti-Cancer Immune Surveillance
5.1. Elimination of Newly Transforming Pre-Malignant Melanocytes

UVR, hence, has been proposed as a complete carcinogen in melanomagenesis, ex-
hibiting both direct (DNA damage) and indirect tumor-promoting effects by impairing
immunosurveillance of (pre-)malignant transforming melanocytes [75]. Fortunately, during
the course of life, human skin usually tolerates repeated acute intermittent UVR exposures
and also sunburns without developing a clinically evident melanoma, suggesting suffi-
cient immune activity capable of monitoring and eliminating (pre-)malignant transforming
melanocytes in most cases.

One reason may be that melanocytes themselves display considerable immune reactiv-
ity in response to oxidative stress, such as that caused by sunburn. Similar to keratinocytes,
melanocyte stress responses include the production of heat shock proteins and DAMPs;
the upregulation of Toll-like receptors, NKG2D ligands (e.g., MICA/B and ULBP1), and
PDL-1 [108]; the release of pro-inflammatory cytokines and chemokines; and the up-
regulation of adhesion and costimulatory receptors [127]. The signaling pathways that
are activated determine the outcome, namely DNA repair, cell cycle arrest or cell death,
and depend on genetic, intracellular and intercellular interactions [82]. The location of
melanocytes at the dermo-epidermal junction furthermore facilitates their interaction with
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infiltrating immune cells, and the expression of NKG2D ligands makes them vulnerable
to immune-targeted destruction by UVR-resistant cytotoxic NK cells [120,128]; altogether,
these mechanisms preclude the malignant transformation of severely stressed cells during
acute UVR-induced inflammation.

An alternative scenario involves dysfunctional melanocytes, which do not self-destruct
or become apoptotic but trigger stromal remodeling, local tissue disruption, rapid recogni-
tion of these danger signals and an innate anti-tumor response involving NK cells and LCs
as professional antigen-presenting cells, among others [17,129]. Cytotoxic NK cells exert
immune-targeted destruction of NKG2D-, NKp30-, NKp46- or DNAM-1-overexpressing
transformed cells [130]. Activated LCs ingest and process the resultant cell debris; migrate
to the draining lymph nodes; and prime melanocyte/melanoma-specific cytotoxic CD8+ T
cells, CD4+ helper T cells and B cells. These cells can migrate back to the tumor site and
drive secondary adaptive responses, primarily MHC-I-restricted CD8+ T cell-mediated
cytotoxicity and likely antibody-dependent cellular cytotoxicity.

However, melanoma can eventually develop, which may be attributed to melanoma-
intrinsic factors, failing skin immunity, or both. Direct DNA-mutating UVR effects con-
tributing to melanomagenesis are well established, whereas evidence linking UVR exposure
to defective immune surveillance is limited [75,76,82,131].

An important contribution is the work of Hawkshaw et al., who provided human
in vivo data demonstrating that only a single pro-inflammatory exposure to UVR leads
to lasting immunosuppressive effects involving regulatory CD8+ GATA3+ T cells and an
elevated prostaglandin synthesis [132]. They proposed the prevention of chronic inflamma-
tion and autoimmunity against the considerable release of self-antigens during acute and
self-resolving sunburn response as the biological rationale of the prolonged post-resolution
immune suppression [132]. UVR-damaged melanocytes, however, may remain silent for
many years, until proliferative cues arise and instigate their malignant transformation
or formation of nevi [133]. Whether any acute UVR-associated post-resolution immune
suppression in the skin may last and contribute to a melanoma-enabling tissue environment
after several years, hence, remains to be shown.

Beyond acting locally in the skin, potent, chromophore-derived immune mediators
also trigger a cascade of systemic immune effects [80,102]. These proposedly include
cellular changes in draining lymph nodes, hematopoietic alterations in the bone marrow
and modulations in the composition of circulating blood cells [80], which may contribute
to the beneficial effects of sunlight or phototherapy in some systemic autoimmune dis-
eases [80,102] but at the same time may compromise immune surveillance. Chromophore-
derived mediators released into the circulation also include neuropeptides and hormones of
the cutaneous HPA. These may communicate UVR-induced skin-derived messages leading
to activation of the central HPA with cortisol/corticosterone serving as a final effector
towards systemic immunosuppression [124].

Still another aspect is that sunburns have been denoted a clinical phenotype of pho-
toaging, as are increased wrinkles, epidermal atrophy, increased tanning and irregular
pigmentation [134], and that melanoma is most common in older men with an aver-
age age of 65 at diagnosis, hence physiologically aged skin [135]. Both photoaging and
chronological aging involve the accumulation of senescent skin cells with keratinocytes
and melanocytes displaying a pro-inflammatory phenotype termed senescence-associated
secretory phenotype (SASP) [136,137]. In SASP, a chronic low-grade inflammation pre-
vails, which stimulates a counteracting expansion of immunosuppressive cells (e.g., Treg,
myeloid-derived suppressor cells, regulatory DCs) and production of anti-inflammatory
cytokines (e.g., IL-10, TGF-beta) [138,139].

Taken together, the combined effects of a local post-sunburn-resolution immune sup-
pression and/or UVR-associated systemic immunosuppression on top of a (photo)aging-
induced remodeled skin immune system provide a permissive environment for melanoma-
genesis. The boosting of pre-existent anti-melanoma immune surveillance through adju-
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vant anti-PD-1 therapy may be effective in the immediate elimination of (pre-)malignant
transforming melanocytes in patients with resected primary tumors.

5.2. Elimination of Residual Melanoma Clones/Subclinical Melanoma

Increased risk of melanoma recurrence after complete resection derives from a primary
melanoma in the vertical growth phase that has already invaded the dermis (stage IIB/IIC)
and possibly metastasized to skin-draining lymph nodes (stage IIIA–D) [10,115]. For
clinically visible melanomas, there is a fundamental possibility that tumor remnants or
individual tumor cells were not removed by the complete surgical resection and that
individual clones may have already migrated loco-regionally, into draining or more distant
lymph nodes as well as other organs.

Since residual melanoma clones have already escaped immune control once, they seem
likely to be able to escape again due to their malignant potential. Moreover, the remaining
melanoma-specific cytotoxic CD8+ T-cell repertoire assumedly is in a dysfunctional state,
and continued life-long UVR exposure may further increase the risk as a predominant
mutagen through all melanoma stages towards malignant neoplasm [74].

Residual melanoma hence may not be successfully eliminated by any local de novo
forming immune response or by any pre-existing melanoma-specific immune surveillance
through CD4+ and CD8+ memory T and B cells generated during an encounter with
the primary tumor [17]. It is furthermore questionable whether such clones or subclinical
melanomas can be contained by the adaptive immune defense in a so-called cancer–immune
equilibrium [17]. Even melanoma-specific CD8+ TRM cells may not be able to contain them,
although their fundamental role in suppressing subclinical melanoma progression recently
was identified in a mouse model of transplanted melanoma [140].

Preventive reactivation of existing melanoma-specific cytotoxic T cell memory through
adjuvant anti-PD-1 therapy appears reasonable considering the malignant properties of
residual melanoma clones in frequently photoaged skin and that further sun exposures
involving UVR-induced immune suppression, as outlined above, is orchestrated through
the crosstalk among immune cells within the skin microenvironment and draining lymph
nodes (illustrated in Figure 3) [37]. Accordingly, UVR exposure mediating local and
systemic immune suppression implicates local and systemic tumor-growth-promoting
environments in skin and/or lymph nodes for residual melanoma cells. This is supported
by a recent observation that UVR stress can induce early PD-L1 expression in melanocytes
and melanoma cells by a DAMP- and HMGB1-mediated pathway independent from IFN-
gamma-associated immune evasion [37]. Further exposure to the sun, hence, may promote
the evasion of residual melanoma cells from the pre-existing tumor immune surveillance.
Such melanoma-specific CD8+ T-cell memory is present in the skin, the regional draining
lymph nodes of the resected site and the blood [141–145]. It also includes early dysfunc-
tional tumor-specific PD-1+ CD8+ T cells in lymph nodes and blood proposed as bona
fide responders to PD-1/PD-L1 blockade [42,46]. Systemic reactivation and expansion of
melanoma-specific, anti-PD-1-responsive CD8+ T cells and their infiltration of the skin may
also be capable of complete elimination or at least of controlling the growth of residual
melanoma cells in a UVR-compromised environment.

The earlier this happens, the more beneficial this may be for the outcome, since UVR
significantly contributes to the accumulation of somatic mutations. These may cause the
malignant transformation of melanocytes and progression of melanoma, act as neoantigens
to elicit anti-tumor immune responses and cause a high tumor mutation burden (TMB),
which further increases during melanoma progression [146,147]. Tumors with increased
TMB present more neoantigens and, thus, are more immunogenic [148–150] and associated
with improved response to anti-PD-1 therapy [147,151–154]. This has been attributed to
persistent tumor mutational burden, which tends to be more clonal in melanoma and may
drive sustained responses to anti-PD-1 therapy [155].

However, tumors with equally high TMB levels but variable immune responses [156],
tumors with low TMB levels responding to immunotherapy [153] and the predicted neoanti-
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gen load not correlating with T cell infiltration in melanoma [157] fueled the identification
of intratumor heterogeneity (ITH) as an additional factor influencing immune surveillance
and predicting response to anti-PD-1 therapy [152,158–160]. ITH is manifested by the
distribution of clonal versus subclonal mutations and neoantigens [157,161], taking into
account that in more heterogeneous tumor cell populations, reactive neoantigens may
undergo “dilution” relative to other neoantigens, increasing the chance of tumor cells
escaping immune surveillance [151]. This is corroborated by TCGA (The Cancer Genome
Atlas) melanoma patient data, revealing a significantly higher survival rate with tumors of
a fewer number of clones [151].

UVR strongly contributes to neoantigen formation and may promote the formation of
subclonal mutations and the development of ITH of recurring melanoma. Early interference
with melanoma recurrence and ITH formation through adjuvant anti-PD-1 therapy may
be particularly beneficial regarding a later-stage treatment scenario, in which checkpoint
immunotherapy rather may counter-productively result in selecting for low-ITH tumor
cells [162] and allow high-ITH melanoma cells to progress. The relevance of the quality
of UVR-induced somatic mutations and neoantigens over their quantity has also been
reported by Lo et al. [163], who demonstrated a skewing of epitopes recognized by T cells
towards wild-type tumor-lineage self-antigens as an underlying mechanism for successful
responses to checkpoint blockade and long-term immunity.

This may also explain the development of vitiligo, a depigmentation disorder resulting
from the autoimmune destruction of melanocytes, among patients with melanoma receiving
anti-PD-1 therapy. Vitiligo likely arises from epitope-spreading towards melanocyte-lineage
antigens shared by melanocytes and melanoma cells, and its appearance is associated with
higher rates of objective responses to anti-PD-1 therapy [164]. Beyond provoking a strong
anti-tumor response against UVR-mutation-containing residual melanoma cells, adjuvant
reactivation of tumor-specific T cells, hence, may also evoke epitope spreading towards
(pigmentation-related) wild-type melanocyte antigens as a pathway for an improved outcome.

6. Conclusions

Anti-PD-1 therapy is effective in melanoma owing to the highly immunogenic nature
of this malignancy. Blocking PD-1 is believed to reinvigorate CD8+ T cells, hence restoring
the impaired anti-tumor immune response. In spite of countless studies investigating the
mechanisms of action of PD-1 blockade, several questions remain. This particularly applies
to the adjuvant setting, in which the vast majority of the supposedly immunogenic tumor
cells (primary tumor, affected lymph node) have been surgically removed. Still, adjuvant
immune checkpoint inhibition is clinically beneficial even though the underlying biological
mechanisms remain to be elucidated.

Solar UVR exposure is the most prominent risk factor for primary melanoma devel-
opment and may also contribute to melanoma recurrence. The multifaceted effects of
UVR include direct mutational DNA damage in melanocytes, early upregulation of PD-L1
contributing to immune evasion, compromised regional skin immune surveillance and
priming of adaptive anti-cancer immune response as well as systemic immune suppression
via the cutaneous neuroendocrine system. Aside from their implications for melanomagen-
esis, mutational UVR effects are also key to the immunogenicity of melanoma cells. The
efficient elimination of these cells by reactivated melanoma-specific T cells and resultant
epitope spreading allow for long-term immunity in response to anti-PD-1 therapy. Long-
term efficacy is maintained through functional melanoma-specific CD8+ memory T cells,
which persist in various locations such as skin, lymph nodes and the bloodstream—even
after complete resection of the primary tumor and affected TDLNs. Particularly in UVR-
compromised conditions, adjuvant anti-PD-1 therapy has the potential to reinvigorate T cell
memory, hence boosting anti-melanoma immune surveillance and aiding in the elimination
both of de novo transforming and residual melanoma cells (Figure 4).
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resected primary melanoma. Reactivation of pre-existing (early dysfunctional) melanoma-specific
CD8 + T-cell memory present in lymph nodes and circulation by anti-PD-1 therapy may boost anti-
melanoma immune surveillance for (i) immediate elimination of any newly transforming pre-malignant
melanocytes and (ii) successful killing of any residual melanoma clones. ↓, restricted function.

This potential results in rapidly evolving perisurgical, monotherapy and combination
(neo-)adjuvant treatment strategies, all of which still face the major problem of primary
checkpoint inhibitor resistance. Therefore, identifying patient subgroups most likely to
benefit from (adjuvant) ICI treatment currently has the highest priority in order to avoid
over-treatment and limit toxicity while improving individual treatment efficacy.

Author Contributions: Conceptualization, A.H.; writing—original draft preparation, A.H. and M.B.;
writing—review and editing, M.B., A.H., M.H., P.K. and R.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: M.B.: relevant financial activities (speaker honoraria from Bristol-Myers Squibb,
Pierre Fabre and Novartis, travel honoraria from Abbvie, Pierre Fabre and Novartis). M.H.: relevant
financial activities (speaker honoraria from Bristol-Myers Squibb, Pierre Fabre and Novartis, travel
honoraria from Abbvie). P.K.: relevant financial activities (stock and other ownership interests
from Bayer, BioNTech, Moderna Therapeutics, Valneva; speaker, advisory board honoraria from
Bristol-Myers Squibb, Merck Sharp and Dohme, Novartis, Pierre Fabre, Sanofi Aventis GmbH). R.L.:
relevant financial activities (travel support from Bristol-Myers Squibb, Sanofi-Aventis; research grant
from Bristol-Myers Squibb (institution)). A.H. declares no conflicts of interest. The funders had no
role in the design of the study; in the collection, analyses or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An

overview. Int. J. Cancer 2021, 149, 778–789. [CrossRef] [PubMed]
3. Markovic, S.N.; Erickson, L.A.; Rao, R.D.; McWilliams, R.R.; Kottschade, L.A.; Creagan, E.T.; Weenig, R.H.; Hand, J.L.;

Pittelkow, M.R.; Pockaj, B.A.; et al. Malignant Melanoma in the 21st Century, Part 1: Epidemiology, Risk Factors, Screening,
Prevention, and Diagnosis. Mayo Clin. Proc. 2007, 82, 364–380. [CrossRef] [PubMed]

4. Cho, E.; Rosner, B.A.; Colditz, G.A. Risk factors for melanoma by body site. Cancer Epidemiol. Biomark. Prev. 2005, 14, 1241–1244.
[CrossRef] [PubMed]

5. Euvrard, S.; Kanitakis, J.; Claudy, A. Skin Cancers after Organ Transplantation. N. Engl. J. Med. 2003, 348, 1681–1691. [CrossRef]
[PubMed]

6. Bastian, B.C. The molecular pathology of melanoma: An integrated taxonomy of melanocytic neoplasia. Annu. Rev. Pathol. Mech.
Dis. 2014, 9, 239–271. [CrossRef] [PubMed]

7. Lo, J.A.; Fisher, D.E. The melanoma revolution: From UV carcinogenesis to a new era in therapeutics. Science 2014, 346, 945–949.
[CrossRef] [PubMed]

https://doi.org/10.3322/caac.21654
https://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1002/ijc.33588
https://www.ncbi.nlm.nih.gov/pubmed/33818764
https://doi.org/10.1016/S0025-6196(11)61033-1
https://www.ncbi.nlm.nih.gov/pubmed/17352373
https://doi.org/10.1158/1055-9965.EPI-04-0632
https://www.ncbi.nlm.nih.gov/pubmed/15894679
https://doi.org/10.1056/NEJMra022137
https://www.ncbi.nlm.nih.gov/pubmed/12711744
https://doi.org/10.1146/annurev-pathol-012513-104658
https://www.ncbi.nlm.nih.gov/pubmed/24460190
https://doi.org/10.1126/science.1253735
https://www.ncbi.nlm.nih.gov/pubmed/25414302


Cancers 2024, 16, 1461 15 of 21

8. Kaskel, P.; Sander, S.; Kron, M.; Kind, P.; Peter, R.; Krahn, G. Outdoor activities in childhood: A protective factor for cutaneous
melanoma? Results of a case-control study in 271 matched pairs. Br. J. Dermatol. 2001, 145, 602–609. [CrossRef]

9. Helvind, N.M.; Weitemeyer, M.B.-M.; Chakera, A.H.; Hendel, H.W.; Ellebæk, E.; Svane, I.M.; Kjærskov, M.W.; Bojesen, S.;
Skyum, H.; Petersen, S.K.; et al. Stage-Specific Risk of Recurrence and Death from Melanoma in Denmark, 2008–2021. JAMA
Dermatol. 2023, 159, 1213–1222. [CrossRef] [PubMed]

10. Keung, E.Z.; Gershenwald, J.E. The eighth edition American Joint Committee on Cancer (AJCC) melanoma staging system:
Implications for melanoma treatment and care. Expert Rev. Anticancer Ther. 2018, 18, 775–784. [CrossRef]

11. Garbe, C.; Keim, U.; Suciu, S.; Amaral, T.; Eigentler, T.K.; Gesierich, A.; Hauschild, A.; Heinzerling, L.; Kiecker, F.; Schadendorf, D.;
et al. Prognosis of patients with stage III melanoma according to american joint committee on cancer version 8: A reassessment
on the basis of 3 independent stage III melanoma cohorts. J. Clin. Oncol. 2020, 38, 2543–2551. [CrossRef] [PubMed]

12. Garbe, C.; Keim, U.; Amaral, T.; Berking, C.; Eigentler, T.K.; Flatz, L.; Gesierich, A.; Leiter, U.; Stadler, R.; Sunderkötter, C.;
et al. Prognosis of Patients with Primary Melanoma Stage I and II According to American Joint Committee on Cancer Version 8
Validated in Two Independent Cohorts: Implications for Adjuvant Treatment. J. Clin. Oncol. 2022, 40, 3741–3749. [CrossRef]
[PubMed]

13. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef]

14. Weber, J.; Mandalà, M.; Del Vecchio, M.; Gogas, H.J.; Arance, A.M.; Cowey, C.L.; Dalle, S.; Schenker, M.; Chiarion-Sileni, V.;
Marquez-Rodas, I.; et al. Adjuvant Nivolumab versus Ipilimumab in Resected Stage III or IV Melanoma. N. Engl. J. Med. 2017,
377, 1824–1835. [CrossRef] [PubMed]

15. Luke, J.J.; Rutkowski, P.; Queirolo, P.; Del Vecchio, M.; Mackiewicz, J.; Chiarion-Sileni, V.; Merino, L.d.l.C.; Khattak, M.A.;
Schadendorf, D.; Long, G.V.; et al. Pembrolizumab versus placebo as adjuvant therapy in completely resected stage IIB or IIC
melanoma (KEYNOTE-716): A randomised, double-blind, phase 3 trial. Lancet 2022, 399, 1718–1729. [CrossRef] [PubMed]

16. Long, G.V.; Del Vecchio, M.; Weber, J.; Hoeller, C.; Grob, J.-J.; Mohr, P.; Grabbe, S.; Dutriaux, C.; Chiarion-Sileni, V.; Mackiewicz, J.;
et al. Adjuvant therapy with nivolumab versus placebo in patients with resected stage IIB/C melanoma (CheckMate 76K). Ski. J.
Cutan. Med. 2023, 7, s163. [CrossRef]

17. Marzagalli, M.; Ebelt, N.D.; Manuel, E.R. Unraveling the crosstalk between melanoma and immune cells in the tumor microenvi-
ronment. Semin. Cancer Biol. 2019, 59, 236–250. [CrossRef]

18. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Ng, A.W.T.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94–101. [CrossRef]

19. Sun, Z.; Fourcade, J.; Pagliano, O.; Chauvin, J.-M.; Sander, C.; Kirkwood, J.M.; Zarour, H.M. IL10 and PD-1 cooperate to limit the
activity of tumor-specific CD8+ T cells. Cancer Res. 2015, 75, 1635–1644. [CrossRef] [PubMed]

20. Ahmadzadeh, M.; Johnson, L.A.; Heemskerk, B.; Wunderlich, J.R.; Dudley, M.E.; White, D.E.; Rosenberg, S.A. Tumor antigen-
specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are functionally impaired. Blood 2009, 114, 1537–1544.
[CrossRef]

21. Ascierto, P.A.; Del Vecchio, M.; Mandalá, M.; Gogas, H.; Arance, A.M.; Dalle, S.; Cowey, C.L.; Schenker, M.; Grob, J.-J.;
Chiarion-Sileni, V.; et al. Adjuvant nivolumab versus ipilimumab in resected stage IIIB–C and stage IV melanoma (CheckMate
238): 4-year results from a multicentre, double-blind, randomised, controlled, phase 3 trial. Lancet Oncol. 2020, 21, 1465–1477.
[CrossRef] [PubMed]

22. Weber, J.S.; Ascierto, P.A.; Middleton, M.R.; Hennicken, D.; Zoffoli, R.; Pieters, A.; Amadi, A.; Kupas, K.; Kotapati, S.; Moshyk, A.;
et al. Indirect treatment comparison of nivolumab versus placebo as adjuvant treatment for resected melanoma. Eur. J. Cancer
2021, 158, 225–233. [CrossRef] [PubMed]

23. Eggermont, A.M.M.; Blank, C.U.; Mandala, M.; Long, G.V.; Atkinson, V.G.; Dalle, S.; Haydon, A.M.; Meshcheryakov, A.;
Khattak, A.; Carlino, M.S.; et al. Longer follow-up confirms recurrence-free survival benefit of adjuvant pembrolizumab in
high-risk stage III melanoma: Updated results from the EORTC 1325-MG/KEYNOTE-054 trial. J. Clin. Oncol. 2020, 38, 3925–3936.
[CrossRef] [PubMed]

24. Eggermont, A.M.; Kicinski, M.; Blank, C.U.; Mandala, M.; Long, G.V.; Atkinson, V.; Dalle, S.; Haydon, A.; Meshcheryakov, A.;
Khattak, A.; et al. Five-Year Analysis of Adjuvant Pembrolizumab or Placebo in Stage III Melanoma. NEJM Evid. 2022,
1, EVIDoa2200214. [CrossRef] [PubMed]

25. Eggermont, A.M.M.; Blank, C.U.; Mandalà, M.; Long, G.V.; Atkinson, V.; Dalle, S.; Haydon, A.; Lichinitser, M.; Khattak, A.;
Carlino, M.S.; et al. Adjuvant Pembrolizumab versus Placebo in Resected Stage III Melanoma. N. Engl. J. Med. 2018, 378,
1789–1801. [CrossRef] [PubMed]

26. Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.;
McArthur, G.A.; et al. Melanoma staging: Evidence-based changes in the American Joint Committee on Cancer eighth edition
cancer staging manual. CA Cancer J. Clin. 2017, 67, 472–492. [CrossRef] [PubMed]

27. Larkin, J.; Del Vecchio, M.; Mandalá, M.; Gogas, H.; Fernandez, A.M.A.; Dalle, S.; Cowey, C.L.; Schenker, M.; Grob, J.-J.;
Chiarion-Sileni, V.; et al. Adjuvant Nivolumab versus Ipilimumab in Resected Stage III/IV Melanoma: 5-Year Efficacy and
Biomarker Results from CheckMate 238. Clin. Cancer Res. 2023, 29, 3352–3361. [CrossRef] [PubMed]

https://doi.org/10.1046/j.1365-2133.2001.04432.x
https://doi.org/10.1001/jamadermatol.2023.3256
https://www.ncbi.nlm.nih.gov/pubmed/37650576
https://doi.org/10.1080/14737140.2018.1489246
https://doi.org/10.1200/JCO.19.03034
https://www.ncbi.nlm.nih.gov/pubmed/32530760
https://doi.org/10.1200/JCO.22.00202
https://www.ncbi.nlm.nih.gov/pubmed/35709414
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1056/NEJMoa1709030
https://www.ncbi.nlm.nih.gov/pubmed/28891423
https://doi.org/10.1016/S0140-6736(22)00562-1
https://www.ncbi.nlm.nih.gov/pubmed/35367007
https://doi.org/10.25251/skin.7.supp.163
https://doi.org/10.1016/j.semcancer.2019.08.002
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1158/0008-5472.CAN-14-3016
https://www.ncbi.nlm.nih.gov/pubmed/25720800
https://doi.org/10.1182/blood-2008-12-195792
https://doi.org/10.1016/S1470-2045(20)30494-0
https://www.ncbi.nlm.nih.gov/pubmed/32961119
https://doi.org/10.1016/j.ejca.2021.08.028
https://www.ncbi.nlm.nih.gov/pubmed/34663559
https://doi.org/10.1200/JCO.20.02110
https://www.ncbi.nlm.nih.gov/pubmed/32946353
https://doi.org/10.1056/EVIDoa2200214
https://www.ncbi.nlm.nih.gov/pubmed/38319852
https://doi.org/10.1056/NEJMoa1802357
https://www.ncbi.nlm.nih.gov/pubmed/29658430
https://doi.org/10.3322/caac.21409
https://www.ncbi.nlm.nih.gov/pubmed/29028110
https://doi.org/10.1158/1078-0432.CCR-22-3145
https://www.ncbi.nlm.nih.gov/pubmed/37058595


Cancers 2024, 16, 1461 16 of 21

28. Owen, C.; Shoushtari, A.; Chauhan, D.; Palmieri, D.; Lee, B.; Rohaan, M.; Mangana, J.; Atkinson, V.; Zaman, F.; Young, A.; et al.
Management of early melanoma recurrence despite adjuvant anti-PD-1 antibody therapy. Ann. Oncol. 2020, 31, 1075–1082.
[CrossRef]

29. Kluger, H.M.; Tawbi, H.A.; Ascierto, M.L.; Bowden, M.; Callahan, M.K.; Cha, E.; Chen, H.X.; Drake, C.G.; Feltquate, D.M.;
Ferris, R.L.; et al. Defining tumor resistance to PD-1 pathway blockade: Recommendations from the first meeting of the SITC
Immunotherapy Resistance Taskforce. J. Immunother. Cancer 2020, 8, e000398. [CrossRef]

30. Long, G.V.; Luke, J.J.; Khattak, M.A.; Merino, L.d.l.C.; Del Vecchio, M.; Rutkowski, P.; Spagnolo, F.; Mackiewicz, J.;
Chiarion-Sileni, V.; Kirkwood, J.M.; et al. Pembrolizumab versus placebo as adjuvant therapy in resected stage IIB or IIC
melanoma (KEYNOTE-716): Distant metastasis-free survival results of a multicentre, double-blind, randomised, phase 3 trial.
Lancet Oncol. 2022, 23, 1378–1388. [CrossRef]

31. Weber, J.S.; Schadendorf, D.; Del Vecchio, M.; Larkin, J.; Atkinson, V.; Schenker, M.; Pigozzo, J.; Gogas, H.; Dalle, S.; Meyer, N.;
et al. Adjuvant Therapy of Nivolumab Combined with Ipilimumab versus Nivolumab Alone in Patients with Resected Stage
IIIB-D or Stage IV Melanoma (CheckMate 915). J. Clin. Oncol. 2023, 41, 517–527. [CrossRef] [PubMed]

32. Lee, R.; Mandala, M.; Long, G.V.; Eggermont, A.M.; van Akkooi, A.C.; Sandhu, S.; Garbe, C.; Lorigan, P. Adjuvant therapy for
stage II melanoma: The need for further studies. Eur. J. Cancer 2023, 189, 112914. [CrossRef] [PubMed]

33. Weber, J.; Del Vecchio, M.; Mandala, M.; Gogas, H.; Arance, A.; Dalle, S.; Cowey, C.; Schenker, M.; Grob, J.; Chiarion-Sileni, V.;
et al. Adjuvant nivolumab (NIVO) versus ipilimumab (IPI) in resected stage III/IV melanoma: 3-year efficacy and biomarker
results from the phase III CheckMate 238 trial. Ann. Oncol. 2019, 30, v533–v534. [CrossRef]

34. Weber, J.S.; Mandalà, M.; Del Vecchio, M.; Gogas, H.; Arance, A.M.; Cowey, C.L.; Dalle, S.; Schenker, M.; Chiarion-Sileni, V.;
Rodas, I.M.; et al. Adjuvant therapy with nivolumab (NIVO) versus ipilimumab (IPI) after complete resection of stage III/IV
melanoma: Updated results from a phase III trial (CheckMate 238). J. Clin. Oncol. 2018, 36, 9502. [CrossRef]

35. Grossmann, K.F.; Othus, M.; Patel, S.P.; Tarhini, A.A.; Sondak, V.K.; Knopp, M.V.; Petrella, T.M.; Truong, T.-G.; Khushalani, N.I.;
Cohen, J.V.; et al. Adjuvant Pembrolizumab versus IFNα2b or Ipilimumab in Resected High-Risk Melanoma. Cancer Discov. 2022,
12, 644–653. [CrossRef] [PubMed]

36. Luke, J.J.; Ascierto, P.A.; Khattak, M.A.; Merino, L.d.l.C.; Del Vecchio, M.; Rutkowski, P.; Spagnolo, F.; Mackiewicz, J.; Chiarion-
Sileni, V.; Kirkwood, J.M.; et al. Pembrolizumab versus Placebo as Adjuvant Therapy in Resected Stage IIB or IIC Melanoma: Final
Analysis of Distant Metastasis-Free Survival in the Phase III KEYNOTE-716 Study. J. Clin. Oncol. 2024, JCO2302355. [CrossRef]
[PubMed]

37. Wang, W.; Chapman, N.M.; Zhang, B.; Li, M.; Fan, M.; Laribee, R.N.; Zaidi, M.R.; Pfeffer, L.M.; Chi, H.; Wu, Z.-H. Upregulation of
PD-L1 via HMGB1-activated IRF3 and NF-kB contributes to UV radiation-induced immune suppression. Cancer Res. 2019, 79,
2909–2922. [CrossRef]

38. Passarelli, A.; Mannavola, F.; Stucci, L.S.; Tucci, M.; Silvestris, F. Immune system and melanoma biology: A balance between
immunosurveillance and immune escape. Oncotarget 2017, 8, 106132–106142. [CrossRef] [PubMed]

39. Marincola, F.M.; Jaffee, E.M.; Hicklin, D.J.; Ferrone, S. Escape of human solid tumors from T–cell recognition: Molecular
mechanisms and functional significance. Adv. Immunol. 2000, 74, 181–273. [PubMed]

40. Sucker, A.; Zhao, F.; Real, B.; Heeke, C.; Bielefeld, N.; Maβen, S.; Horn, S.; Moll, I.; Maltaner, R.; Horn, P.A.; et al. Genetic evolution
of T-cell resistance in the course of melanoma progression. Clin. Cancer Res. 2014, 20, 6593–6604. [CrossRef]

41. Pauken, K.E.; Torchia, J.A.; Chaudhri, A.; Sharpe, A.H.; Freeman, G.J. Emerging concepts in PD-1 checkpoint biology. Semin.
Immunol. 2021, 52, 101480. [CrossRef]

42. Huang, A.C.; Zappasodi, R. A decade of checkpoint blockade immunotherapy in melanoma: Understanding the molecular basis
for immune sensitivity and resistance. Nat. Immunol. 2022, 23, 660–670. [CrossRef]

43. Wherry, E.J.; Ha, S.-J.; Kaech, S.M.; Haining, W.N.; Sarkar, S.; Kalia, V.; Subramaniam, S.; Blattman, J.N.; Barber, D.L.; Ahmed, R.
Molecular Signature of CD8+ T Cell Exhaustion during Chronic Viral Infection. Immunity 2007, 27, 670–684. [CrossRef] [PubMed]

44. Wherry, E.J.; Blattman, J.N.; Murali-Krishna, K.; van der Most, R.; Ahmed, R. Viral Persistence Alters CD8 T-Cell Immun-
odominance and Tissue Distribution and Results in Distinct Stages of Functional Impairment. J. Virol. 2003, 77, 4911–4927.
[CrossRef]

45. Greaves, M.; Maley, C.C. Clonal evolution in cancer. Nature 2012, 481, 306–313. [CrossRef]
46. Philip, M.; Schietinger, A. CD8+ T cell differentiation and dysfunction in cancer. Nat. Rev. Immunol. 2022, 22, 209–223. [CrossRef]

[PubMed]
47. Schietinger, A.; Philip, M.; Krisnawan, V.E.; Chiu, E.Y.; Delrow, J.J.; Basom, R.S.; Lauer, P.; Brockstedt, D.G.; Knoblaugh, S.E.;

Hämmerling, G.J.; et al. Tumor-Specific T Cell Dysfunction Is a Dynamic Antigen-Driven Differentiation Program Initiated Early
during Tumorigenesis. Immunity 2016, 45, 389–401. [CrossRef] [PubMed]

48. Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486–499. [CrossRef]
49. Thommen, D.S.; Schumacher, T.N. T Cell Dysfunction in Cancer. Cancer Cell 2018, 33, 547–562. [CrossRef]
50. Philip, M.; Fairchild, L.; Sun, L.; Horste, E.; Camara, S.; Shakiba, M.; Scott, A.; Viale, A.; Lauer, P.; Merghoub, T.; et al. Chromatin

states define tumour-specific T cell dysfunction and reprogramming. Nature 2017, 545, 452–456. [CrossRef] [PubMed]
51. Abdel-Hakeem, M.S.; Manne, S.; Beltra, J.-C.; Stelekati, E.; Chen, Z.; Nzingha, K.; Ali, M.-A.; Johnson, J.L.; Giles, J.R.; Mathew, D.;

et al. Epigenetic scarring of exhausted T cells hinders memory differentiation upon eliminating chronic antigenic stimulation.
Nat. Immunol. 2021, 22, 1008–1019. [CrossRef] [PubMed]

https://doi.org/10.1016/j.annonc.2020.04.471
https://doi.org/10.1136/jitc-2019-000398
https://doi.org/10.1016/S1470-2045(22)00559-9
https://doi.org/10.1200/JCO.22.00533
https://www.ncbi.nlm.nih.gov/pubmed/36162037
https://doi.org/10.1016/j.ejca.2023.05.003
https://www.ncbi.nlm.nih.gov/pubmed/37301717
https://doi.org/10.1093/annonc/mdz255
https://doi.org/10.1200/JCO.2018.36.15_suppl.9502
https://doi.org/10.1158/2159-8290.CD-21-1141
https://www.ncbi.nlm.nih.gov/pubmed/34764195
https://doi.org/10.1200/JCO.23.02355
https://www.ncbi.nlm.nih.gov/pubmed/38452313
https://doi.org/10.1158/0008-5472.CAN-18-3134
https://doi.org/10.18632/oncotarget.22190
https://www.ncbi.nlm.nih.gov/pubmed/29285320
https://www.ncbi.nlm.nih.gov/pubmed/10605607
https://doi.org/10.1158/1078-0432.CCR-14-0567
https://doi.org/10.1016/j.smim.2021.101480
https://doi.org/10.1038/s41590-022-01141-1
https://doi.org/10.1016/j.immuni.2007.09.006
https://www.ncbi.nlm.nih.gov/pubmed/17950003
https://doi.org/10.1128/JVI.77.8.4911-4927.2003
https://doi.org/10.1038/nature10762
https://doi.org/10.1038/s41577-021-00574-3
https://www.ncbi.nlm.nih.gov/pubmed/34253904
https://doi.org/10.1016/j.immuni.2016.07.011
https://www.ncbi.nlm.nih.gov/pubmed/27521269
https://doi.org/10.1038/nri3862
https://doi.org/10.1016/j.ccell.2018.03.012
https://doi.org/10.1038/nature22367
https://www.ncbi.nlm.nih.gov/pubmed/28514453
https://doi.org/10.1038/s41590-021-00975-5
https://www.ncbi.nlm.nih.gov/pubmed/34312545


Cancers 2024, 16, 1461 17 of 21

52. Miller, B.C.; Sen, D.R.; Al Abosy, R.; Bi, K.; Virkud, Y.V.; LaFleur, M.W.; Yates, K.B.; Lako, A.; Felt, K.; Naik, G.S.; et al. Subsets
of exhausted CD8+ T cells differentially mediate tumor control and respond to checkpoint blockade. Nat. Immunol. 2019, 20,
326–336. [CrossRef] [PubMed]

53. Im, S.J.; Hashimoto, M.; Gerner, M.Y.; Lee, J.; Kissick, H.T.; Burger, M.C.; Shan, Q.; Hale, J.S.; Lee, J.; Nasti, T.H.; et al. Defining
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature 2016, 537, 417–421. [CrossRef]

54. Huang, A.C.; Postow, M.A.; Orlowski, R.J.; Mick, R.; Bengsch, B.; Manne, S.; Xu, W.; Harmon, S.; Giles, J.R.; Wenz, B.; et al. T-cell
invigoration to tumour burden ratio associated with anti-PD-1 response. Nature 2017, 545, 60–65. [CrossRef] [PubMed]

55. Wu, T.D.; Madireddi, S.; de Almeida, P.E.; Banchereau, R.; Chen, Y.-J.J.; Chitre, A.S.; Chiang, E.Y.; Iftikhar, H.; O’gorman, W.E.;
Au-Yeung, A.; et al. Peripheral T cell expansion predicts tumour infiltration and clinical response. Nature 2020, 579, 274–278.
[CrossRef] [PubMed]

56. Yost, K.E.; Satpathy, A.T.; Wells, D.K.; Qi, Y.; Wang, C.; Kageyama, R.; McNamara, K.L.; Granja, J.M.; Sarin, K.Y.; Brown, R.A.;
et al. Clonal replacement of tumor-specific T cells following PD-1 blockade. Nat. Med. 2019, 25, 1251–1259. [CrossRef] [PubMed]

57. Schenkel, J.M.; Herbst, R.H.; Canner, D.; Li, A.; Hillman, M.; Shanahan, S.-L.; Gibbons, G.; Smith, O.C.; Kim, J.Y.; Westcott, P.;
et al. Conventional type I dendritic cells maintain a reservoir of proliferative tumor-antigen specific TCF-1+ CD8+ T cells in
tumor-draining lymph nodes. Immunity 2021, 54, 2338–2353.e6. [CrossRef] [PubMed]

58. Connolly, K.A.; Kuchroo, M.; Venkat, A.; Khatun, A.; Wang, J.; William, I.; Hornick, N.I.; Fitzgerald, B.L.; Damo, M.; Kasmani, M.Y.;
et al. A reservoir of stem-like CD8+ T cells in the tumor-draining lymph node preserves the ongoing antitumor immune response.
Sci. Immunol. 2021, 6, eabg7836. [CrossRef]

59. Dammeijer, F.; van Gulijk, M.; Mulder, E.E.; Lukkes, M.; Klaase, L.; Bosch, T.v.D.; van Nimwegen, M.; Lau, S.P.; Latupeirissa, K.;
Schetters, S.; et al. The PD-1/PD-L1-Checkpoint Restrains T cell Immunity in Tumor-Draining Lymph Nodes. Cancer Cell 2020, 38,
685–700.e8. [CrossRef] [PubMed]

60. Huang, Q.; Wu, X.; Wang, Z.; Chen, X.; Wang, L.; Lu, Y.; Xiong, D.; Liu, Q.; Tian, Y.; Lin, H.; et al. The primordial differentiation of
tumor-specific memory CD8+ T cells as bona fide responders to PD-1/PD-L1 blockade in draining lymph nodes. Cell 2022, 185,
4049–4066.e25. [CrossRef]

61. Molodtsov, A.K.; Khatwani, N.; Vella, J.L.; Lewis, K.A.; Zhao, Y.; Han, J.; Sullivan, D.E.; Searles, T.G.; Preiss, N.K.; Shabaneh, T.B.;
et al. Resident memory CD8+ T cells in regional lymph nodes mediate immunity to metastatic melanoma. Immunity 2021, 54,
2117–2132.e7. [CrossRef]

62. Patel, S.P.; Patel, S.P.; Othus, M.; Othus, M.; Chen, Y.; Chen, Y.; Wright, G.P.; Wright, G.P.; Yost, K.J.; Yost, K.J.; et al. Neoadjuvant–
Adjuvant or Adjuvant-Only Pembrolizumab in Advanced Melanoma. N. Engl. J. Med. 2023, 388, 813–823. [CrossRef] [PubMed]

63. Wu, S.; Cho, E.; Li, W.-Q.; Weinstock, M.A.; Han, J.; Qureshi, A.A. History of Severe Sunburn and Risk of Skin Cancer among
Women and Men in 2 Prospective Cohort Studies. Am. J. Epidemiol. 2016, 183, 824–833. [CrossRef] [PubMed]

64. Wu, S.; Han, J.; Vleugels, R.A.; Puett, R.; Laden, F.; Hunter, D.J.; Qureshi, A.A. Cumulative ultraviolet radiation flux in adulthood
and risk of incident skin cancers in women. Br. J. Cancer 2014, 110, 1855–1861. [CrossRef] [PubMed]

65. Kennedy, C.; Willemze, R.; de Gruijl, F.R.; Bavinck, J.N.B.; Bajdik, C.D. The influence of painful sunburns and lifetime sun
exposure on the risk of actinic keratoses, seborrheic warts, melanocytic nevi, atypical nevi, and skin cancer. J. Investig. Dermatol.
2003, 120, 1087–1093. [CrossRef] [PubMed]

66. Gandini, S.; Sera, F.; Cattaruzza, M.S.; Pasquini, P.; Picconi, O.; Boyle, P.; Melchi, C.F. Meta-analysis of risk factors for cutaneous
melanoma: II. Sun exposure. Eur. J. Cancer 2005, 41, 45–60. [CrossRef] [PubMed]

67. Trucco, L.D.; Mundra, P.A.; Hogan, K.; Garcia-Martinez, P.; Viros, A.; Mandal, A.K.; Macagno, N.; Gaudy-Marqueste, C.; Allan, D.;
Baenke, F.; et al. Ultraviolet radiation–induced DNA damage is prognostic for outcome in melanoma. Nat. Med. 2019, 25, 221–224.
[CrossRef] [PubMed]

68. Ulisse, S.; Baldini, E.; Pironi, D.; Gagliardi, F.; Tripodi, D.; Lauro, A.; Carbotta, S.; Tarroni, D.; D’armiento, M.; Morrone, A.; et al.
Is Melanoma Progression Affected by Thyroid Diseases? Int. J. Mol. Sci. 2022, 23, 10036. [CrossRef] [PubMed]

69. Centeno, P.P.; Pavet, V.; Marais, R. The journey from melanocytes to melanoma. Nat. Rev. Cancer 2023, 23, 372–390. [CrossRef]
70. Holman, C.D.J.; Armstrong, B.K.; Heenan, P.J. A Theory of the Etiology and Pathogenesis of Human Cutaneous Malignant

Melanoma. JNCI J. Natl. Cancer Inst. 1983, 71, 651–656. [CrossRef] [PubMed]
71. Laskar, R.; Ferreiro-Iglesias, A.; Bishop, D.; Iles, M.; Kanetsky, P.; Armstrong, B.; Law, M.; Goldstein, A.; Aitken, J.; Giles, G.; et al.

Risk factors for melanoma by anatomical site: An evaluation of aetiological heterogeneity. Br. J. Dermatol. 2021, 184, 1085–1093.
[CrossRef] [PubMed]

72. Ghiasvand, R.; Robsahm, T.E.; Green, A.C.; Rueegg, C.S.; Weiderpass, E.; Lund, E.; Veierød, M.B. Association of Phenotypic
Characteristics and UV Radiation Exposure with Risk of Melanoma on Different Body Sites. JAMA Dermatol. 2019, 155, 39–49.
[CrossRef] [PubMed]

73. Arnold, M.; de Vries, E.; Whiteman, D.C.; Jemal, A.; Bray, F.; Parkin, D.M.; Soerjomataram, I. Global burden of cutaneous
melanoma attributable to ultraviolet radiation in 2012. Int. J. Cancer 2018, 143, 1305–1314. [CrossRef] [PubMed]

74. Shain, A.H.; Bastian, B.C. From melanocytes to melanomas. Nat. Rev. Cancer 2016, 16, 345–358. [CrossRef] [PubMed]
75. Neale, R.E.; Lucas, R.M.; Byrne, S.N.; Hollestein, L.; Rhodes, L.E.; Yazar, S.; Young, A.R.; Berwick, M.; Ireland, R.A.; Olsen, C.M.

The effects of exposure to solar radiation on human health. Photochem. Photobiol. Sci. 2023, 22, 1011–1047. [CrossRef] [PubMed]
76. Bernard, J.J.; Gallo, R.L.; Krutmann, J. Photoimmunology: How ultraviolet radiation affects the immune system. Nat. Rev.

Immunol. 2019, 19, 688–701. [CrossRef] [PubMed]

https://doi.org/10.1038/s41590-019-0312-6
https://www.ncbi.nlm.nih.gov/pubmed/30778252
https://doi.org/10.1038/nature19330
https://doi.org/10.1038/nature22079
https://www.ncbi.nlm.nih.gov/pubmed/28397821
https://doi.org/10.1038/s41586-020-2056-8
https://www.ncbi.nlm.nih.gov/pubmed/32103181
https://doi.org/10.1038/s41591-019-0522-3
https://www.ncbi.nlm.nih.gov/pubmed/31359002
https://doi.org/10.1016/j.immuni.2021.08.026
https://www.ncbi.nlm.nih.gov/pubmed/34534439
https://doi.org/10.1126/sciimmunol.abg7836
https://doi.org/10.1016/j.ccell.2020.09.001
https://www.ncbi.nlm.nih.gov/pubmed/33007259
https://doi.org/10.1016/j.cell.2022.09.020
https://doi.org/10.1016/j.immuni.2021.08.019
https://doi.org/10.1056/NEJMoa2211437
https://www.ncbi.nlm.nih.gov/pubmed/36856617
https://doi.org/10.1093/aje/kwv282
https://www.ncbi.nlm.nih.gov/pubmed/27045074
https://doi.org/10.1038/bjc.2014.43
https://www.ncbi.nlm.nih.gov/pubmed/24595003
https://doi.org/10.1046/j.1523-1747.2003.12246.x
https://www.ncbi.nlm.nih.gov/pubmed/12787139
https://doi.org/10.1016/j.ejca.2004.10.016
https://www.ncbi.nlm.nih.gov/pubmed/15617990
https://doi.org/10.1038/s41591-018-0265-6
https://www.ncbi.nlm.nih.gov/pubmed/30510256
https://doi.org/10.3390/ijms231710036
https://www.ncbi.nlm.nih.gov/pubmed/36077430
https://doi.org/10.1038/s41568-023-00565-7
https://doi.org/10.1016/S0022-5347(17)50006-3
https://www.ncbi.nlm.nih.gov/pubmed/6578359
https://doi.org/10.1111/bjd.19705
https://www.ncbi.nlm.nih.gov/pubmed/33270213
https://doi.org/10.1001/jamadermatol.2018.3964
https://www.ncbi.nlm.nih.gov/pubmed/30477003
https://doi.org/10.1002/ijc.31527
https://www.ncbi.nlm.nih.gov/pubmed/29659012
https://doi.org/10.1038/nrc.2016.37
https://www.ncbi.nlm.nih.gov/pubmed/27125352
https://doi.org/10.1007/s43630-023-00375-8
https://www.ncbi.nlm.nih.gov/pubmed/36856971
https://doi.org/10.1038/s41577-019-0185-9
https://www.ncbi.nlm.nih.gov/pubmed/31213673


Cancers 2024, 16, 1461 18 of 21

77. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Photoaging: UV radiation-induced inflammation and immunosuppression
accelerate the aging process in the skin. Inflamm. Res. 2022, 71, 817–831. [CrossRef] [PubMed]

78. Hart, P.H.; Norval, M. Ultraviolet radiation-induced immunosuppression and its relevance for skin carcinogenesis. Photochem.
Photobiol. Sci. 2018, 17, 1872–1884. [CrossRef]

79. Hughes, B.K.; Bishop, C.L. Current Understanding of the Role of Senescent Melanocytes in Skin Ageing. Biomedicines 2022,
10, 3111. [CrossRef] [PubMed]

80. Hart, P.H.; Norval, M. More Than Effects in Skin: Ultraviolet Radiation-Induced Changes in Immune Cells in Human Blood.
Front. Immunol. 2021, 12, 694086. [CrossRef]

81. Holick, M.F. Biological effects of sunlight, ultraviolet radiation, visible light, infrared radiation and Vitamin D for health.
Anticancer Res. 2016, 36, 1345–1356. [PubMed]

82. Emri, G.; Paragh, G.; Tósaki, Á.; Janka, E.; Kollár, S.; Hegedűs, C.; Gellén, E.; Horkay, I.; Koncz, G.; Remenyik, É. Ultraviolet
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