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LIST OF ABBREVIATIONS 

APC  antigen-presenting cells 

ATP  adenosine triphosphate 

BRAF  B-rapidly accelerated fibrosarcoma  

CR  complete response 

CTLA-4 cytotoxic T-lymphocyte-associated protein 4 
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PFS   progression-free survival  
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TAM  tumor-associated macrophages 
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TME   tumor microenvironment 

Treg   regulatory T cells 

T-VEC  talimogene laherparepvec  

VEGF  vascular endothelial growth factor 
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1 INTRODUCTION 

1.1 Cancer and immune system 

The concept shaping our understanding of cancer immunobiology today is called 

cancer immunoediting. It describes how immune cells interact with cancer cells and 

includes three phases: elimination, equilibrium and escape (1,2). The environment 

around the tumor (tumor microenvironment (TME)) consists of blood vessels, immune 

cells (such as tumor-infiltrating lymphocytes (TIL), antigen-presenting cells (APC), 

tumor-associated macrophages (TAM), myeloid-derived suppressor cells (MDSC), 

regulatory T cells (Tregs), fibroblasts, signalling molecules and extracellular matrix, 

which all play a crucial role in tumor survival and progression (3,4). Furthermore, TME 

influences the efficacy of anti-cancer treatments, for example high immune cell 

infiltration in the primary melanoma skin cancer positively correlated with an overall 

survival and improved response to immune checkpoint inhibitor (ICI) therapy (5,6). 

Nevertheless, under chronical inflammatory conditions in the TME, immune cells are 

modified in the way that they lose their ability to supress and eliminate tumor cells (this 

concept is called immunosurveillance and it is correspondent to the equilibrium phase) 

but rather support tumor growth and its escape from the immune system (7,8). 

Furthermore, tumor cells downregulate major histocompatibility complex (MHC) I 

expression, which makes them less recognisable by T effector cells, secrete inhibitory 

factors like tumor growth factor-β (TGF-β)  and upregulate the expression of co-

inhibitory molecules such as the programmed cell death-ligand 1 (PD-L1), causing T 

cells anergy and apoptosis (9). These principals of cancer immunoediting and 

immunosurveillance are addressed by modern immunotherapies such as ICI. ICI 

agents block co-inhibitory signal transmission between tumor and T cells, thereby 

counteracting the tumor escape (10).  
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1.2  Malignant melanoma 

Malignant melanoma (MM) is the most aggressive skin cancer that arises from 

pigment-producing melanocytes. Worldwide, melanoma cased 0,6% of all cancer 

deaths in year 2020 and is the most common cause of skin-cancer related deaths (11). 

While the incidence of MM is increasing, the mortality rates tend to fall (12,13). Besides 

the congenital risk factors as fair skin color, presence of melanocytic or dysplastic 

naevi or positive family history, the strongest acquired risk factors for melanoma 

development are severe sunburns induced by ultraviolet radiation (14,15). Notably, 

melanoma can occur not only on the skin, but also in the mucosa of inner organs or 

uvea (16). These types of melanoma together with acral melanoma (MM on palms, 

soles and nails) are considered to undergo non sun-induced development, since they 

arise in body parts protected from direct UV light (15). For the majority of MM, which 

are sun-induced cutaneous melanomas, the dual pathway hypothesis of melanoma 

formation has been described (17). Melanomas occurring on the trunk in young 

individuals without chronic sun damage pattern of the skin undergo a nevus prone 

pathway initiated by early sun exposure and promoted by intermittent sun exposure. 

These melanomas are characterized by early activation of B-rapidly accelerated 

fibrosarcoma (BRAF) proto-oncogene serine/threonine-kinase. While in so-called 

chronic sun exposure pathway, melanoma lesions are characterized by accumulated 

sun exposure and NRAS proto-oncogene GTPase (NRAS) activation (17).  

Clinically, melanoma is classified according to the AJCC 2017 guidelines  (18–21). The 

most crucial factors associated with poor prognosis are melanoma thickness, mitoses 

rate, presence of ulceration, and anatomic location on the head and neck (22,23).  

1.2.1 Overview of clinically used therapies 

The main treatment of primary melanoma is surgical resection with safety margins 

depending on melanoma thickness. After the resection, it is recommended to perform 

the sentinel lymph-node (SNL) biopsy for melanomas with thickness at least 1,0 mm 

or for thinner melanomas with ulceration. In accordance with new multicentre 

randomized clinical trials, regional lymph node dissection should only be performed in 

case of clinically detectable lymph node affection and is not recommended immediately 

after the SNL-positive biopsy, since complete regional lymph node dissection in these 

cases improved only regional nodal relapse-free survival but had no effect on relapse-

free and overall survival (24–26). Therefore, SNL basin should be periodically 
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controlled with ultrasound. According to guidelines (20), the patients with high-risk 

melanomas of at least 4,0 mm depth or with suspected lymph node metastasis should 

be examined with CT and MRI to exclude metastatic spread.  

1.2.1.1 Targeted therapy 

In cases of proven tumor spread and inoperable metastatic disease, systemic 

therapies are used in palliative setting. Since melanoma is a highly immunogenic tumor 

characterized by high mutational burden (27–29), the mutational analysis of the 

resected melanoma is crucial for the therapy decision (30). The most common 

mutation (appr. 50% of the melanomas) is BRAF V600E mutation, causing an 

activation of mitogen-activated protein kinase (MEK) pathway, which can be targeted 

by BRAF- (dabrafenib, encorafenib, or vemurafenib) and MEK-inhibitors (trametinib, 

binimetinib, or cobimetinib) (31). Due to the rapid clinical response (days to weeks 

regardless of tumor burden) and the objective response rate of 70%, BRAF and MEK 

inhibitors are approved as a first-line therapy for BRAF-driven advanced stage 

melanomas (32). However, most patients develop resistance after about 1 year of 

therapy due to activation of alternative signaling pathways (30,33). Patients with brain 

metastases and high tumor burden after failure of BRAF/MEK-inhibitor treatment still 

have very poor prognosis (3-year survival lies by under 10%) (34). Patients with 

metastatic melanoma without detectable BRAF V600E mutation should be treated with 

immunotherapy, for example with anti-PD-1 and anti-CTLA-4 antibodies (20). Notably, 

even though increased PD-L1 expression on melanoma cells is associated with 

prolonged survival and better therapy response, PD-L1 expression has no impact on 

the therapy decision (35–37).  

1.2.1.2 Triple therapy 

The so-called triple therapy with the combination of BRAF-, MEK- and anti-PD-1 

antibodies is currently under investigation (STARBOARD, phase III) (38). Melanoma 

patients receiving triple therapy showed prolonged median progression-free survival 

(PFS) (17,0 months vs. 9,9 months in combination with placebo) and median overall 

survival (OS) (46,3 months vs. 26,3 months) (39). At the same time, the triple therapy 

was described to cause more overall toxicity (grade 3-5 adverse events 70% triple 

therapy arm vs. 45% in placebo-controlled arm) (40). 
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1.2.1.3 Radiation therapy 

Another clinically widely used melanoma treatment is radiation therapy, which can be 

used both locally and systemically. Radiotherapy has found its place in the treatment 

of primary tumor (e.g. unresectable lentigo maligna or if safety margins after resection 

are not reached), as adjuvant treatment after lymphadenectomy and as therapy for 

locoregional and distant metastases (spinal cord, skin, lymph nodes, liver, lung and 

brain) (20). Since radiation can modulate immune cell functions in the TME, the 

combinational treatment with ICI was investigated, and improved clinical outcomes 

were observed (41,42).  

1.2.1.4 T-VEC 

By presence of cutaneous/subcutaneous non-resectable locoregional metastases 

modified oncolytic herpes virus called talimogene laherparepvec (T-VEC) can be used 

for intertumoral injections (43). T-VEC contains GM-CSF gene, and its replication in 

the tumor tissue reinforce antitumor immune response, causing melanoma cell lysis 

(44). Randomized phase III OPTiM trial had shown that T-VEC treatment resulted in 

prolonged overall survival, durable response rate and objective response rate 

compared to intertumoral GM-CSF injections (45,46). Moreover, the combination of T-

VEC injections with ICI was associated with very high response rates (ORR 61,9% and 

CR 33%) in melanoma patients (47). 

1.2.1.5 Chemotherapy 

Chemotherapy has taken a back seat in clinical practice today  (20). Chemotherapeutic 

agents induce cytotoxicity, and their clinical use is limited not only due to less 

favourable response rates compared to immunotherapy but also due to high numbers 

of adverse events (48).  

1.2.1.6 Adjuvant therapies 

In cases where SNL-positive lymph node has been removed and no distant 

metastases were detectable, or in cases where a limited number of operable 

metastases have been removed and no other measurable lesions are detectable, 

systemic therapies can be applied as an adjuvant treatment. Since an adjuvant therapy 

has been shown to prolong distant metastasis-free survival and recurrence-free 

survival, such therapy with BRAF/MEK-inhibitors is recommended for patients with 

BRAF mutation in AJCC2017 stages IIIA-D and therapy with PD-1 inhibitors is 
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recommended for melanoma patients in AJCC2017 stages III-IV with no evidence of 

disease (20,49–52).  

1.2.2 Immunotherapy as a first-line treatment? Response rates, advantages, and 

limitations  

Melanoma lesions are not only characterised by high mutational burden but also by 

extensive immune cell infiltration, indicating a great potential for positive response to 

immunotherapy (53). The most used immunotherapeutic agents in melanoma are 

immune checkpoint inhibitors such as anti-CTLA-4 and anti-PD-1 antibodies.  

1.2.2.1 Underlying mechanism of immune checkpoint inhibitor treatment 

It is known that T cell activation requires several distinct signals (54). Firstly, the T cell 

receptor (TCR) interacts with an antigen, presented on MHC I or II molecules on APC 

or tumor cells. Secondly, T cell activation requires a co-stimulatory signal, such as 

interaction of CD28 on T cell with CD80/CD86 on APC (55). Thirdly, certain cytokines 

(IL-2, IL-4, IL-6, IL-12, IFN- γ and others) determine into which subtype of T cells they 

will develop (56,57). It is known that not only co-stimulatory, but also co-inhibitory 

signals play a role in the activation of T cells. In physiological conditions, co-inhibitory 

molecules expressed on APC such as PD-L1/PD-L2 and CD80/CD86 interact with PD-

1 and CTLA-4 expressed on T cells, respectively. This interaction play a vital role in 

the maintenance of self-tolerance by inhibition of autoreactive T cells (58,59). Under 

the chronic inflammatory conditions in the TME, characterized by elevated levels of 

pro-inflammatory cytokines and especially IFN-γ, tumor cells and immunosuppressive 

cells gain the ability to upregulate negative checkpoint molecules as PD-L1 and 

CD80/CD86 (60).  These inhibitory signals block T cells activation, induce T cell anergy 

and apoptosis, lead to immune exhaustion in the TME and cancer escape (61,62). 

Inhibitors of the negative immune checkpoint molecules such as anti-PD-1 (nivolumab, 

pembrolizumab) or anti-CTLA-4 antibodies (ipilimumab) block co-inhibitory molecules 

on T cells and prevent the inactivation of T cells, thereby reactivating anti-tumor 

immune response (63,64). 

 

1.2.2.2 Logn-term outcomes of ICI in clinical trials 

Indisputable advantages of ICI are improved survival and stable and long-lasting 

response rate. In the phase III CheckMate 067 trial overall survival was 72,1 months 
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for combination of CTLA-4 and PD-1 inhibitor therapy, 36,9 months for PD-1 inhibition 

and 19,9 months for CTLA-4 inhibition, while 6,5-year OS rates were 57%, 43%, and 

25% respectively (65). However, despite the success of ICI, 60% of melanoma patients 

show no response to PD-1 monotherapy and approximately 40% are resistant to 

CTLA-4/PD-1 combinational treatment (66,67). Factors such as an impaired formation 

of memory T cells and insufficient formation or dysfunction of anti-tumor effector T cells 

have been described as factors, increasing the resistance to ICI (68). 

1.2.2.3 Immune related adverse events 

Since ICI activate the immune system, they can lead to immune related adverse events 

(irAE), which limits their usage (69). Most common irAE under anti-CTLA-4 treatment 

are colitis and other gastrointestinal symptoms as well as hypophysitis, whereas anti-

PD-1 therapy may induce pneumonitis and thyroiditis (70,71). In case of combinational 

treatment severe irAE (grade 3-4) occur in 59% and in case of PD-1 monotherapy in 

24% of melanoma patients (72). Interestingly, the occurrence of vitiligo in melanoma 

patients under ICI was associated with better clinical outcomes (73).  

1.2.2.4 New ICI molecules 

New ICI that target other negative checkpoint molecules are currently coming to light. 

The combination of PD-1 and lymphocyte activating gene 3 (LAG-3) inhibition showed 

20% improved response and prolonged PFS compared to PD-1 monotherapy (10,1 

months vs. 4,6 months) (74). IrAE rate for this new combinational treatment 

corresponded to 19% (74). 

1.2.3 Assessment of ICI efficacy and biomarkers of response 

The conventional response assessment used in the clinic is restaging, which is 

performed 8 to 12 weeks after treatment initiation. Tumor leasions are assesed 

according to Immunotherapy Response Evaluation Criteria in Solid Tumours 

(iRECIST) criteria (75). Phenomenon of initiall ≥ 25% increase in tumor burden on the 

first restaging that was not confirmed as progressive disease at next assessment has 

been called pseudoprogression and was firsly observed in patients treated with 

ipilimumab (76). This phenomenon can be explained by immune infiltration into the 

tumor and needs to be confirmed by the following radiological assessment in another 

8 to 12 weeks to prevent the premature cessation of treatment (77). 
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As the response rates to ICI remain limited, there is an urge need to understand the 

mechanisms of resistance and to identify new biomarkers of response that can be 

assesed in a non-invasive way and can be easily integrated into clinical practice. 

Currently investigated potential prognostic markers assess melanoma genetics by 

analyzing neo-epitopes or overall mutational load (35,78), immunosuppressive TME 

by evaluating TIL and PD-1 expression on CD8 T cells (79–82), exosomal PD-L1 

expression (83,84), T cell–inflamed gene expression profile, including interferon-γ 

(IFN-γ) signaling, the expression of immune checkpoint molecules and inflammatory 

mediators (like IL-6 and IL-8) (85–87),  the composition of the gut microbiome (88) and 

the treatment with antibiotics prior to ICI (89). Interestingly, such factors as the gut 

microbiome was shown not only to have an impact on the efficiency of the ICI therapy 

in melanoma (88) but also have an impact on occurrence of irAE (90).   

It has been shown that increased frequency of MDSC  in the peripheral blood of 

advanced melanoma patients correlates with reduced PFS, OS and poor response to 

immunotherapy (91–93). Moreover, an increased number of MDSC in peripheral blood 

can be used as a biomarker for the resistance to PD-1 therapy (94).  

1.3 MDSC - one of the reasons why ICI does not always work  

MDSC is a heterogeneous  population of myeloid cells, which derive from myelopoietic 

progenitors in the bone marrow under the influence of chronic inflammatory mediators 

and then migrate into lymphatic organs (lymph nodes, spleen) or TME (95–97). This 

alteration of  myelopoiesis in cancer can also occur extramedullary in the spleen (98). 

Moreover, it has been shown that MDSC could uprise from mature myeloid cells such 

as monocytes driven by tumor-derived extracellular vesicles (EVs) (99).  

In humans, MDSC can be categorized in two strongly immunosuppressive populations: 

monocytic MDSC (M-MDSC) (described as CD33+HLA-DRlow/−CD14+CD66b−) and 

polymorphonuclear MDSC (PMN-MDSC) (CD33dimHLA-DRlow/−CD14−CD66b+Lin−) as 

well as small population without immunosuppressive capacity, called early-stage 

MDSC (e-MDSC) (CD33dimHLA-DRlow/−CD66b−Lin−) (97,100). Cells with typical MDSC 

phenotype but lacking immunosuppressive activity are also present in healthy 

individuals in much smaller numbers and called MDSC counterparts (100). The main 

challenge in MDSC investigation is to distinguish between PMN-MDSC and tumor-

associated neutrophils (TAN) as well as M-MDSC and tumor-associated macrophages 

(TAM), since the latter share a similar phenotype with PMN- and M-MDSC and can 
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exert protumorigenic activities (101–103). In contrast to M-MDSC, TAM represent 

mature cells characterised by macrophage-specific markers like CD68 and CD163, 

absence of S1000A9 and prostaglandin E2 (PGE-2) expression (95). However, more 

current research revealed that M-MDSC can further differentiate in the TME into 

macrophages characterised by high expression of S100A9 and immunosuppressive 

activity (104). These fundings emphasise the complexity of the intertumoral landscape 

of myeloid cells. The differentiation between TAN and PMN-MDSC remains 

challenging since they share the same phenotype (105). An new marker lectin-type 

oxidized LDL receptor-1 (LOX-1) was proposed to identify PMN-MDSC (106). 

However, elevated expression of LOX-1 could not be confirmed on melanoma samples 

due to relatively low accumulation of PMN-MDSC (106).  

1.3.1 MDSCs recruitment, activation, and functions 

The tumor microenvironment is characterized by a constant presence of growth factors 

and inflammatory mediators known as cancer-related inflammation or the seventh 

hallmark of cancer (107,108). As a first step, factors such as interleukin (IL)-1β, IL-6, 

IL-8, vascular endothelial growth factor (VEGF), macrophage colony-stimulating factor 

(M-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) produced 

by melanoma and host cells in the TME induce generation and expansion of MDSC in 

bone marrow and spleen and cause MDSC recruitment the tumor site (109,110). Next, 

MDSC are activated by the direct influence of IL-1β, IL-6, IL-8, IL-4, IL-13, IFN-γ and 

PGE2 in the tumor site (110,111). These two phases are partially overlapping.  

The main characteristic of MDSC is their strong ability to suppress anti-tumor T and 

NK cells (95,96,109), which could be measured in the  inhibition of T cell proliferation 

assay (100,112). MDSC cause T cell anergy and apoptosis due to high expression of  

PD-L1 and Fas ligand (FasL) (113). TGF-β and hypoxic conditions in the TME induce 

hypoxia-inducible factor-1α (HIF-1α), which lead to the expression of ectonucleoside 

triphosphate diphosphohydrolase 1 (CD39) and ectonucleotidase (CD73) on MDSC 

(114). These enzymes convert extracellular adenosine triphosphate (ATP) into 

adenosine that additionally inhibits effector T cell functions (115). Moreover, MDSC 

express arginase-1, produce reactive oxygen species (ROS) and nitric oxide (NO) 

causing T cell anergy and downregulation of TCR ζ-chain (116,117). Notably, M-MDSC 

was also reported to rapidly convert into TAM in the tumor tissues, which are known 

for inhibition of immune response and promotion of tumor growth (118,119). 
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All above mentioned MDSC-mediated mechanisms of immunosuppression support the 

tumor escape and reduce response to various melanoma therapies, including ICI 

treatment. 

1.3.2 MDSC in chronical inflammatory conditions other than cancer 

MDSC were first described in cancer, but they are present in a variety of other diseases 

characterized by chronic inflammation such as autoimmune disease (systemic lupus 

erythematosus, rheumatoid arthritis, type I diabetes, multiple sclerosis, inflammatory 

bowel disease), unresolved infections (biofilm formation by Staphylococcus aureus, 

infection with Mycobacterium tuberculosis, several Candida species, hepatitis, human 

immunodeficiency and severe acute respiratory syndrome coronavirus type 2 (SARS-

CoV-2) infection), allergic asthma, sepsis and obesity (120,121). The restricting effect 

of MDSC on overactivated immune system in these diseases demonstrates the 

complexity of the role that MDSC play in the organism (96). Moreover, MDSC were 

shown to suppress T cell responses during pregnancy, maintaining maternal–fetal 

tolerance (122).  

 

All these findings highlight the crucial role that MDSC play in human immune system 

and emphasize the importance of understanding MDSC function and developing new 

MDSC-targeted and combinational treatments to improve clinical outcomes and 

prolong patient survival. 
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2 AIM OF THE STUDY 

Malignant melanoma is characterized by high mortality rate, especially when 

diagnosed in an advanced stage. Due to high immunogenicity of the tumor, treatment 

with ICI revolutionized therapeutical options and represents first-line treatment for 

unresectable melanoma. However, approximately 40% of patients fail to respond to 

immunotherapy, suggesting the need to develop further therapeutical options, to 

identify new biomarkers of response and to better understand the mechanisms leading 

to treatment failure. 

First, I aimed to review the existing evidence on the impact of major TME players such 

as MDSC, TAM and Tregs and the role of gut microbiome on tumor growth and ICI 

treatment outcome. I discussed the current evidence supporting the use of these TME 

actors as biomarkers of response and other approaches to response prediction such 

as PET-CT, tumor biopsy and liquid biopsy (especially analysis of soluble or expressed 

in the extracellular vesicles PD-L1 or soluble inflammatory factors in the patient’s 

plasma). To obtain a comprehensive overview over the therapeutic options currently 

used or investigated in advanced melanoma patients, I reviewed the available data on 

combination treatment of ICI with radiotherapy, T-VEC or targeted therapy; with agents 

targeting tumor neoantigens, causing depletion of immunosuppressive MDSC and 

targeting other ICI-molecules such as LAG-3, TIM-3 and TIGIT. I focused on the impact 

of these combination treatments on ICI effectiveness. The results of these 

investigations are published in the review manuscript “Modern Aspects of 

Immunotherapy with Checkpoint Inhibitors in Melanoma”. 

Furthermore, the aim of this investigation was to expand the existing knowledge about 

MDSC, their function and the dynamic changes that MDSC undergo in patients with 

malignant melanoma. Even though the role of MDSC in cancer is well investigated, 

ICI-related changes in freshly isolated circulating MDSC from melanoma patients are 

not sufficiently studied, especially not in patients with no evidence of disease (non-

metastatic patients), receiving ICI as an adjuvant treatment to the surgical tumor 

resection. Furthermore, many studies describe MDSC frequency, immunosuppressive 

pattern, and functional activity before and after the initiation of ICI therapy, but the 

dynamic changes in these parameters during ongoing ICI treatment are poorly 

understood. 



Aim of the Study 

 13 

Therefore, I isolated PBMC from the peripheral blood of 29 advanced melanoma 

patients and 10 age-matched healthy donors. MDSC frequencies (and their non-

immunosuppressive MDSC-counterparts in healthy donors) and the expression of 

immunosuppressive molecules on their surface were analyzed by multicolor flow 

cytometry. To investigate the immunosuppressive function of MDSC, I isolated two 

MDSC populations by FACS sorting and co-incubated them with T cells isolated from 

the same patient. Furthermore, to better understand the mechanisms of MDSC 

activation and action, the concentration of MDSC-related inflammatory mediators in 

the patient’s plasma was analysed by bio-plex assay. To deepen our knowledge of the 

dynamic changes that MDSC undergo during ICI therapy, all of the above mentioned 

measurements were performed for each patient at four different time points: before 

therapy initiation and after the first three applications of ICI treatment up to the time 

point of the first staging (approximately 3 months after therapy initiation). It is important 

to emphasize that all above mentioned analyses of MDSC frequency, phenotype and 

suppressive activity and the concentration of MDSC-related chemokines were 

performed in metastatic patients receiving ICI as a palliative treatment and in non-

metastatic patients receiving ICI in adjuvant setting. Moreover, to investigate these 

MDSC characteristics as possible biomarkers of therapy response, I compared these 

parameters in metastatic patients showing complete, partial response or stable 

disease (classified as responders) to metastatic patients with progressive disease 

(non-responders) defined by radiological staging commonly used in the clinic. Most 

results of this study were published in the manuscript “Immunosuppressive capacity of 

circulating MDSC predicts response to immune checkpoint inhibitors in melanoma 

patients”.  
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