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Despite of melanoma immunogenicity, this tumor develops immune escape mechanisms that stimulate a fast melanoma
progression. Such mechanisms include impaired antigen presentation by tumor cells, accumulation of dysfunctional
effector T cells and generation of the immunosuppressive TME represented by MDSC, TAN, CAF, TAM, and Treg.
Therefore, numerous approaches were developed to reinvigorate the anti-tumor immune response. Recently approved
immunotherapies with ICI (anti-PD-1, anti-PD-L1 and anti-CTLA-4 antibodies) have revolutionized the treatment of
melanoma. This treatment significantly increased the survival of melanoma patients and provided a durable control of the
disease [26 (https://www.mdpi.com/1422-0067/21/7/2367/htm#B26-ijms-21-02367),27 _ (https://www.mdpi.com/1422-

However, the response rates to ICI are still restricted. Thus, further efforts should be undertaken to maximize the efficacy
of ICI treatment. This aim could be achieved by improving the selection of patients who might benefit from the ICI therapy,
by applying early radiological findings and by measuring predictive markers from tumor and liquid biopsies. Furthermore,
the combination of different ICI (such as ipilimumab and nivolumab), their combination with targeting of the
immunosuppressive  TME or with other anti-cancer therapies could significantly improve the efficacy of tumor
immunotherapy. Furthermore, targeting of other immune checkpoints (such as LAG-3, TIM-3, TIGIT) and its combination
with approved ICI are currently under investigation.
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| 1. Introduction

The concept of cancer immunosurveillance is based on the fact that tumor cells can be recognized and eliminated by
immune system W&, immunogenicity of malignant melanoma is based on a high ultraviolet-driven mutational burden &I,
This leads to the overexpression of tumor specific antigens enabling the formation of the antigen specific immune
response 4B However, development of aggressive metastatic melanoma shows that tumors are edited by the immune
system, and selected resistant variants could escape the immune control Bl Therefore, several immune-based
therapeutic approaches such as vaccination &, adoptive transfers & and immune checkpoint-blockade 29 were applied,
aiming at reinvigorating anti-tumor immune response and improving survival of advanced-stage melanoma patients 11,

The most studied negative immune checkpoint molecules and broadly accepted targets for immunotherapy are cytotoxic T
lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein 1 (PD-1). CTLA-4 is upregulated on the T
cell surface early during activation in lymph nodes, binds to CD80/CD86 reducing co-stimulation through CD28 and
functions as a negative downstream loop for T cell receptor (TCR) signaling 22, PD-1 interaction with its ligands PD-L1
and PD-L2 inhibits effector T cell functions in peripheral tissues 3. Playing a pivotal role in the maintenance of self-
tolerance under physiological conditions, these checkpoint molecules could be exploited by tumors to evade the immune
responses. Hence, inhibiting such interactions could reactivate anti-tumor immune reactions 141 Moreover, the
combination of anti-CTLA-4 and anti-PD-1 antibodies was shown to work synergistically by expanding activated effector
CD8 T cells 13II28] Another approach was shown to implicate the combination of PD-L1-CD80 heterodimerization and the
suppression of the CTLA-4/CD80 axis 2. Currently used antibodies to target CTLA-4 are ipilimumab and tremelimumab,
to target PD-1 are nivolumab, pembrolizumab, cemiplimab and to target PD-L1 are atezolizumab and avelumab [L4I28119]

| 2. Immunotherapy with Checkpoint Inhibitors in Melanoma

Despite of melanoma immunogenicity, this tumor develops immune escape mechanisms that stimulate a fast melanoma
progression. Such mechanisms include impaired antigen presentation by tumor cells, accumulation of dysfunctional
effector T cells and generation of the immunosuppressive TME represented by MDSC, TAN, CAF, TAM, and Treg.
Therefore, numerous approaches were developed to reinvigorate the anti-tumor immune response. Recently approved
immunotherapies with ICI (anti-PD-1, anti-PD-L1 and anti-CTLA-4 antibodies) have revolutionized the treatment of
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melanoma. This treatment significantly increased the survival of melanoma patients and provided a durable control of the
disease [20121122] However, the response rates to ICI are still restricted. Thus, further efforts should be undertaken to
maximize the efficacy of ICI treatment. This aim could be achieved by improving the selection of patients who might
benefit from the ICI therapy, by applying early radiological findings and by measuring predictive markers from tumor and
liquid biopsies. Furthermore, the combination of different ICI (such as ipilimumab and nivolumab), their combination with
targeting of the immunosuppressive TME or with other anti-cancer therapies could significantly improve the efficacy of
tumor immunotherapy. Furthermore, targeting of other immune checkpoints (such as LAG-3, TIM-3, TIGIT) and its
combination with approved ICI are currently under investigation (Table 1). Approved IClI, their targets, and targets for
combined treatments are summarized in the Figure 1.
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Figure 1. Immune checkpoint inhibitors in melanoma and their combination with other therapies. Currently used
antibodies against PD-1 (atezolizumab, avelumab), PD-L1 (nivolumab, pembrolizumab, cepilimumab) and CTLA-4
(ipilimumab, tremelimumab) as well as strategies to increase the efficiency of immune checkpoint inhibitors (ICI) are
presented. ADP: adenosine diphosphate; APC: antigen presenting cell; ATP: adenosine triphosphate; ATRA: all-trans
retinoic acid; CAF: cancer-associated fibroblasts; COX-2: cyclooxygenase-2; CTLA-4: cytotoxic T lymphocyte-associated
protein-4; FAP: fibroblast activation protein; FGF-2: fibroblast growth factor 2; GM-CSF: granulocyte-macrophage colony
stimulating factor; IFN-B: interferon-B; IL: interleukin; LAG-3: lymphocyte activation gene-3; LSECtin: liver sinusoidal
endothelial cell lectin; MDSC: myeloid-derived suppressor cells; MHC: major histocompatibility complex; MMP-9: matrix
metallopeptidase 9; NO: nitric oxide; PD-1: programmed cell death protein 1; PD-L1: programmed cell death ligand 1;
ROS: reactive oxygen species; RT: radiation therapy; TAM: tumor-associated macrophages; TAN: tumor associated
neutrophils; TCR: T-cell receptor; TGF-B: transforming growth factor-p; TIGIT: T cell immunoreceptor with Ig and ITIM
domains; TIM-3: T-cell immunoglobulin- and mucin domain- containing molecule 3; Treg; regulatory T cells; T-VEC:
talimogen laherparepvec; VEGF: vascular endothelial growth factor.
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