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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
EVs extracellular vesicles

GM-CSF granulocyte-macrophage colony-stimulating factor
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MEK mitogen-activated protein kinase
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NO nitric oxide
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ORR overall response rate

0S overall survival

PD-1 programmed cell death protein 1
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Introduction

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-B (TGF-B) 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
fiborosarcoma (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 VG600E 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 lll) (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 ICl 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 Ill 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 ICl 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 I[lIA-D and therapy with PD-1 inhibitors is

6
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recommended for melanoma patients in AJCC2017 stages IlI-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 | or Il 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- y 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-y, 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 lll CheckMate 067 trial overall survival was 72,1 months

7
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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 ICl (68).

1.2.2.3 Immune related adverse events

Since ICl 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 ICl 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 2 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-y
(IFN-y) 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 IC| 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-DR"°¥-CD14*CD66b") and
polymorphonuclear MDSC (PMN-MDSC) (CD339MHLA-DR**~CD14-CD66b*Lin") as
well as small population without immunosuppressive capacity, called early-stage
MDSC (e-MDSC) (CD339mHLA-DR"**/~-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)-1p3, 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-1p, IL-6, IL-8, IL-4, IL-13, IFN-y and
PGEZ2 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-$ and hypoxic conditions in the TME induce
hypoxia-inducible factor-1a (HIF-1a), 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 {-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 | 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.

11
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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, | 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. | 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, | 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. | focused on the impact
of these combination treatments on ICl 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,
ICl-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 ICl 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.

12
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Therefore, | 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, | 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 ICl 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, | 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”.

13



References

3 REFERENCES

10.

Dunn GP, Bruce AT, lkeda H, Old LJ, Schreiber RD. Cancer immunoediting:
From immunosurveillance to tumor escape. Nat Immunol (2002) 3:991-998. doi:
10.1038/ni1102-991

Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: Integrating immunity’s
roles in cancer suppression and promotion. Science (80- ) (2011) 331:1565—
1570. doi: 10.1126/science.1203486

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, Coussens
LM, Gabrilovich DI, Ostrand-Rosenberg S, Hedrick CC, et al. Understanding the
tumor immune microenvironment (TIME) for effective therapy. Nat Med (2018)
24:541-550. doi: 10.1038/S41591-018-0014-X

Hinshaw DC, Shevde LA. The Tumor Microenvironment Innately Modulates
Cancer Progression. (2019) doi: 10.1158/0008-5472.CAN-18-3962

Kimpers C, Jokic M, Haase O, Offermann A, Vogel W, Gratz V, Langan EA,
Perner S, Terheyden P. Immune Cell Infiltration of the Primary Tumor, Not PD-
L1 Status, Is Associated With Improved Response to Checkpoint Inhibition in
Metastatic Melanoma. Front Med (2019) 6:27. doi:
10.3389/FMED.2019.00027/FULL

Huang AC, Postow MA, Orlowski RJ, Mick R, Bengsch B, Manne S, Xu W,
Harmon S, Giles JR, Wenz B, et al. T-cell invigoration to tumour burden ratio
associated with anti-PD-1 response. Nature (2017) 545:60-65. doi:
10.1038/nature22079

Whiteside TL. The tumor microenvironment and its role in promoting tumor
growth. Oncogene 2008 2745 (2008) 27:5904-5912. doi: 10.1038/0nc.2008.271
Ribatti D. The concept of immune surveillance against tumors. The first theories.
Oncotarget (2017) 8:7175-7180. doi: 10.18632/oncotarget. 12739

Umansky V, Sevko A. Melanoma-induced immunosuppression and its
neutralization. Semin Cancer  Biol  (2012)  22:319-326. doi:
10.1016/j.semcancer.2012.02.003

Mahmoud F, Shields B, Makhoul I, Avaritt N, Wong HK, Hutchins LF, Shalin S,
Tackett AJ. Immune surveillance in melanoma: From immune attack to
melanoma escape and even counterattack. Cancer Biol Ther (2017) 18:451—
469. doi: 10.1080/15384047.2017.1323596

14



References

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray F.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021)
71:209-249. doi: 10.3322/CAAC.21660

Urban K, Mehrmal S, Uppal P, Giesey RL, Delost GR. The global burden of skin
cancer: A longitudinal analysis from the Global Burden of Disease Study, 1990—
2017. JAAD Int (2021) 2:98. doi: 10.1016/J.JDIN.2020.10.013

Siegel Mph RL, Miller KD, Sandeep N, Mbbs W, Ahmedin |, Dvm J, Siegel RL.
Cancer statistics, 2023. CA Cancer J Clin (2023) 73:17-48. doi:
10.3322/CAAC.21763

Gilchrest BA, Eller MS, Geller AC, Yaar M. The pathogenesis of melanoma
induced by ultraviolet radiation. N Engl J Med (1999) 340:1341-1348. doi:
10.1056/NEJM199904293401707

Vicente ALSA, Novoloaca A, Cahais V, Awada Z, Cuenin C, Spitz N, Carvalho
AL, Evangelista AF, Crovador CS, Reis RM, et al. Cutaneous and acral
melanoma cross-OMICs reveals prognostic cancer drivers associated with
pathobiology and ultraviolet exposure. Nat Commun 2022 131 (2022) 13:1-15.
doi: 10.1038/s41467-022-31488-w

Uong A, Zon LI. Melanocytes in development and cancer. J Cell Physiol (2010)
222:38-41. doi: 10.1002/JCP.21935

Armstrong BK, Cust AE. Sun exposure and skin cancer, and the puzzle of
cutaneous melanoma: A perspective on Fears et al. Mathematical models of age
and ultraviolet effects on the incidence of skin cancer among whites in the United
States. American Journal of Epidemiology 1977; . Cancer Epidemiol (2017)
48:147-156. doi: 10.1016/J.CANEP.2017.04.004

Gershenwald JE, Scolyer RA, Hess KR, Sondak VK, Long G V., Ross MI, Lazar
AJ, Faries MB, Kirkwood JM, McArthur GA, 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. doi:
10.3322/CAAC.21409

Grob JJ, Schadendorf D, Lorigan P, Ascierto P, Larkin J, Nathan P, Robert C,
Hauschild A, Weber J, Daud A, et al. Eighth American Joint Committee on
Cancer (AJCC) melanoma classification: Let us reconsider stage Ill. Eur J
Cancer (2018) 91:168-170. doi: 10.1016/J.EJCA.2017.11.023

15



References

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Onkologie L. S3-Leitlinie zur Diagnostik, Therapie und Nachsorge des
Melanoms.

Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R,
Hauschild A, Stang A, Roesch A, Ugurel S. Melanoma. Lancet (London,
England) (2018) 392:971-984. doi: 10.1016/S0140-6736(18)31559-9

Breslow A, Washington G. Thickness, cross-sectional areas and depth of
invasion in the prognosis of cutaneous melanoma. Ann Surg (1970) 172:902.
doi: 10.1097/00000658-197011000-00017

Berwick M, Armstrong BK, Ben-Porat L, Fine J, Kricker A, Eberle C, Barnhill R.
Sun Exposure and Mortality From Melanoma. JNCI J Natl Cancer Inst (2005)
97:195-199. doi: 10.1093/JNCI/DJI019

Leiter U, Stadler R, Mauch C, Hohenberger W, Brockmeyer N, Berking C,
Sunderkotter C, Kaatz M, Schulte KW, Lehmann P, et al. Complete lymph node
dissection versus no dissection in patients with sentinel lymph node biopsy
positive melanoma (DeCOG-SLT): a multicentre, randomised, phase 3 trial.
Lancet Oncol (2016) 17:757-767. doi: 10.1016/S1470-2045(16)00141-8

Faries MB, Thompson JF, Cochran AJ, Andtbacka RH, Mozzillo N, Zager JS,
Jahkola T, Bowles TL, Testori A, Beitsch PD, et al. Completion Dissection or
Observation for Sentinel-Node Metastasis in Melanoma. N Engl J Med (2017)
376:2211-2222. doi: 10.1056/NEJMOA1613210

Coit D. The Enigma of Regional Lymph Nodes in Melanoma. N Engl J Med
(2017) 376:2280-2281. doi: 10.1056/NEJME1704290

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, Schrock A,
Campbell B, Shlien A, Chmielecki J, et al. Analysis of 100,000 human cancer
genomes reveals the landscape of tumor mutational burden. Genome Med
(2017) 9:1-14. doi: 10.1186/s13073-017-0424-2

Hodis E, Watson IR, Kryukov G V., Arold ST, Imielinski M, Theurillat JP,
Nickerson E, Auclair D, Li L, Place C, et al. A landscape of driver mutations in
melanoma. Cell (2012) 150:251-263. doi: 10.1016/J.CELL.2012.06.024
Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin A
V., Bignell GR, Bolli N, Borg A, Barresen-Dale AL, et al. Signatures of mutational
processes in human cancer. Nature (2013) 500:415-421. doi:
10.1038/NATURE12477

Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A,

16



References

31.

32.

33.

34.

35.

36.

37.

38.

Stroiakovski D, Lichinitser M, Dummer R, Grange F, Mortier L, et al. Improved
overall survival in melanoma with combined dabrafenib and trametinib. N Engl J
Med (2015) 372:30-39. doi: 10.1056/NEJM0a1412690

Akbani R, Akdemir KC, Aksoy BA, Albert M, Ally A, Amin SB, Arachchi H, Arora
A, Auman JT, Ayala B, et al. Genomic Classification of Cutaneous Melanoma.
Cell (2015) 161:1681-1696. doi: 10.1016/J.CELL.2015.05.044

Dummer R, Ascierto PA, Gogas HJ, Arance A, Mandala M, Liszkay G, Garbe C,
Schadendorf D, Krajsova |, Gutzmer R, et al. Encorafenib plus binimetinib versus
vemurafenib or encorafenib in patients with BRAF-mutant melanoma
(COLUMBUS): a multicentre, open-label, randomised phase 3 trial. Lancet
Oncol (2018) 19:603—615. doi: 10.1016/S1470-2045(18)30142-6

Van Allen EM, Wagle N, Sucker A, Treacy DJ, Johannessen CM, Goetz EM,
Place CS, Taylor-Weiner A, Whittaker S, Kryukov G V., et al. The genetic
landscape of clinical resistance to RAF inhibition in metastatic melanoma.
Cancer Discov (2014) 4:94-109. doi: 10.1158/2159-8290.CD-13-0617

Long G V., Grob JJ, Nathan P, Ribas A, Robert C, Schadendorf D, Lane SR,
Mak C, Legenne P, Flaherty KT, et al. Factors predictive of response, disease
progression, and overall survival after dabrafenib and trametinib combination
treatment: a pooled analysis of individual patient data from randomised trials.
Lancet Oncol (2016) 17:1743-1754. doi: 10.1016/S1470-2045(16)30578-2

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, Sucker A,
Hillen U, Foppen MHG, Goldinger SM, et al. Genomic correlates of response to
CTLA-4 blockade in metastatic melanoma. Science (2015) 350:207-211. doi:
10.1126/SCIENCE.AAD0095

Zhao T, Li C, Wu Y, Li B, Zhang B. Prognostic value of PD-L1 expression in
tumor infiltrating immune cells in cancers: A meta-analysis. PLoS One (2017)
12: doi: 10.1371/JOURNAL.PONE.0176822

Carlino MS, Long G V., Schadendorf D, Robert C, Ribas A, Richtig E, Nyakas
M, Caglevic C, Tarhini A, Blank C, et al. Outcomes by line of therapy and
programmed death ligand 1 expression in patients with advanced melanoma
treated with pembrolizumab or ipilimumab in KEYNOTE-006: A randomised
clinical trial. Eur J Cancer (2018) 101:236—-243. doi:
10.1016/J.EJCA.2018.06.034

Schadendorf D, Dummer R, Robert C, Ribas A, Sullivan RJ, Panella T, McKean

17



References

39.

40.

41.

42.

43.

44.

45.

46.

M, Santos ES, Brill K, Polli A, et al. STARBOARD: encorafenib + binimetinib +
pembrolizumab for first-line metastatic/unresectable BRAF V600-mutant
melanoma. Future Oncol (2022) 18:2041-2051. doi: 10.2217/FON-2021-1486
Ribas A, Ferrucci PF, Atkinson V, Stephens R, Long G V., Lawrence DP,
Vecchio M Del, Hamid O, Schmidt H, Schachter J, et al. Pembrolizumab
(pembro) plus dabrafenib (dab) and trametinib (tram) in BRAFV600E/K-mutant
melanoma: Long-term follow-up of KEYNOTE-022 parts 1, 2, and 3.
https://doi.org/101200/JC020224016_suppl9516 (2022) 40:9516-9516. doi:
10.1200/JC0.2022.40.16_SUPPL.9516

Ferrucci PF, Di Giacomo AM, Vecchio M Del, Atkinson V, Schmidt H, Schachter
J, Queirolo P, Long G V, Stephens R, Svane IM, et al. KEYNOTE-022 part 3: a
randomized, double-blind, phase 2 study of pembrolizumab, dabrafenib, and
trametinib in BRAF-mutant melanoma. J Immunother Cancer (2020) 8:1806. doi:
10.1136/jitc-2020-001806

Tagliaferri L, Lancellotta V, Fionda B, Mangoni M, Casa C, Di Stefani A, Pagliara
MM, D’Aviero A, Schinzari G, Chiesa S, et al. Immunotherapy and radiotherapy
in melanoma: a multidisciplinary comprehensive review. Hum Vaccin
Immunother (2022) 18: doi: 10.1080/21645515.2021.1903827

Chi A, Nguyen NP. Mechanistic rationales for combining immunotherapy with
radiotherapy. Front Immunol (2023) 14:1-21. doi: 10.3389/fimmu.2023.1125905
Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: a new class of
immunotherapy drugs. Nat Rev Drug Discov (2015) 14:642-662. doi:
10.1038/NRD4663

Kaufman HL, Shalhout SZ, lodice G. Talimogene Laherparepvec: Moving From
First-In-Class to Best-In-Class. Front Mol Biosci (2022) 9: doi:
10.3389/FMOLB.2022.834841

Andtbacka RHI, Collichio F, Harrington KJ, Middleton MR, Downey G, Ohrling
K, Kaufman HL. Final analyses of OPTiM: a randomized phase Il trial of
talimogene laherparepvec versus granulocyte-macrophage colony-stimulating
factor in unresectable stage IlI-IV melanoma. J Immunother Cancer (2019) 7:
doi: 10.1186/S40425-019-0623-Z

Ferrucci PF, Pala L, Conforti F, Cocorocchio E. Talimogene Laherparepvec (T-
VEC): An Intralesional Cancer Immunotherapy for Advanced Melanoma.
Cancers (Basel) (2021) 13:1-14. doi: 10.3390/CANCERS13061383

18



References

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ribas A, Dummer R, Puzanov |, VanderWalde A, Andtbacka RHI, Michielin O,
Olszanski AJ, Malvehy J, Cebon J, Fernandez E, et al. Oncolytic Virotherapy
Promotes Intratumoral T Cell Infiltration and Improves Anti-PD-1
Immunotherapy. Cell (2017) 170:1109-1119.e10. doi:
10.1016/j.cell.2017.08.027

Almohideb M. Safety and efficacy of nivolumab compared with other regimens
in patients with melanoma: A network meta-analysis. Medicine (Baltimore)
(2022) 101:E29390. doi: 10.1097/MD.0000000000029390

Eggermont AMM, Blank CU, Mandala M, Long G V., Atkinson VG, Dalle S,
Haydon AM, Meshcheryakov A, Khattak A, Carlino MS, et al. Adjuvant
pembrolizumab versus placebo in resected stage Ill melanoma (EORTC 1325-
MG/KEYNOTE-054): distant metastasis-free survival results from a double-
blind, randomised, controlled, phase 3 trial. Lancet Oncol (2021) 22:643—-654.
doi: 10.1016/S1470-2045(21)00065-6

Weber J, Mandala M, Del Vecchio M, Gogas HJ, Arance AM, Cowey CL, Dalle
S, Schenker M, Chiarion-Sileni V, Marquez-Rodas I, et al. Adjuvant Nivolumab
versus Ipilimumab in Resected Stage Ill or IV Melanoma. N Engl J Med (2017)
377:1824-1835. doi: 10.1056/NEJMoa1709030

Long G V., Hauschild A, Santinami M, Atkinson V, Mandala M, Chiarion-Sileni
V, Larkin J, Nyakas M, Dutriaux C, Haydon A, et al. Adjuvant Dabrafenib plus
Trametinib in Stage Ill BRAF-Mutated Melanoma. N Engl J Med (2017)
377:1813-1823. doi: 10.1056/NEJMOA1708539

Maio M, Lewis K, Demidov L, Mandala M, Bondarenko |, Ascierto PA, Herbert
C, Mackiewicz A, Rutkowski P, Guminski A, et al. Adjuvant vemurafenib in
resected, BRAFV600 mutation-positive melanoma (BRIM8): a randomised,
double-blind, placebo-controlled, multicentre, phase 3 trial. Lancet Oncol (2018)
19:510-520. doi: 10.1016/S1470-2045(18)30106-2

Marzagalli M, Ebelt ND, Manuel ER. Unraveling the crosstalk between
melanoma and immune cells in the tumor microenvironment. Semin Cancer Biol
(2019) 59:236-250. doi: 10.1016/J.SEMCANCER.2019.08.002

Bretscher PA. A two-step, two-signal model for the primary activation of
precursor helper T cells. Proc Natl Acad Sci U S A (1999) 96:185-190. doi:
10.1073/PNAS.96.1.185

Sansom DM. CD28, CTLA-4 and their ligands: Who does what and to whom?

19



References

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Immunology (2000) 101:169-177. doi: 10.1046/j.1365-2567.2000.00121.x
Curtsinger JM, Schmidt CS, Mondino A, Lins DC, Kedl RM, Jenkins MK,
Mescher MF. Inflammatory Cytokines Provide a Third Signal for Activation of
Naive CD4+ and CD8+ T Cells. J Immunol (1999) 162:3256-3262. doi:
10.4049/JIMMUNOL.162.6.3256

Curtsinger JM, Mescher MF. Inflammatory Cytokines as a Third Signal for T Cell
Activation. Curr Opin Immunol (2010) 22:333. doi: 10.1016/J.C0OI.2010.02.013
Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. Loss
of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue
destruction, revealing a critical negative regulatory role of CTLA-4. Immunity
(1995) 3:541-547. doi: 10.1016/1074-7613(95)90125-6

Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-
carrying immunoreceptor. Immunity (1999) 11:141-151. doi: 10.1016/S1074-
7613(00)80089-8

Kryczek I, Wei S, Gong W, Shu X, Szeliga W, Vatan L, Chen L, Wang G, Zou
W. Cutting edge: IFN-gamma enables APC to promote memory Th17 and abate
Th1 cell development. J Immunol (2008) 181:5842-5846. doi:
10.4049/JIMMUNOL.181.9.5842

Jiang Y, Li Y, Zhu B. T-cell exhaustion in the tumor microenvironment. Cell Death
Dis 2015 66 (2015) 6:1792—e1792. doi: 10.1038/cddis.2015.162

Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade for
cancer therapy: Mechanisms, response biomarkers, and combinations. Sci
Transl Med (2016) 8: doi: 10.1126/SCITRANSLMED.AAD7118

Boussiotis VA. Molecular and Biochemical Aspects of the PD-1 Checkpoint
Pathway. N Engl J Med (2016) 375:1767-1778. doi: 10.1056/NEJMRA1514296
Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, lyer AK. PD-1
and PD-L1 checkpoint signaling inhibition for cancer immunotherapy:
mechanism, combinations, and clinical outcome. Front Pharmacol (2017) 8: doi:
10.3389/fphar.2017.00561

Wolchok JD, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Lao CD,
Cowey CL, Schadendorf D, Wagstaff J, Dummer R, et al. Long-Term Outcomes
With Nivolumab Plus Ipilimumab or Nivolumab Alone Versus Ipilimumab in
Patients With Advanced Melanoma. J Clin Oncol (2022) 40:127-137. doi:

20



References

66.

67.

68.

69.

70.

71.

72.

73.

74.

10.1200/JC0.21.02229

Robert C, Schachter J, Long G V., Arance A, Grob JJ, Mortier L, Daud A, Carlino
MS, McNeil C, Lotem M, et al. Pembrolizumab versus ipilimumab in advanced
melanoma. N Engl J Med (2015) 372:2521-2532. doi:
10.1056/NEJMo0a1503093

Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD,
Schadendorf D, Dummer R, Smylie M, Rutkowski P, et al. Combined Nivolumab
and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med (2015)
373:23-34. doi: 10.1056/NEJMOA1504030

Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to immune
checkpoint inhibitors. Br J Cancer (2018) 118:9-16. doi: 10.1038/BJC.2017.434
Postow MA, Sidlow R, Hellmann MD. Immune-Related Adverse Events
Associated with Immune Checkpoint Blockade. N Engl J Med (2018) 378:158—
168. doi: 10.1056/nejmra1703481

Abdel-Rahman O, Elhalawani H, Fouad M. Risk of endocrine complications in
cancer patients treated with immune check point inhibitors: a meta-analysis.
Future Oncol (2016) 12:413-425. doi: 10.2217/FON.15.222

Naidoo J, Wang X, Woo KM, lyriboz T, Halpenny D, Cunningham J, Chaft JE,
Segal NH, Callahan MK, Lesokhin AM, et al. Pneumonitis in Patients Treated
With Anti-Programmed Death-1/Programmed Death Ligand 1 Therapy. J Clin
Oncol (2017) 35:709-717. doi: 10.1200/JC0O.2016.68.2005

Wolchok JD, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD,
Cowey CL, Schadendorf D, Wagstaff J, Dummer R, et al. CheckMate 067: 6.5-
year outcomes in patients (pts) with advanced melanoma. J Clin Oncol (2021)
39:9506-9506. doi: 10.1200/JC0O.2021.39.15_SUPPL.9506

Teulings HE, Limpens J, Jansen SN, Zwinderman AH, Reitsma JB, Spuls PI,
Luiten RM. Vitiligo-like depigmentation in patients with stage IlI-IV melanoma
receiving immunotherapy and its association with survival: a systematic review
and meta-analysis. J Clin  Oncol (2015) 33:773-781. doi:
10.1200/JC0.2014.57.4756

Tawbi HA, Schadendorf D, Lipson EJ, Ascierto PA, Matamala L, Castillo
Gutiérrez E, Rutkowski P, Gogas HJ, Lao CD, De Menezes JJ, et al. Relatlimab
and Nivolumab versus Nivolumab in Untreated Advanced Melanoma. N Engl J
Med (2022) 386:24-34. doi:

21



References

75.

76.

77.

78.

79.

80.

81.

82.

83.

10.1056/NEJMOA2109970/SUPPL_FILE/NEJMOA2109970_DATA-
SHARING.PDF

Seymour L, Bogaerts J, Perrone A, Ford R, Schwartz LH, Mandrekar S, Lin NU,
Litiere S. iIRECIST: guidelines for response criteria for use in trials testing
immunotherapeutics HHS Public Access. Lancet Oncol (2017) 18:143—-152. doi:
10.1016/S1470-2045(17)30074-8

Wolchok JD, Hoos A, O’Day S, Weber JS, Hamid O, Lebbé C, Maio M, Binder
M, Bohnsack O, Nichol G, et al. Guidelines for the evaluation of immune therapy
activity in solid tumors: Immune-related response criteria. Clin Cancer Res
(2009) 15:7412-7420. doi: 10.1158/1078-0432.CCR-09-1624

Hodi FS, Hwu WJ, Kefford R, Weber JS, Daud A, Hamid O, Patnaik A, Ribas A,
Robert C, Gangadhar TC, et al. Evaluation of Immune-Related Response
Criteria and RECIST v1.1 in Patients With Advanced Melanoma Treated With
Pembrolizumab. J Clin Oncol (2016) 34:1510-1517. doi:
10.1200/JC0O.2015.64.0391

Syn NL, Teng MWL, Mok TSK, Soo RA. De-novo and acquired resistance to
immune checkpoint targeting. Lancet Oncol (2017) 18:e731-e741. doi:
10.1016/S1470-2045(17)30607-1

Byrne EH, Fisher DE. Immune and molecular correlates in melanoma treated
with  immune checkpoint blockade. Cancer (2017) 123:2143-2153. doi:
10.1002/CNCR.30444

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJM, Robert L,
Chmielowski B, Spasic M, Henry G, Ciobanu V, et al. PD-1 blockade induces
responses by inhibiting adaptive immune resistance. Nat 2014 5157528 (2014)
515:568-571. doi: 10.1038/nature13954

Teng MWL, Ngiow SF, Ribas A, Smyth MJ. Classifying Cancers Based on T-cell
Infiltration and PD-L1. Cancer Res (2015) 75: doi: 10.1158/0008-5472.CAN-15-
0255

Vilain RE, Menzies AM, Wilmott JS, Kakavand H, Madore J, Guminski A, Liniker
E, Kong BY, Cooper AJ, Howle JR, et al. Dynamic changes in PD-L1 expression
and immune infiltrates early during treatment predict response to PD-1 blockade
in Melanoma. Clin Cancer Res (2017) 23:5024-5033. doi: 10.1158/1078-
0432.CCR-16-0698

Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, Yu Z, Yang J, Wang B,

22



References

84.

85.

86.

87.

88.

89.

90.

91.

Sun H, et al. Exosomal PD-L1 contributes to immunosuppression and is
associated with anti-PD-1 response. Nature (2018) 560:382-386. doi:
10.1038/s41586-018-0392-8

Del Re M, Marconcini R, Pasquini G, Rofi E, Vivaldi C, Bloise F, Restante G,
Arrigoni E, Caparello C, Bianco MG, et al. PD-L1 mRNA expression in plasma-
derived exosomes is associated with response to anti-PD-1 antibodies in
melanoma and NSCLC. Br J Cancer (2018) 118:820-824. doi:
10.1038/bjc.2018.9

Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J, Sher X, Liu XQ,
Lu H, Nebozhyn M, et al. Pan-tumor genomic biomarkers for PD-1 checkpoint
blockade-based immunotherapy. Science (2018) 362: doi:
10.1126/SCIENCE.AAR3593

Beyranvand Nejad E, Labrie C, van der Sluis TC, van Duikeren S, Franken
KLMC, Roosenhoff R, Arens R, van Hall T, van der Burg SH. Interleukin-6-
mediated resistance to immunotherapy is linked to impaired myeloid cell
function. Int J cancer (2021) 148:211-225. doi: 10.1002/1JC.33280

Schalper KA, Carleton M, Zhou M, Chen T, Feng Y, Huang SP, Walsh AM, Baxi
V, Pandya D, Baradet T, et al. Elevated serum interleukin-8 is associated with
enhanced intratumor neutrophils and reduced clinical benefit of immune-
checkpoint inhibitors. Nat Med (2020) 26:688—692. doi: 10.1038/S41591-020-
0856-X

Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets T
V., Prieto PA, Vicente D, Hoffman K, Wei SC, et al. Gut microbiome modulates
response to anti-PD-1 immunotherapy in melanoma patients. Science (80- )
(2018) 359:97-103. doi: 10.1126/science.aan4236

Mohiuddin JJ, Chu B, Facciabene A, Poirier K, Wang X, Doucette A, Zheng C,
Xu W, Anstadt EJ, Amaravadi RK, et al. Association of Antibiotic Exposure With
Survival and Toxicity in Patients With Melanoma Receiving Immunotherapy. J
Natl Cancer Inst (2021) 113:162—-170. doi: 10.1093/JNCI/DJAAOS7

Dubin K, Callahan MK, Ren B, Khanin R, Viale A, Ling L, No D, Gobourne A,
Littmann E, Huttenhower C, et al. Intestinal microbiome analyses identify
melanoma patients at risk for checkpoint-blockade-induced colitis. Nat Commun
(2016) 7: doi: 10.1038/NCOMMS 10391

Jordan KR, Amaria RN, Ramirez O, Callihan EB, Gao D, Borakove M, Manthey

23



References

92.

93.

94.

95.

96.

97.

98.

99.

E, Borges VF, McCarter MD. Myeloid-derived suppressor cells are associated
with disease progression and decreased overall survival in advanced-stage
melanoma patients. Cancer Immunol Immunother (2013) 62:1711-1722. doi:
10.1007/s00262-013-1475-x

Gebhardt C, Sevko A, Jiang H, Lichtenberger R, Reith M, Tarnanidis K, Holland-
Letz T, Umansky L, Beckhove P, Sucker A, et al. Myeloid cells and related
chronic inflammatory factors as novel predictive markers in melanoma treatment
with ipilimumab. Clin Cancer Res (2015) 21:5453-5459. doi: 10.1158/1078-
0432.CCR-15-0676

de Coafia YP, Wolodarski M, Poschke |, Yoshimoto Y, Yang Y, Nystrom M,
Edback U, Brage SE, Lundqvist A, Masucci G V., et al. Ipilimumab treatment
decreases monocytic MDSCs and increases CD8 effector memory T cells in
long-term survivors with advanced melanoma. Oncotarget (2017) 8:21539—
21553. doi: 10.18632/oncotarget. 15368

Weber J, Gibney G, Kudchadkar R, Yu B, Cheng P, Martinez AJ, Kroeger J,
Richards A, McCormick L, Moberg V, et al. Phase l/ll Study of Metastatic
Melanoma Patients Treated with Nivolumab Who Had Progressed after
Ipilimumab. Cancer Immunol Res (2016) 4:345-353. doi: 10.1158/2326-
6066.CIR-15-0193

Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming of
age review-article. Nat Immunol (2018) 19:108-119. doi: 10.1038/s41590-017-
0022-x

Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the
era of increasing myeloid cell diversity. Nat Rev Immunol (2021) 21:485-498.
doi: 10.1038/s41577-020-00490-y

Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, Mandruzzato
S, Murray PJ, Ochoa A, Ostrand-Rosenberg S, et al. Recommendations for
myeloid-derived suppressor cell nomenclature and characterization standards.
Nat Commun (2016) 7:12150. doi: 10.1038/ncomms 12150

Wu C, Hua Q, Zheng L. Generation of Myeloid Cells in Cancer: The Spleen
Matters. Front Immunol (2020) 11: doi: 10.3389/FIMMU.2020.01126

Fleming V, Hu X, Weller C, Weber R, Groth C, Riester Z, Hiuser L, Sun Q,
Nagibin V, Kirschning C, et al. Melanoma extracellular vesicles generate

immunosuppressive myeloid cells by upregulating PD-L1 via TLR4 signaling.

24



References

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Cancer Res (2019) 79:4715-4728. doi: 10.1158/0008-5472.CAN-19-0053
Cassetta L, Bruderek K, Skrzeczynska-Moncznik J, Osiecka O, Hu X, Rundgren
IM, Lin A, Santegoets K, Horzum U, Godinho-Santos A, et al. Differential
expansion of circulating human MDSC subsets in patients with cancer, infection
and inflammation. J Immunother Cancer (2020) 8:e001223. doi: 10.1136/jitc-
2020-001223

Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, Worthen GS, Albelda
SM. Polarization of tumor-associated neutrophil phenotype by TGF-beta: “N1”
versus “‘N2” TAN. Cancer Cell (2009) 16:183-194. doi:
10.1016/J.CCR.2009.06.017

Masucci MT, Minopoli M, Carriero MV. Tumor Associated Neutrophils. Their
Role in Tumorigenesis, Metastasis, Prognosis and Therapy. Front Oncol (2019)
9:476426. doi: 10.3389/FONC.2019.01146/BIBTEX

Pan Y, Yu Y, Wang X, Zhang T. Tumor-Associated Macrophages in Tumor
Immunity. Front Immunol (2020) 11: doi: 10.3389/FIMMU.2020.583084

Kwak T, Wang F, Deng H, Condamine T, Kumar V, Perego M, Kossenkov A,
Montaner LJ, Xu X, Xu W, et al. Distinct Populations of Immune-Suppressive
Macrophages Differentiate from Monocytic Myeloid-Derived Suppressor Cells in
Cancer. Cell Rep (2020) 33: doi: 10.1016/J.CELREP.2020.108571

Raskov H, Orhan A, Gaggar S, Gogenur |. Neutrophils and polymorphonuclear
myeloid-derived suppressor cells: an emerging battleground in cancer therapy.
Oncogenesis (2022) 11: doi: 10.1038/S41389-022-00398-3

Wang X, Albelda SM, Condamine T, Alicea-Torres K, Nefedova Y, Gabrilovich
DI, Xu X, Vogl DT, Masters G, Eruslanov E, et al. Lectin-type oxidized LDL
receptor-1 distinguishes population of human polymorphonuclear myeloid-
derived suppressor cells in cancer patients. Sci Immunol (2016) 1:aaf8943—
aaf8943. doi: 10.1126/sciimmunol.aaf8943

Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A. Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability.
Carcinogenesis (2009) 30:1073-1081. doi: 10.1093/CARCIN/BGP127
Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144:646-674. doi: 10.1016/J.CELL.2011.02.013

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol (2009) 9:162—-174. doi: 10.1038/nri2506

25



References

110.

111.

112.

113.

114.

115.

116.

117.

118.

Condamine T, Gabrilovich DI. Molecular mechanisms regulating myeloid-
derived suppressor cell differentiation and function. Trends Immunol (2011)
32:19-25. doi: 10.1016/,.it.2010.10.002

Condamine T, Mastio J, Gabrilovich DI. Transcriptional regulation of myeloid-
derived suppressor cells. J Leukoc Biol (2015) 98:913-922. doi:
10.1189/JLB.4R10515-204R

Bruger AM, Dorhoi A, Esendagli G, Barczyk-Kahlert K, van der Bruggen P,
Lipoldova M, Perecko T, Santibanez J, Saraiva M, Van Ginderachter JA, et al.
How to measure the immunosuppressive activity of MDSC: assays, problems
and potential solutions. Cancer Immunol Immunother (2019) 68:631-644. doi:
10.1007/S00262-018-2170-8/ TABLES/2

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, Bronte V,
Chouaib S. PD-L1 is a novel direct target of HIF-1a, and its blockade under
hypoxia enhanced: MDSC-mediated T cell activation. J Exp Med (2014)
211:781-790. doi: 10.1084/jem.20131916

LiJ, Wang L, Chen X, Li L, Li Y, Ping Y, Huang L, Yue D, Zhang Z, Wang F, et
al. CD39/CD73 upregulation on myeloid-derived suppressor cells via TGF-[3-
mTOR-HIF-1 signaling in patients with non-small cell lung cancer.
Oncoimmunology (2017) 6: doi:
10.1080/2162402X.2017.1320011/SUPPL_FILE/KONI_A 1320011_SM4401.P
DF

Vigano S, Alatzoglou D, Irving M, Ménétrier-Caux C, Caux C, Romero P, Coukos
G. Targeting adenosine in cancer immunotherapy to enhance T-Cell function.
Front Immunol (2019) 10:447851. doi: 10.3389/FIMMU.2019.00925/BIBTEX
Raber PL, Thevenot P, Sierra R, Wyczechowska D, Halle D, Ramirez ME,
Ochoa AC, Fletcher M, Velasco C, Wilk A, et al. Subpopulations of myeloid-
derived suppressor cells impair T cell responses through independent nitric
oxide-related pathways. Int J Cancer (2014) 134:2853-2864. doi:
10.1002/ijc.28622

Groth C, Hu X, Weber R, Fleming V, Altevogt P, Utikal J, Umansky V.
Immunosuppression mediated by myeloid-derived suppressor cells (MDSCs)
during tumour progression. Br J Cancer (2019) 120:16-25. doi: 10.1038/s41416-
018-0333-1

Ribechini E, Hutchinson JA, Hergovits S, Heuer M, Lucas J, Schleicher U,

26



References

119.

120.

121.

122.

Garrote ALJ, Potter SJ, Riquelme P, Brackmann H, et al. Novel GM-CSF signals
via IFN-yR/IRF-1 and AKT/mTOR license monocytes for suppressor function.
Blood Adv (2017) 1:947. doi: 10.1182/BLOODADVANCES.2017006858

Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity (2014) 41:49-61. doi: 10.1016/J.IMMUNI.2014.06.010

Park SJ, Nam DE, Seong HC, Hahn YS. New Discovery of Myeloid-Derived
Suppressor Cell’s Tale on Viral Infection and COVID-19. Front Immunol (2022)
13:842535. doi: 10.3389/FIMMU.2022.842535/BIBTEX

Sanchez-Pino MD, Dean MJ, Ochoa AC. Myeloid-derived suppressor cells
(MDSC): When good intentions go awry. Cell Immunol (2021) 362:104302. doi:
10.1016/J.CELLIMM.2021.104302

Ostrand-Rosenberg S, Sinha P, Figley C, Long R, Park D, Carter D, Clements
VK. Frontline Science: Myeloid-derived suppressor cells (MDSCs) facilitate
maternal-fetal tolerance in mice. J Leukoc Biol (2017) 101:1091-1101. doi:
10.1189/JLB.1HI1016-306RR

27



Publications

4 PUBLICATIONS

1. Petrova V, Arkhypov |, Weber R, Groth C, Altevogt P, Utikal J, Umansky V.
Modern aspects of immunotherapy with checkpoint inhibitors in melanoma. Int J
Mol Sci (2020) 21:1-21. doi: 10.3390/ijms21072367

2. Petrova V, Groth C, Bitsch R, Arkhypov |, Simon SCS, Hetjens S, Muller V, Utikal
J, Umansky V. Immunosuppressive capacity of circulating MDSC predicts
response to immune checkpoint inhibitors in melanoma patients. Front Immunol
(2023) 14:1-11. doi: 10.3389/fimmu.2023.1065767

28



Publications

International Journal of

Molecular Sciences m\D\P;J

Review
Modern Aspects of Immunotherapy with Checkpoint
Inhibitors in Melanoma

Vera Petrova 12, Thor Arkhypov 12, Rebekka Weber 12, Christopher Groth 12, Peter Altevogt 12,
Jochen Utikal 2 and Viktor Umansky '-2*

! Clinical Cooperation Unit Dermato-Oncology, German Cancer Research Center (DKFZ), 69120 Heidelberg,

Germany; Vera.Petrova@medma.uni-heidelberg.de (V.P.); Thor. Arkhypov@medma.uni-heidelberg.de (I.A.);
rebekka.weber@dkfz.de (R.W.); c.groth@dkfz.de (C.G.); p.altevogt@dkfz.de (P.A.); j.utikal@dkfz.de (J.U.)
Department of Dermatology, Venereology and Allergology, University Medical Center Mannheim,
University of Heidelberg, 68167 Mannheim, Germany

*  Correspondence: v.umansky@dkfz.de; Tel.: +49-621-3833773

check for
Received: 10 March 2020; Accepted: 27 March 2020; Published: 30 March 2020 updates

Abstract: Although melanoma is one of the most immunogenic tumors, it has an ability to
evade anti-tumor immune responses by exploiting tolerance mechanisms, including negative
immune checkpoint molecules. The most extensively studied checkpoints represent cytotoxic
T lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein 1 (PD-1). Immune
checkpoint inhibitors (ICI), which were broadly applied for melanoma treatment in the past decade,
can unleash anti-tumor immune responses and result in melanoma regression. Patients responding
to the ICI treatment showed long-lasting remission or disease control status. However, a large group
of patients failed to respond to this therapy, indicating the development of resistance mechanisms.
Among them are intrinsic tumor properties, the dysfunction of effector cells, and the generation
of immunosuppressive tumor microenvironment (TME). This review discusses achievements of
ICI treatment in melanoma, reasons for its failure, and promising approaches for overcoming the
resistance. These methods include combinations of different ICI with each other, strategies for
neutralizing the immunosuppressive TME and combining ICI with other anti-cancer therapies such as
radiation, oncolytic viral, or targeted therapy. New therapeutic approaches targeting other immune
checkpoint molecules are also discussed.

Keywords: melanoma; immunotherapy; immune checkpoint inhibitors; immunosuppression;
tumor microenvironment

1. Introduction

The concept of cancer immunosurveillance is based on the fact that tumor cells can be recognized
and eliminated by immune system [1,2]. Immunogenicity of malignant melanoma is based on a high
ultraviolet-driven mutational burden [3]. This leads to the overexpression of tumor specific antigens
enabling the formation of the antigen specific immune response [4,5]. However, development of
aggressive metastatic melanoma shows that tumors are edited by the immune system, and selected
resistant variants could escape the immune control [6,7]. Therefore, several immune-based therapeutic
approaches such as vaccination [8], adoptive transfers [9] and immune checkpoint-blockade [10]
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,
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binds to CD80/CD86 reducing co-stimulation through CD28 and functions as a negative downstream
loop for T cell receptor (TCR) signaling [12]. PD-1 interaction with its ligands PD-L1 and PD-L2
inhibits effector T cell functions in peripheral tissues [13]. 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 [14]. Moreover, the combination of anti-CTLA-4 and anti-PD-1 antibodies was
shown to work synergistically by expanding activated effector CD8 T cells [15,16]. Another approach
was shown to implicate the combination of PD-L1-CD80 heterodimerization and the suppression
of the CTLA-4/CD80 axis [17]. 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 [14,18,19].

This review will focus on current achievements in the therapy with immune checkpoint inhibitors
(ICI) in melanoma and will discuss the strategies to improve of treatment efficacy by combining ICI
with other therapies.

2. Therapeutic Effects of Inmune Checkpoint Inhibitors

Latest clinical guidelines on melanoma management consider immune checkpoint blockade
(anti-PD-1 alone or in combination with anti-CTLA4) as a first-line treatment option for unresectable
stage Il and IV melanoma patients [20,21]. In cases of resectable melanoma, anti-PD1 agents are
prescribed as well in an adjuvant setting [22]. This treatment is currently investigating in a neoadjuvant
setting [23].

Since the responses of tumors to immunotherapy and chemotherapy are different, immune-related
response criteria and immune-response evaluation criteria in solid tumors were developed [24,25].
Such criteria improve the evaluation of additional response patterns during immunotherapy such
as pseudoprogression. Currently achieved response to ICI treatment of melanoma patients reached
52% for pembrolizumab and 58% for combination of nivolumab and ipilimumab [26-28]. The 5-year
survival rate was reported to be 41% and 52% in these two trials, respectively. These therapeutic
achievements were associated with a high toxicity up to 59% of grade 3 and 4 adverse events in
patients treated with the combination of nivolumab and ipilimumab [27]. Another trial studied a
ipilimumab combination with pembrolizumab, which does not yet belong to the approved settings.
The objective response was achieved by 61% of patients, 1-year overall survival (OS) was 89%,
and 1-year progression-free survival was 69%. Grade 3 and 4 adverse events occurred in 27% of
patients [29]. These data represent a favorable effect of such combinations with increased response
values and less high-grade adverse effects.

However, many patients remained resistant to ICI therapy since tumor cells could develop
resistance to anti-tumor immune reactions or induce a profound immunosuppression in the tumor
microenvironment [30].

3. Tumor Cells Evade Immune Responses

A characteristic gene profile was described for melanoma cells resistant to ICIL It includes the
repression of genes, which control antigen presentation and interferon (IFN)-y signaling as well as the
induction of genes regulating epithelial-mesenchymal transition, remodeling of extracellular matrix,
cell adhesion and angiogenesis [31-34]. Interestingly, down-regulation of major histocompatibility
complex (MHC) class I protein expression was found to be associated with the resistance to anti-CTLA-4,
but not to anti-PD-1 therapy [35]. In the same work, MHC class I expression in >1% melanoma cells
was shown to predict response to anti-PD-1, but not to anti-CTLA-4 therapy. This suggests that tumor
cells disrupt antigen presentation limiting the efficient anti-tumor response. In fact, anti-PD-1 blockade
before antigen priming of T cells leads to accumulation of the dysfunctional PD-1*CD38"NCD8* cells
abolishing the effects of the therapy [36]. Moreover, tumor cells can prevent the formation of anti-tumor
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T cell memory in the draining lymph node by secreting PD-L1-bearing extracellular vesicles (EV),
contributing to the resistance to anti-PD-1 antibodies [37].

4. Immunosuppressive Tumor Microenvironment as an Important Factor of ICI Treatment Failure

A deeper investigation of the immunosuppressive networks within the TME could help to
understand the limitations of ICI treatment and to develop strategies for increasing treatment efficiency.
Immunosuppression in the TME is mediated by various cells and soluble factors described below.

4.1. Myeloid-Derived Suppressor Cells (MDSC)

MDSC represent a heterogeneous population of immunosuppressive myeloid cells, generating
under chronic inflammation conditions and cancer and accumulating in the TME [38]. In humans,
three MDSC subsets have been described: CD11b*CDI14*HLA-DR'"/~CD15 Lin~ monocytic
(M-MDSC), CD14-CD11b*CD15*HLA-DR'**/~Lin~ polymorphonuclear (PMN) MDSC, and HLA-DR
low/-CD334MCDE6b~Lin~ early-stage MDSC (e-MDSC) [39]. MDSC could inhibit anti-tumor functions
of T and natural killer (NK) cells via different mechanisms. They can express PD-L1 and FasL
and cause T cell anergy and apoptosis [40]. The induction of hypoxia-inducible factor-1oc (HIF-1x)
through transforming growth factor-p (TGF-3) and hypoxic conditions leads to the upregulation
of the ectoenzymes CD39 and CD73, producing immunosuppressive adenosine in the extracellular
space [40,41]. Reactive oxygen species (ROS) and nitric oxide (NO) produced by MDSC induce T
cell apoptosis and the down-regulation of TCR (-chain expression [41,42]. Furthermore, MDSC can
stimulate regulatory T cell (Treg) activity [43].

Previous studies demonstrated that high frequency of MDSC in the peripheral blood of advanced
melanoma patients correlated with disease progression, decreased overall and progression free survival
as well as decreased efficacy of immunotherapy, making them a promising therapeutic target [44-47].
There are different ways to suppress the immunosuppressive activity of MDSC [48]. Normalization
of myelopoiesis and depletion of immunosuppressive MDSC could be achieved by using all-trans
retinoic acid (ATRA) [49,50], tyrosine-kinase inhibitors [51,52] or some chemotherapeutic agents such
as gemcitabine or paclitaxel [53,54].

Another approach of targeting MDSC represents an inhibition of their immunosuppressive
activity. Based on the preclinical data showing that phosphodiesterase (PDE)-5 inhibitor sildenafil
could suppress MDSC activity, enhance T cell functionality and prelong survival of melanoma-bearing
mice [55,56], another PDE-5 inhibitor tadalafil was applied in advanced, therapy-resistant melanoma
patients. Therapy was well-tolerated, and 25% of treated patients showed stable disease (SD) with
the progression free survival (PFS) of 4.6 months [57]. Moreover, patients with SD showed increased
infiltration of activated CD8" T cells in the metastasis as compared to non-responding patients.

Since the main immunosuppressive effect of MDSC is observed in the TME, the inhibitors of
their recruitment to the tumor were tested. Small molecule inhibitor of C-X-C motif chemokine
receptor (CXCR) 1 and CXCR2 SX-682 was demonstrated to suppress PMN-MDSC migration and
activity, and enhance the efficiency of ICI therapy in mouse oral carcinoma and Lewis lung carcinoma
model [58]. In human, SX-682 has been recently applied to advanced melanoma patients alone or
in combination with pembrolizumab (Table 1). This table contains ongoing clinical trials, including
the combination of ICI with targeting of various immunosuppressive cells (MDSC, CAF, TAM, Treg)
and tumor cells as well as with targeting of processes and molecules such as hypoxia, microbiome,
neoantigens, and epigenetic mutations. In addition, we included trials combining classical ICI with
targeted therapies and new immune checkpoint molecules as well.
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Table 1. Ongoing combinatorial clinical trials.

40f21

Targets Trial Number Intervention Disease Trial Phase
NCT03200847 AIRA (Ve_sanond) * Advanced melanoma L1
pembrolizumab
NCT02403778 ATRA + ipilimumab Advanced melanoma 1
MDSC . S
NCIWIsMaT  Sheos elangoemtombinahon. Melanoma (111, TV) 1
with pembrolizumab
NCT02259231 RTA 408 (Omav:el.u'xulune) + Unrespectable or metastatic Ib, I
nivolumab or ipilimumab melanoma
CAF NCT03875079 RO6874281 + pembrolizumab Metastatic melanoma Ib
TAM NCT01363206 GM—C?F (Lgulf{ne, Unresectable metastatic I
Sargramostim) + ipilimumab melanoma
NCT02203604 Aldesleukin (IL-2) + ipilimumab  Metastatic melanoma (IITA-TV) 1
RIKTR:214 (PHGylated I1.:2) & Advanced malignancies,
NCT02983045 nivolumab with or without 3 : B 4 L1
iy including melanoma
ipilimumab
NCT03548467 NKTR-214 after prior anti-PD-1 Ac.:]vanc?d malignancies, Lo
therapy including melanoma
T o 3 5
reg NCT03635983 NKTR. 214 + nivolumab or Untreated,_ inoperable or 1
nivolumab alone metastatic melanoma
NCT03138889 NKTR-214 + pembrolizumab Advanced malignancies, LI
including melanoma
Intratumoral NKTR-262 + Melanoma and other cancer
NCT03435640 systemic NKTR-214 with or " L1
without nivolumab type
NCT03635983 N KTRI—ZM + nivolumab or Untmated,_ inoperable or 1
nivolumab alone metastatic melanoma
Fecal microbiota transplant Advanced melanoma patients,
NCT03341143 (FMT) + pembrolizumab non-responders a4
Vancomycin or placebo ;
NCT03817125 pretreatment + nivolumab + Unresec:lenllaencznr:;etastahc b
SER-401 or placebo
Mictobioiie Fl\ngfnr a healtl’lyddon]nr aweek
NCT03772899 B e Advanced melanoma 1
treatment
(pembrolizumab/nivolumab)
Comparison of gut microbiome
NCT03643289 before and during anti-PD-1 Advanced melanoma stage IV Observational
therapy (till week 9)
NCTO3311308 Metfnrmllr; +1Pembr]§>h]zmnab or Ad]va.nced, ;m:es[?lcbab]l; I
Hypoxia pembrolizumab alone melanoma stage IIl or
NCT03171064 Bxerctee + nivolumabor Metastatic melanoma I
pembrolizumab
Hypofractionated radiation
NCT02799901 therapy (RT) (27 Gy over 3 Advanced melanoma I
fractions) + nivolumab
Hypofractionated RT +
Ipilimumab, Nivolumab or Metastati includi
NCT03693014 Pembrolizumab, continued elastaniccomncer MOuang I
. melanoma
according to the standard
Tumor cells schedule
NCT02406183 Ipilimumab + RT Metastatic melanoma 1
NCT04042506 Nivolumab + RT Metastatic melanoma I
. . Unresectable, naive metastatic
NCT04017897 A““'Pgléﬁler‘n“g;’ﬁ;’;’ab o melanoma I
(IIIB to IVMIc)
NCT01449279 Ipilimumab + RT Metastatic melanoma 1
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Targets Trial Number Intervention Disease Trial Phase
NCT01689974 Tpilimiimiab 2{:;? piHmanal Metastatic melanoma il
NCT01769222 Ipilimumab + RT or ipilimumab szcurrer‘lt malignancies, L1
alone including melanoma
Nivolumab + ipilimumab in
NCT02659540 combination with conventional ~ Unresectable melanoma stage TV 1
or hypofractionated RT
Tumor cells i
NCT02263508 Pembroliziimab +T-VECiox Stage MTB-TVM1c melanoma m
placebo
Pembrolizumab + T-VEC after
NCT04068181 progression on anti-PD-1 Stage IMB-IVM1d melanoma |
therapy
NCTO1740297 Ipi.lin:nfmab + T-VEC or Stage II[B-IV metastatic L
ipilimumab alone melanoma
NCT02965716 Pembrolizumab + T-VEC Stage IIB-IV metastatic it
melanoma
NCTosgazoaz  Neoadjuvant pembrolizumab - pecectable stage 3 melanoma I
NCT02902042 Encorafenib + Pin].metlmb + Metastatic BRAF V600 mutant L
pembrolizumab melanoma
< e BRAF-mutated or wild type
NCTozorp7gp  MNivelumab + trametinib with or metastatic stage LLI-IV 1
without dabrafenib
melanoma
urmor Cobimetinib + vemurafenib Metastatic BRAF V600 mutant
mutations NCT02908672 2 g 11
with atezolizumab or placebo melanoma
NCT02303951 Vemurafenib -_i-coblmenmb +  BRAF V600 mutant stage [C-IV I
atezolizumab melanoma
Dabrafenib + ipilimumab or i
NCT01767454 Asbpafonih -+ hametipih . etasaticocanresectible BRRAR 1
S V600 mutant melanoma
ipilimumab
NCT03765229 Entinostat + pembrolizumab Stage III-1W metastatlc 1
Epigenetic Mesnoma
odificati i i
MOGIIEAtons — NeTo243r136 Entinostat + pembrolizumab Advanced maligrianicles, I, 1I
including melanoma
B o
NCT03929029 MeoVex + Monfanide - with Advanced melanoma Ib
nivolumab + ipilimumab
Stage IIA-IV melanoma
NCT02385669 Peptide Vaccine + Ipilimumab (advanced, adjuvant, L1I
neocadjuvant)
NCT03047928 HFLID0 pepticeypodne Metastatic melanoma L1
nivolumab
Neaantigens GEN-009 Adj i Solid includi
NCT03633110 N-00_9 juvant yaccme + olid tumors, including LI
pembrolizumab or nivolumab melanoma
Personalized neoantgen peptide
vaccine + anti-PD-1 + i
NCT04072900 thGM-CSF + Imiquimod 5% Metastatic melanoma 1
Topical Cream
Nivolumab + ipilimumab +
NCT04091750 cabozantinib followed by Advanced melanoma I
nivolumab + cabozantinib
NCT02676869 IMP321 + pembrolizumab StagellEIV.advariced 1
Other melanoma
immune
: Nivolumab + relatimab or +
Chadhy cinj NCT02519322 ipilimumab or alone before JageTb-1V acvanced 1
molecules melanoma

surgery
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Targets Trial Number Intervention Disease Trial Phase
Relatimab + nivolumab or each
NCT03743766 drug alone followed by Unresectable or metastatic I
relatimab + nivolumab in all melanoma
subjects
Relatimab + nivolumab or Unresectable or metastatic
NS0 nivolumab alone melanoma I,
INCAGNO02390 antibody against Advanced malignancies,
NCTOa52077 TIM-3 alone including melanoma 1
Neoadjuvant therapy with PD-1
inhibitor dostarlimab (TSR-042) Stage IIB-1V
Other RETOE 10990 or dostarlimab (TSR-042) + advanced melanoma i
: TSR-022 (TIM-3 inhibitor)
immune
checkpoint RO7121661, bispecific anti-PD-1 Advanced malignancies,
molecules NCT03708328 and anti-TIM-3 antibody including melanoma !
TSR-022 (anti-TIM-3) alone or +
TSR-042 (anti-PD-1) or triple
combination of TSR-022 Advanced malignancies,
NETOz617050 (anti-TIM-3), TSR-042 including melanoma I
(anti-PD-1) and TSR-033
(anti-LAG3)
AB154 (anti-TIGIT) alone or + Advanced malignancies,
NCT03628677 AB122 (anti-PD-1) including melanoma I
NCT03119428 OMP-313M32 (anti-TIGIT) alone Advanced malignancies, I

or + nivolumab including melanoma

4.2. Neutrophils

Exposed by high amounts of TGF-j3, granulocyte-colony stimulating factor (G-CSF) and IFN-f3,
tumor associated neutrophils (TAN) lose their anti-tumor functions and start to support tumor
progression [59]. TAN have been described to enhance tumor angiogenesis and promote metastasis [60].
High neutrophil to lymphocyte ratio (24) at the baseline is considered as a powerful prognostic
factor associated with reduced PFS and OS in melanoma patients treated with immune checkpoint
inhibitors [61,62].

4.3. Cancer-Associated Fibroblasts (CAF)

CAF are a major component of the tumor stroma [63]. They produce different cytokines such as
TGEF-j3, fibroblast growth factor 2 (FGF-2) and vascular endothelial growth factor (VEGF), which lead
to the tumor progression [64]. Moreover, an accumulation of CAF was described to correlate with low
efficiency of anti-PD-1 therapy [65]. CAF secret fibroblast activation protein (FAP), which suppresses
T cells function and recruitment [66,67]. In addition, FAP was reported to be a negative prognostic
marker in the absence of immunotherapy but a positive indicative biomarker in ICI treated melanoma
patients with a positive impact on PFS and OS [65]. In the murine melanoma model it was shown that
stromal fibroblast matrix metalloproteinase-9 mediated surface PD-L1 cleavage, thus leading to the
anti-PD-1 therapy resistance [68]. There is an ongoing trial (NCT03875079) to investigate the activity of
the FAP-targeting agent RO6874281 in combination with pembrolizumab.

4.4. Tumor-Associated Macrophages (TAM)

TAM are known to produce interleukin (IL)-1B, cyclooxygenase-2, angiotensin, IFN-y promoting
tumorigenesis [69]. These cells can recruit regulatory T cells (Treg) and inhibit effector T cells by
secreting IL-10 and expressing PD-L1 [70]. CD68* TAM in tumor cell nests were described to be
associated with a negative prognosis and recurrence in cutaneous melanoma [70]. Furthermore,
the ratio of CD8* T cells to CD68* macrophages was shown to predict a disease specific survival in
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melanoma [71]. CD163" macrophages were reported to accumulate in the TME of melanoma patients
resistant to ICI therapy and to play a role in the maintenance of the immunosuppression. The depletion
of CD163" macrophages led to the invasion of activated T cells and inflammatory monocytes into the
tumor, resulting in tumor regression [72,73].

4.5. Regulatory T Cells

Treg represent another important part of TME. It has been shown that the amount of forkhead box

protein P3 positive (FOXP3™) Treg is upregulated in the peripheral blood of melanoma patients [74].

Furthermore, the frequency of circulating FOXP3™ Treg is associated with a poor prognosis in
melanoma [75]. Tumor infiltrating Treg have been described to be a predominant cluster of the cells
with high CTLA-4 expression [76]. It was found that the therapy with common anti-CTLA-4 antibodies
(ipilimumab) did not deplete Treg in the tumor [77], however, Fc-engineered anti-CTLA-4 antibodies
can specifically deplete FOXP3* Treg and promote CD8" T cell expansion, suggesting their higher
clinical efficiency than the widely used non-Fc-engineered ipilimumab [76]. In another study, it was
reported that the presence of Fcy receptor-expressing macrophages within the TME is critical for the
depletion of tumor-infiltrating Treg [78].

The application of NKTR-214, an engineered cytokine with biased IL-2 receptor binding, was
demonstrated to selectively stimulate CD8* T cells and to deplete Treg in patients with advanced or
metastatic solid tumors [79].

5. Role of Microbiome in the ICI Therapy of Melanoma

It has recently been clearly demonstrated that the microbiome could influence the ICI therapy
in melanoma patients [80]. Although oral microbiome showed no effect on the response to cancer
immunotherapy, an enrichment of Clostridiales, Ruminococcaceae, and Faecalibacterium in the gut was
associated with response, while an enrichment of Bacteroidales was observed in non-responders
and associated with increased risk of relapse [80]. The same study demonstrated that a favorable
gut microbiome composition at the baseline was associated with increased CD8" T cell infiltration
and anti-tumor immune responses. Furthermore, the fecal transplantation from melanoma patients
responding to ICI to germ-free mice led to a better response to anti-PD-1 therapy as compared to mice,
receiving gut transplants from non-responding patients [80]. Another study demonstrated that the
presence of Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium was associated with a
better prognosis in melanoma patients [81]. Moreover, the anti-cancer immunity was described to be
affected by the alteration in the metabolism of specific bacterial species but not by their presence [82].
There are several ongoing clinical trials dealing with the gut microbiota transplantation in melanoma
patients (Table 1).

6. Predicting the Response to the ICI Therapy

Since the response rates to ICI treatment are still restricted [26-29,83], the identification of
response-biomarkers before or shortly after the therapy initiation is one of the biggest challenges in
the immuno-oncology. Current approaches to predict response to ICI in melanoma are based on the
radiology, tumor biopsy and liquid biopsy [84,85].

Radiological imaging (body computer tomography (CT) scan, head magnetic resonance imaging
(MRI)) is used to assess the response to ICI treatment in melanoma patients and is routinely performed
three months after the start of treatment. Prediction of response in the earlier time points is possible by
using '8F-FDG PET/CT, where response criteria were developed using the scans made at 21 to 28 days
after the start of treatment [86]. This approach was also shown to be beneficial in long-term response
prediction and guidance of ICI withdrawal [87-89].

As a part of PD-1/PD-L1 axis, amount of PD-L1 expression on tumor cells was thought to be a
distinct predictive marker for therapy response. Although PD-L1 overexpressing tumors showed an
association with the higher response to ICI, durable responses could be also observed in PD-L1 negative
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tumors [90,91]. Therefore, complementary approaches are needed to improve the prognostic value of
tumor PD-L1, including a dynamic monitoring of PD-L1 expression or PD-L1 RNA sequencing [92,93].

Further interest attracts the measurement of PD-L1 (soluble and expressed in extracellular vesicles,
EV) in liquid biopsies. Soluble PD-L1 is a splice variant without a transmembrane domain capable
to directly inhibit T cell proliferation and IFN-y production [94]. Elevated basal levels of soluble
PD-L1 in the plasma of melanoma patients was associated with progressive disease [95]. Furthermore,
the measurement of PD-L1 in EV could help to predict the response to ICI, demonstrating an advantage
of the detection in EV over tumor biopsies [96]. Melanoma patients responding to pembrolizumab could
be distinguished from non-responders by increased levels of EV PD-L1 at 3 to 6 weeks after the start of
therapy [97]. In another study, it was shown that exosomal PD-L1 mRNA levels decreased during
nivolumab or pembrolizumab treatment of melanoma patients with complete or partial response,
while in patients with progressive disease EV PD-L1 expression was increased [98].

Besides PD-L1, soluble CD163 and macrophage-related chemokines (e.g., C-X-C motif chemokine
ligand (CXCL) 5, 10) were reported to predict efficacy of ICI [85]. Decreased serum levels of IL-8 at 2 to
4 weeks after the start of ICI treatment were associated with the response in patients even with the
initial pseudoprogression [99]. Induction of CXCR3 ligands in murine melanoma model was described
to increase the response to the therapy with anti-PD1 antibodies, and elevated CXCR3 levels were
observed in plasma of responding melanoma patients [100].

Another predictive marker could be the amount of tumor-infiltrating T cells. It has been shown
that T cells dominated among other immune cells, accumulated in human melanoma metastatic
tissue [101]. Strong pre-existing T cell infiltration, [FN-y-related gene expression signatures in the
tumor and high serum level of IFN-y were reported to be associated with a good clinical prognosis
and to predict the response to anti-PD-1 therapy in melanoma patients [101-105]. It was reported that
98% of PD-L1* tumors were associated with high TIL numbers and the PD-L1* melanoma cells were
localized adjacent to TILs [106].

7. Increasing Effectiveness of ICI Therapy

In order to enhance the beneficial therapeutic effect of ICI, this treatment was combined with
other anti-tumor therapies. Since radiation therapy (RT) is used in melanoma patients and can induce
antigen release from tumors, its combination with immunotherapy was applied, leading to the T
cell activation and improvement of OS without increasing the number of adverse events [107,108].
In a retrospective study with 208 melanoma patients with brain metastasis treated with anti-PD-1
antibodies and RT, the survival rates at 6 and 12 months after the start of treatment were 77% and 70%,
respectively [109]. There are numerous ongoing trials investigating the combination of immuno- and
radiation therapy in metastatic melanoma patients (Table 1).

Another promising approach to increase the efficiency of ICI is to combine it with metformin,
a drug for type Il diabetes. Metformin was shown to induce not only cell cycle arrest in melanoma cells,
leading to their autophagy and apoptosis, but also to affect the TME [110]. It is known that metformin
activates AMP-activated protein kinase a (AMPKa) in mitochondria, which lead to the downregulation
of HIF-1x expression, resulting in reduced intratumoral hypoxia. Metformin was also reported to
promote T cell activity in the combination with ICI, leading to B16 melanoma rejection in mice [111].
In a clinical trial, it was shown that the combination of ICI and metformin increased objective response
rate (ORR), disease control rate (DCR), PFS and OS in comparison with the group treated with ICI
alone [112]. However, due to a small patient cohort, these changes were not statistically significant.

Interestingly, the reduction of tumor hypoxia could be achieved by a physical exercise as well.
In B16F10 mouse melanoma model, voluntary wheel running resulted in the epinephrine-dependent,
IL-6-sensitive NK cell activation and increased migration of NK and T cells into the tumor [113].
In addition, a physical activity prior to tumor cells inoculation led to a strong reduction of primary
tumor growth and numbers of lung metastasis in those mice. Other study demonstrated that the
growth of B16F10 melanoma in mice on high-fat diet was accelerated as compared to mice receiving a
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balanced diet [114]. Importantly, this growth increase was significantly reduced by continuous physical
exercise that was associated with the lymphocyte proliferation [114]. In melanoma patients, exercises
undertaken before diagnosis were not significantly correlated with a reduction in cancer-related or
overall mortality [115]. However, in patients with unresectable stage III or [V melanoma undergoing
immunotherapy, the reduction of fatigue was shown to be the main positive impact of physical
activity [116]. The ongoing combinational trial is represented in the Table 1.

Targeted therapies (BRAF and MEK-inhibitors) are known to be effective in patients with
BRAF-V600 mutation and achieve rapid response with a high response rate [117]. The median
maintenance of response to this therapy is approximately one year because of the development of
acquired resistance [118], while ICI have been described to induce durable response. It was reported
that 33% of melanoma patients achieved complete response when treated with the combination of
dabrafenib and trametinib with spartalizumab (anti-PD-L1-antibody); the 1-year OS was 86%; however,
the number of grade >3 adverse events was 75% [119]. In another study, dabrafenib and trametinib
were combined with pembrolizumab (triple therapy) or placebo (double therapy) [120]. The median
duration of response in tripled therapy group was 18.7 months and 12.5 months in double therapy
group. PFS was 16.0 months in triple and 10.3 months in double therapy. In a smaller patient’s
cohort, an objective response was achieved in 73% of patients, and 40% maintained the response at a
median follow-up of 27.0 months [121]. 73% of patients from the same cohort developed grade 3 and 4
adverse events. Another trial, investigating the combination of atezolizumab (anti-PD-L1-anibody),
cobimetinib and vemurafenib showed similar results with an objective response rate of 71.8% and
median duration of response of 17.4 months; 39.4% of patients maintained response for 29.9 months of
follow-up [122]. These data suggest that this combination therapy can increase the maintenance of the
response, but the high grades of adverse events need to be taken into account. Ongoing trials to the
triple combination are shown in Table 1.

ICI could also be combined with the oncolytic virus talimogen laherparepvec (T-VEC) that was
approved for melanoma immunotherapy. T-VEC is a genetically modified virus, which replicates in
tumor cells causing cancer cell lysis [123]. It has been reported that the intratumoral T-VEC injection in
combination with pembrolizumab led to increased CD8" T cells infiltration associated with the ORR
rate of 62% and the CR in 33% of patients [124].

Combination of all-trans retinoic acid (ATRA) with ipilimumab was reported to decrease frequency
of circulating MDSC as well as the expression of PD-L1, IL-10, and indoleamine 2,3-dioxygenase by
MDSC, whereas in the ipilimumab monotherapy group the MDSC frequency increased during the
treatment [125]. Furthermore, patients receiving combinational treatment tend to have an increased
activated CD107a* IFN-y*CD8* T cell numbers compared to the patients treated with ipilimumab alone.

Combination of NKTR-214 and Nivolumab was shown to achieve response rates of 53%, which
correlated with high IFN-y levels [126]. Furthermore, the accumulation of IFN-y and CD8* TIL in tumor
tissue had been seen in favorable as well as in unfavorable tumor microenvironment. The ongoing
trials investigating the combination of NKTR-214 with ICI in metastatic melanoma patients are listed
in Table 1.

It was demonstrated that epigenetic modulation induced by the histone deacetylase
inhibitor entinostat (MS-275) could enhance the antigen presentation in tumor cells and inhibit
immunosuppressive activity of MDSC and Treg [127,128]. After combining entinostat with the
anti-PD-1 antibodies, 19 % of non-responding to anti-PD-1 therapy melanoma patients, achieved
objective response [129]. These data represent a new approach to overcome resistance using epigenetics.
Other ongoing trials using this combination are listed in Table 1.

A new approach of targeting different TME components using nanoparticles has been recently
proposed [130]. In melanoma mouse models, nanoparticles were shown to potentiate the efficiency of
PD-1 blockade [131-133], to reduce the tumor volume and to prolong mouse survival [134].
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8. Other ICI in Malignant Melanoma

In addition to PD-L1 and CTLA-4, several other immune checkpoint molecules have been
investigated during the last decade. Among them are lymphocyte activation gene-3 (LAG-3), T-cell
immunoglobulin- and mucin domain- containing molecule 3 (TIM-3) and T cell immunoreceptor
with Ig and ITIM domains (TIGIT). All these molecules were reported to be highly expressed on
immune cells in the TME, especially on TILs and Treg, which makes them a promising target for cancer
immunotherapy [135].

LAG-3 is expressed on activated CD4* and CD8* T cells, Treg, B and NK cells as well as DC [136].
It interacts with MHCII molecules on APC or with Galectin-3 and liver sinusoidal endothelial cell
lectin (LSECtin) on cancer cells, leading to the inhibition of CD4* and CD8™T cell proliferation and
decreased cytokine secretion [137]. Such inhibition of T cell function was found to be associated with
the promotion of tumor growth and tumor escape [138,139]. LAG-3 blocking could be achieved by
LAG-3-Ig fusion protein or LAG-3 targeting antibody (relatlimab). The treatment of melanoma patients
with relatlimab resulted in the ORR of 16% and DCR of 45% [140]. Interestingly, only 9% of patients
had grade 3 or 4 adverse events that was comparable to the therapy with nivolumab.

TIM-3 is expressed on CD4% and CD8" T cells, Treg, B cells, NK cells, DC, mast cells and
macrophages. Under physiological conditions, it serves as a negative regulator of Th1 response and Th1
related production of TNF and IFN-y; therefore, its blockade could lead to autoimmune disease [141].
Interaction of TIM-3 with Galectin-9 expressed on tumor cells was reported to result in CD8 TIL
apoptosis in colon cancer [142]. In melanoma high expression of TIM-3 was associated with CD8 T cell
exhaustion [143].

TIGIT was reported to be involved in the inhibition of CD8*T cells and modulation of DC activity,
resulting in the upregulation of IL-10 and downregulation of IL-12 production [144,145]. Moreover,
TIGIT was demonstrated to play a crucial role in the maturation of naive T cells to Foxp3* Treg [146].
TIGIT* Tregs showed higher immunosuppressive potential than their TIGIT™ counterparts [147].
In malignant melanoma, the co-expression of PD-L1, LAG-3, TIM-3 and TIGIT was demonstrated to
induce CD8™ TILs with most exhausted phenotype [125,126]. Double blockage of PD-1 and TIGIT in
melanoma led to an increased proliferation and cytokine production of CD8* TIL and was considered to
be a promising approach in immunotherapy [148]. The ongoing clinical trials evaluating the efficiency
of LAG-3, TIM-3 and TIGIT blockade are shown in Table 1.

9. Conclusions

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 [26-28]. 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 ICI, 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-f: interferon-f; 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;
TGEF-p: transforming growth factor-3; 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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Abbreviations

ADP adenosine diphosphate

AMPKa AMP-activated protein kinase a

APC antigen presenting cell

ATP adenosine triphosphate

ATRA all-trans retinoic acid

CAF cancer-associated fibroblasts

COX-2 cyclooxygenase-2

CT computer tomography

CTLA-4 cytotoxic T lymphocyte-associated protein-4
CXCL C-X-C motif chemokine ligand

CXCR C-X-C motif chemokine receptor
DCR disease control rate

EV extracellular vesicles

FAP fibroblast activation protein

FGF-2 fibroblast growth factor 2

FOXP3* forkhead box protein P3

G-CSF granulocyte-colony stimulating factor
GM-CSF granulocyte-macrophage colony stimulating factor
HIF-1a hypoxia-inducible factor-1e

ICL immune checkpoint inhibitors

IFN interferon

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

MRI magnetic resonance imaging

NK natural killer

NO nitric oxide

ORR objective response rate

0s overall survival

PD-1 programmed cell death protein 1
PDE phosphodiesterase

PD-L1 programmed cell death ligand 1
PD-L2 programmed cell death ligand 2

PFS progression free survival

PMN polymorphonuclear

ROS reactive oxygen species

RT radiation therapy

SD stable disease

TAM tumor-associated macrophages

TAN Tumor-associated neutrophils

TCR T-cell receptor

TGF-B transforming growth factor-§

TIGIT T cell immunoreceptor with Ig and ITIM domains
TIM-3 T-cell immunoglobulin- and mucin domain- containing molecule 3
TME tumor microenvironment

Treg regulatory T cells

T-VEC talimogen laherparepvec alimogen laherparepvec
VEGF vascular endothelial growth factor
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Purpose: Although the treatment of advanced melanoma patients with immune
checkpoint inhibitors (ICl) significantly increased the therapeutic efficiency, many
patients remain resistant to ICl that could be due to immunosuppression mediated
by myeloid-derived suppressor cells (MDSC). These cells are enriched and
activated in melanoma patients and could be considered as therapeutic targets.
Here we studied dynamic changes in immunosuppressive pattern and activity of
circulating MDSC from melanoma patients treated with ICI.

Experimental design: MDSC frequency, immunosuppressive markers and function
were evaluated in freshly isolated peripheral blood mononuclear cells (PBMC) from
29 melanoma patients receiving ICI. Blood samples were taken prior and during
the treatment and analyzed by flow cytometry and bio-plex assay.

Results: MDSC frequency was significantly increased before the therapy and
through three months of treatment in non-responders as compared to
responders. Prior to the ICI therapy, MDSC from non-responders displayed high
levels of immunosuppression measured by the inhibition of T cell proliferation
assay, whereas MDSC from responding patients failed to inhibit T cells. Patients
without visible metastasis were characterized by the absence of MDSC
immunosuppressive activity during the ICI treatment. Moreover, non-responders
showed significantly higher IL-6 and IL-8 concentrations before therapy and after
the first ICl application as compared to responders.

Conclusions: Our findings highlight the role of MDSC during melanoma
progression and suggest that frequency and immunosuppressive activity of
circulating MDSC before and during the ICl treatment of melanoma patients
could be used as biomarkers of response to ICl therapy.

KEYWORDS

MDSC, melanoma, immunosuppression, immune checkpoint inhibitors, cytokines
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Introduction

Malignant melanoma is characterized by high mutational burden
and increased immunogenicity (1, 2) but also by a profound
immunosuppression (3). The latter represents one of the major
reasons for poor therapy responses (4, 5). The application of
immune checkpoint inhibitors (ICI), including antibodies against
programmed cell death protein 1 (PD-1) and cytotoxic T-
lymphocyte protein 4 (CTLA-4) significantly increased survival and
response rates for advanced melanoma patients (6). However, many
patients fail to respond to ICL In particular, only 20% melanoma
patients respond to anti-CTLA-4 treatment, 30-40% respond to anti-
PD-1 antibodies and 58% show clinical response to the combination
therapy with these antibodies (7). Since the rate of the non-
responsiveness to ICI is high, there is an urgent need to understand
the underlying mechanisms of immunosuppression and to find
biomarkers predicting clinical responses to ICL

One of the major players in the immunosuppressive tumor
microenvironment (TME) are myeloid-derived suppressor cells
(MDSC). This heterogeneous population of myeloid cells emerges
under chronic inflammatory conditions typical for cancer and is
characterized by a strong ability to suppress anti-tumor T and NK
cells via different mechanisms (8-10). In humans, three MDSC subsets
have been described: CD33"HLA-DR™ CD14'CD66b~ monocytic
(M-MDSC) and CD33Y"™HLA-DR'*Y/~CD14"CD66b*Lin"
polymorphonuclear (PMN-MDSC) that are strongly
immunosuppressive as well as CD33%™HLA-DR""~CD66b Lin~
early-stage MDSC (e-MDSC), which fail to show immunosuppressive
function (11, 12). Cells with typical MDSC phenotype are also present
in healthy individuals in much smaller numbers and called non-
immunosuppressive MDSC counterparts (12).

Generation, expansion, and recruitment of MDSC to the TME is
influenced by cytokines, chemokines and growth factors produced by
melanoma and host cells such as interleukin (IL)-1B, IL-6, IL-8,
vascular endothelial growth factor (VEGF), macrophage colony-
stimulating factor (M-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (9, 13). MDSC immunosuppressive
function is stimulated by IL-1B, IL-6, IL-8, IL-4, IL-13, interferon y
(IFN-y) and prostaglandin E2 (PGE2) (13).

It has been demonstrated that MDSC strongly express PD-L1,
leading to T cell suppression of in the circulation and TME (14).
MDSC display ectonucleoside triphosphate diphosphohydrolase 1
(CD39) and ectonucleotidase (CD73) expression, catalyzing the
conversion of extracellular ATP into adenosine that inhibits effector
T cell functions (15). The combination of CD39/CD73 targeting and
ICI was reported to stimulate anti-tumor immunity in preclinical
models (16). Moreover, MDSC produce reactive oxygen species
(ROS) and nitric oxide (NO), which cause T cell anergy by the
down-regulation of TCR {-chain expression (17, 18). All these
mechanisms of immunosuppression mediated by MDSC support
the tumor escape and reduce response to different melanoma
therapies, including the ICI treatment. Even though the role of
MDSC is well investigated, ICI-related changes in freshly isolated
circulating MDSC from melanoma patients are not sufficiently
studied, especially in patients with no evidence of disease (non-
metastatic patients), receiving ICI in adjuvant setting. Here we
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analyzed the characteristics and function of MDSC as well as
MDSC-related inflammatory mediators in the peripheral blood of
29 melanoma patients before and during ICI treatment. We found
that elevated baseline frequency of MDSC, their high
immunosuppressive activity as well as increased baseline levels of
IL-6 and IL-8 are associated with unfavorable response to ICI
treatment in metastatic patients. In contrast, MDSC from
responding metastatic patients tend to lose their ability to suppress
T cell functions under the ICI treatment. We suggest that the
combination of ICI and MDSC targeting could improve the
efficiency of melanoma immunotherapy.

Materials and methods
Patients and healthy donors

For this study, peripheral blood samples were collected from 19
metastatic and 10 non-metastatic melanoma patients receiving ICI at
the Skin Cancer Center (University Medical Center Mannheim,
Germany). Metastatic patients received ICI as a palliative treatment
and non-metastatic patients as an adjuvant therapy (Figure 1). To
simplify the narration, patients receiving ICI in palliative or adjuvant
regimen will be called metastatic and non-metastatic patients
respectively. This study was conducted in accordance with the
Declaration of Helsinki and approved by the local Ethics
Committee (2010-318N-MA). Peripheral blood from 10 age- and
gender-matched healthy donors (HD) without indications of
immune-related diseases was obtained according to the Ethics
Committee approval (2010-318N-MA) and used as controls. The
collection of samples and clinical data was performed after written
informed consent.

Clinical data

Metastatic patients with unresectable stage IIIC-IV melanoma
(according to the AJCC 2017 classification) were treated with
nivolumab, 480 mg (fixed dose) every 4 weeks or pembrolizumab,
200 mg, every 3 weeks. Metastatic patients with presence of brain
metastasis were treated every 3 weeks with a combination of
nivolumab, 1 mg/kg body weight, and ipilimumab, 3 mg/kg body
weight. One patient from the metastatic group deceased before the
therapy start. Non-metastatic melanoma patients with stage IIIB-
IIID without current evidence of disease were treated with
nivolumab, 3mg/kg body weight, every 2 weeks or
pembrolizumab, 200 mg, every 3 weeks. In this group, 3 patients
received nivolumab, 480 mg, every 4 weeks before the new dosage
for adjuvant treatment was approved. All recruited patients received
no immunotherapy before the study onset. Treatment efficacy was
assessed by contrast-enhanced computed tomography (CT),
magnetic resonance imaging (MRI), or positron emission
tomography CT (PET-CT) based on the Immunotherapy
Response Evaluation Criteria in Solid Tumors (iRECIST) 3
months after the first administration of ICI. Based on the
response at this time point, metastatic patients were divided into
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FIGURE 1

Schematic representation of adjuvant (A) or palliative (B) treatment settings (patients with no evidence of disease and those with distant metastases

respectively)

responders showing complete response (CR), partial response (PR)
or stable disease (SD) and non-responders (progressive disease, PD).
Patient characteristics are summarized in Table 1,

Analysis of peripheral blood samples

Peripheral blood was collected from melanoma patients before
(baseline) and after the 1%, 2", and 3" application of ICI with
trisodium citrate as an anticoagulating agent. Peripheral blood
mononuclear cells (PBMC) were isolated using density gradient
centrifugation with Biocoll (Biochrom) and applied for flow
cytometry and cell sorting. After the PBMC removal, plasma was
collected and stored at -80°C.

Flow cytometry

Freshly prepared PBMC were treated with FcR Blocking Reagent
(130-111-568, Miltenyi Biotec) according to the manufacturer’s
protocol and stained with fixable viability dye 700 (BD Biosciences)
followed by the incubation with monoclonal antibodies (mAbs) for
30 min at 4°C. The following fluorescently labeled mAbs were used
for the surface staining: CD66b-PerCPCy5.5 (clone G10F5), CD14-
APCCy7 (clone M®P9), HLA-DR-V500 (clone G46-6), lineage
cocktail (LIN) (CD3/19/20/56)-APC, CD33-PE-Cy7 (clone P67.6),
CD39-FITC (clone TU66), PD-L1-BV421 (clone MIH]1, all from BD
Biosciences) and CD73-BV605 (clone AD2, Biolegend). Intracellular
ROS and NO were detected using hROS Detection Kit (Cell
Technology) and diaminofluorescein-FM diacetate (Cayman
Chemical) according to the manufacturer’s instructions. Acquisition
was performed by 10-color flow cytometry using BD FACSLyric with
FACSuite software (BD Biosciences). FlowJo V 10 software (BD
Biosciences) was used to analyze at least 10° events. Positive surface
markers were gated according to the fluorescence minus one
(FMQ) control.
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Inhibition of T cell proliferation assay

Immunosuppressive activity of MDSC during the ICI treatment
was evaluated according to the standardized Mye-EUNITER protocol
(12). Briefly, CD3" T cells were isolated from PBMC by magnetic-
activated cell sorting (MACS, Miltenyi Biotec) according to the
manufacturer’s protocol. CD3 depleted PBMC were sorted for
HLA-DR/CD33"#" M-MDSC and HLA-DR/CD33“"/CD66b"/
LIN" PMN-MDSC. CD3 T cells were labeled with 20 pM cell
proliferation dye eFluor 450 (CP-Dye405, eBioscience) and were
cultured alone or with sorted PMN- or M-MDSC (T cells:2MDSC
ratio = 1:1) in a 96 well round bottom plate (Sarstedt) in L-lysine and
L-arginine low RPMI-1640 medium (Thermo Fisher Scientific)
supplemented with 100 IU/mL penicillin, 100 mg/mL streptomycin
and 10% (v/v) FCS at 37°C. The plate was precoated for 3 hours with
CD3 (clone OKT-3, eBioscience) and CD28 antibodies (clone
CD28.2, Beckman Coulter). The proliferation of CD8" T cells was
assessed after 96 h of co-culture by measuring CPDye405 dilution at
the BD FACSLyri-:TM flow cytometer.

Bio-Plex assay

Concentrations of cytokines and chemokines in the serum of
melanoma patients and HD were measured by the Bio-Plex Pro
Human Cytokine 27-plex Assay (Bio-Rad) using the manufacturer’s
protocol. Acquisition and data analysis were performed by bio-
plex ManagerTM.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
software (Version 8.1.2). Data showing a Gaussian distribution
were compared with the unpaired two-tailed Student’s t test and
not normally distributed data with Mann-Whitney test. Mixed-effects
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TABLE 1 Clinical characteristics of melanoma patients treated with ICl in
palliative and adjuvant settings.

Palliative Adjuvant Healthy
treatment treatment donors
(n=19) (n=10) (n=10)
Median age, years 64 67 60
(range) (41-84) (34-84) (38-73)
Sex, n
Male 13 8 5
5

Female 6 2

AJCC stage, n

1B 0 6

mc 3 3
D 0 1
v 16 0

Primary melanoma site, n

Cutaneous 13 10
Uveal . 1 0
Unknown 5 0
Therapy, n .
[ Nivolumab -“12 - 9

Pembrolizumab 1 1

Nivolumab + 5 0
ipilimumab
Deceased before 1 ]

therapy start
Therapy outcome, n
Responder 12

Complete response 1

Partial response 8
Stable disease 3
Non-responder 6

(progressive disease)

analysis with multiple comparisons was used to compare treatment
groups and to investigate dynamic changes during the treatment.
Survival curves were generated using the Kaplan-Meier method, and
the statistical comparison was done by the log rank (Mantel-Cox) test.

Results
Patient characteristics

29 melanoma patients receiving ICI and 10 HD gave informed
consent to participate in a prospective clinical study (Table 1). In the
adjuvant treatment group, eight patients remained relapse-free (80%)
and two patients (20%) developed new metastases after the first
staging. In the palliative treatment group one patient showed CR
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(6%), eight patients have PR (44%) and three patients showed SD
(17%). Six individuals who showed PD (33%) were classified as non-
responders. One patient died shortly before the therapy start.

Immunosuppressive pattern and function of
MDSC at the baseline

First, we analyzed CD33*™HLA-DR"*'~CD66b*Lin~ PMN- and
CD33"HLA-DR"™"CD14" M-MDSC in PBMC from melanoma
patients and their non-suppressive MDSC counterparts from HD
by flow cytometry. The gating strategy is shown in Supplementary
Figure 1. We found a significant increase in the frequency of both
PMN- and M-MDSC in metastatic melanoma patients (palliative
therapy setting) and patients without metastases (adjuvant setting) as
compared to their counterparts in HD (Figure 2A). The maximum of
PMN-MDSC frequency was observed in metastatic patients with
advanced disease (Figure 2A), To investigate a possible association
between the frequency of circulating PMN- and M-MDSC within
PBMC and the overall survival (OS) and progression-free survival
(PFS) of melanoma patients, we distributed metastatic patients in the
groups with low and high frequencies of PMN- and M-MDSC, using
their median values (0.54% and 0.73% of live PBMC respectively) as a
cutoff (19). We demonstrated that a high frequency of PMN-MDSC
before therapy begin (>0.54%) was associated with the tendency for
reduced OS and PFS (Figure 2B, Supplementary Figure 2A). High M-
MDSC frequency (>0.73%) also showed a tendency to correlate with
decreased OS (Figure 2C, Supplementary Figure 2B).

Next, we investigated an immunosuppressive pattern of different
MDSC subsets in both metastatic and non-metastatic patients at
baseline. Metastatic melanoma patients showed elevated frequencies
of PD-L1" M-MDSC as compared to non-metastatic patients
(Figure 2D). Furthermore, the frequency M-MDSC expressing PD-
L1 was higher that of PMN-MDSC (Figure 2D). However, we failed to
observe any differences in the production of NO and ROS by MDSC
from non-metastatic and metastatic patients (data not shown). CD39
and CD73 were stronger expressed on circulating M- than PMN-
MDSC from melanoma patients (Figure 2E). While testing MDSC
function using the inhibition of T cell proliferation assay, we observed
that MDSC isolated from non-metastatic patients showed no
immunosuppressive activity (Figure 2F). In contrast, metastatic
patients formed two groups according to the immunosuppressive
function of PMN- and M-MDSC: one group with high and another
with low suppressive activity of MDSC. Interestingly, there was no
difference between the immunosuppressive potential of PMN- and
M-MDSC (Figure 2F).

Next, we studied MDSC frequency and function at baseline in
metastatic patients who responded or failed to respond to ICI. We
observed a slight tendency for accumulation of PMN- and M-MDSC
before the therapy start in non-responders as compared to responders
(Figure 3A). Although we found no significant differences in the
expression of immunosuppressive molecules PD-L1, CD39 and CD73
on MDSC between these two groups (Supplementary Figure 3), we
determined a clear difference in immunosuppressive activity of these
cells. PMN- and M-MDSC isolated from non-responders showed a
strong inhibition of T cell proliferation (Figures 3B, D), whereas MDSC
from responders were not immunosuppressive (Figures 3C, D) except
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FIGURE 2
Characteristics of PMN- and M-MDSC from melanoma patients before IC| therapy. PBMCs were isolated from the peripheral blood of melanoma
patients and HD. MDSC and their counterparts in HD were assessed by flow cytometry. (A) The results in metastatic (n=19) and non-metastatic (n=8)
patients as well as their counterparts in HD (n=10) are presented as the percentage of HLA-DR'**"" CD33“"CD66b' Lin~ PMN- and HLA-DR"**
CD33""CD14* M-MDSC among live PBMC. (B) OS of metastatic melanoma patients with high (>0.54% of live PBMC; n=10) and low (<0.54%; n=9)
PMN-MDSC frequencies at the baseline is shown as a Kaplan-Meier curve. (C) OS of metastatic melanoma patients with high (>0.73%; n=10) and low
(<0.73%; n=9) M-MDSC frequencies at the baseline is shown as a Kaplan-Meier curve. (D, E) Expression of PD-L1 and ectoenzymes CD39 and CD73 on
PMN- and M-MDSC from metastatic and non-metastatic patients was shown as the percentage of PD-L1" cells (D} or CD39'CD73" cells (E) among the
respective MDSC subset. (F) Immunosuppressive capacity of PMN- and M-MDSC was determined upon the co-culture with activated CD3 T cells labeled
with CP-Dye405. After 96 h of incubation, T cell proliferation was assessed by CP-Dye405 dilution measured by flow cytometry. Cumulative data for T
cell proliferation are presented as the percentage of divided T cells normalized (norm.) to the respective control of stimulated T cells alone (n=3-8). *P <
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0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

one patient whose M-MDSC displayed immunosuppressive activity at
the baseline but not after the 1™ ICI application (Figure 3D).

Inflammatory factors before the start of
ICI treatment

To evaluate the MDSC-related cytokine and chemokine profile in
the peripheral blood of melanoma patients, we performed a bio-plex
assay. We found that IL-6, IL-8, TNF-a and CCL5 were significantly
increased in the plasma of metastatic and non-metastatic melanoma
patients as compared to HD (Figures 4A, B). Moreover, metastatic
patients showed significantly higher IL-8 concentrations in plasma
than non-metastatic patients (Figure 4A). Our analysis revealed no
differences in the concentration of other MDSC-related inflammatory
factors (such as CCL2, CLL3, CCL4) between metastatic and non-
metastatic groups (Supplementary Figure 4A). Interestingly, we found
a correlation between increased levels of IL-6, IL-8, TNF-c and the
accumulation of circulating PMN-MDSC in metastatic (Figures 4C-
E) but not in non-metastatic patients (Supplementary Figures 4B-D),
underlining their role in the melanoma progression. Similarly,
augmented IL-6 concentration was associated with an increased
frequency of M-MDSC only in patients with metastases (Figure 4F)
but not in those without metastases (Supplementary Figure 4E).
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To evaluate the potential of investigated soluble factors as
predictive markers for the response to ICI, we compared their
plasma concentrations in responders and non-responders. IL-6 and
IL-8 were significantly increased at the baseline in non-responders as
compared to responders, whereas TNF-o. and CCL5 did not display
such predictive capacity (Figure 4G).

Patients with more advanced disease exhibit
stronger MDSC activity

Analyzing immunosuppressive characteristics of metastatic
melanoma patients before the treatment, we observed that some
patients were characterized by increased MDSC frequency and
immunosuppression as well as by high concentrations of MDSC-
related cytokines (IL-6, IL-8). All these patients (except one who
deceased before the therapy start) displayed high metastatic load
and received combinational therapy with anti-CTLA-4 and anti-
PD-1 antibodies. We observed that abovementioned patients
with a very severe disease were also characterized by MDSC
activation associated with the accumulation of IL-6 and IL-8 as
well as by the non-responsiveness to combinational ICI
treatment (Table 2).
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Dynamic changes in MDSC characteristics
and soluble factors under ICI treatment

We performed the dynamic assessment of MDSC frequency and
immunosuppressive function as well as MDSC-related soluble
factors in metastatic and non-metastatic melanoma patients from
the time point before therapy up to the first staging (baseline, after
the 1%, 2™, and 3™ ICI application). We found that the frequency of
PMN-MDSC in metastatic melanoma patients showed a tendency to
be higher than in non-metastatic patients through the first three ICI
injections (Figure 5A). However, there were no differences between
the kinetics of M-MDSC frequency upon the therapy in metastatic
and non-metastatic patients (Supplementary Figure 5). We also
found no changes in the expression of PD-L1, CD39 and CD73 on
PMN- and M-MDSC from these two groups due to high
interpersonal variance (Supplementary Figures 5B-E).
Interestingly, MDSC isolated from non-metastatic patients
showed no suppressive activity towards T cells during the first
three ICI applications, while metastatic patients displayed high
immunosuppressive potential at baseline and after the 1% ICI
injection, which they tend to lose after 2°¢ and 3" ICI
application (Figure 5B).
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Next, we analyzed the association between dynamic changes in
MDSC frequency and immunosuppressive phenotype with the
patients’ response to ICIL In addition to the analysis of the single
time points, we compared responders and non-responders using
mixed-effects model. This model allows to compare repeated
measurements (before, after the 1%, 2", and 3" ICI application)
where every patient acts as its own control and the model can handle
missing values. It was found that PMN-MDSC frequency in PBMC of
non-responders remained significantly higher than that in responders
during first three ICI injections (Figure 5C). The highest frequency of
PMN-MDSC was observed in non-responders after the 2" ICI
injection (Figure 5C). Similarly, non-responders showed
significantly increased M-MDSC frequency under ICI treatment as
compared to responders (Figure 5D), Moreover, we found a
significant difference in PD-L1 expression on PMN- and M-MDSC
between responders and non-responders with the main difference
between two groups after the 2% 1 injection (Figures 5E, F).
Regarding ectonucleotidase expression, we found no significant
differences in CD39"CD73" MDSC between responders and non-
responders (Supplementary Figures 6A, B).

Furthermore, we demonstrated low and nearly unchanged
immunosuppressive activity of both PMN- and M-MDSC
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isolated from responders through three months of treatment
(Figure 5G). In contrast, MDSC from non-responders were
highly immunosuppressive at baseline and after the first
injection (Figure 5G).

Interestingly, whereas the concentration of IL-6 in responders
were constantly at a very low level, its levels in non-responders tended
to decrease under the ICI treatment (Figure 6A). Significantly elevated
plasma levels of IL-6 and IL-8 at baseline and after the first ICI
injection were characteristic for non-responders (Figures 6A, B).
Importantly, the mixed-effects model revealed a significant
difference in concentrations of IL-6 and IL-8 between responders
and non-responders (p=0.0068 for IL-6 and p=0.0024 for IL-8);
however, no association with the time point could be found
(Figures 6A, B). In contrast, plasma levels of TNF-a and CCL5 did
not significantly differ between responders and non-responders over
the therapy course (Figures 6C, D).

Discussion

We analyzed the frequency, immunosuppressive pattern, and
function of MDSC subsets and MDSC-related soluble inflammatory
mediators in the peripheral blood of melanoma patients receiving ICIL.
Our study provides a comprehensive analysis of dynamical changes in
MDSCs phenotype and function at baseline and through three
months of treatment (until the first staging) not only in advanced
melanoma patients but also in those with no evidence of disease who
were treated with ICL.
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‘We observed that patients with progressive disease (in contrast to
responders) tend to accumulate PMN- and M-MDSC in the
peripheral blood from the baseline and through the first three
months of treatment. Elevated PMN-MDSC frequency was
associated with poorer OS and PFS in metastatic melanoma
patients, These data are in agreement with other publications
showing that elevated frequency of circulating MDSC in advanced
melanoma patients correlates with decreased OS, PFS and less
favorable therapy outcome (20, 21). Moreover, significantly lower
PMN-MDSC amount in responding patients at the baseline as
compared to non-responders was reported (22). In addition, low
frequency of M-MDSC prior to the ICI treatment was previously
reported to correlate with better response and increased OS (23).

Investigating the immunosuppressive capacity of MDSC, we
demonstrated that circulating MDSC from non-responders
exhibited the ability to inhibit T cell proliferation at baseline,
whereas MDSC from responders failed to suppress T cell activity.
This could be due to an enhanced T cell activation in responders (24),
indicating that MDSC were not able to suppress these cells.
Importantly, both PMN- and M-MDSC isolated from patients
without metastases failed to inhibit T cell proliferation at any
studied time point that could be explained by the deficiency of
cytokines as IL-6, IL-8 and TNF-o supporting MDSC
immunosuppressive function (13). Interestingly, in our study
MDSC from both responders and non-responders tended to have
reduced ability to suppress T cell proliferation after three doses of ICI.
This could be due to the fact that anti-PD1 therapy reduces MDSC-
related anergy of T cells mediated by PD1/PD-L1 interaction (25).
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TABLE 2 Baseline MDSC and cytokine levels in patients with metastatic melanoma who received combinational anti-PD-1 and anti-CTLA-4 treatment.

PMN-MDSC ~ M-MDSC PMN-MDSC =~ M-MDSC IL-6 IL-8 Response to Metastases
frequency frequency immune immune concentration  concentration  anti-PD-1 +
(cutoff (cutoff suppression = suppression  (cutoff - 3.21 (cutoff - 5.6 anti-CTLA-4
-0.54% of -0.73% of pg/ml) pg/ml) combinational
live PBMC) live PBMC) treatment
1 high high + + high high Deceased before Liver, suprarenal
therapy begin gland
2 high high + not determined high Non-responder Lung, liver,
brain, spleen
3 low high + + high high Non-responder Lung, liver,
brain, orbital
cavity
4 high low not determined not determined high high Non-responder Lung, liver,
spinal bone,

suprarenal gland

5 low high - + high low Responder LN with
esophagus
invasion, liver

The patients were distributed in the groups with low and high frequencies of PMN- and M-MDSC as well as low and high cytokine concentrations, using their respective median values as a cutoff (19).

'+ indicates the presence and “-" shows the absence of MDSC-mediated immunosuppression.
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FIGURE 5

Analysis of MDSC in melanoma patients during the ICI therapy. PBMC were isolated from metastatic (n=16) and non-metastatic (n=5) patients before
each ICI application (point O - prior the treatment; point 1 - after the first infusion; paint 2 - after the second infusion; paint 3 - after the third infusion)
and assessed by flow cytometry. (A) Levels of circulating PMN-MDSC in metastatic and non-metastatic patients are expressed as the percentage within
live PBMC. (B) Immunosuppressive capacity of PMN- and M-MDSC was determined upon the co-culture with activated CD3 T cells labeled with CP-
Dyed05. Cumulative data for T cell proliferation are shown as the percentage of divided T cells normalized to the respective control of stimulated T cells
alone (n=5-16). Levels of circulating PMN- (C) and M-MDSC (D) in metastatic patients, responding (n=12) and non-responding (n=4) to the ICl therapy
are expressed as the percentage of corresponding subsets among live PBMC. PD-L1 expression on PMN- (E) and M-MDSC (F) in responders (n=12) and
non-responders (n=4) is presented as the percentage of PD-L1" cells among the respective MDSC subset. (G) Immunosuppressive activity of PMN- and
M-MDSC was measured at different time points during the ICI therapy upon the co-culture with activated CD3 T cells labeled with CP-Dye405
Cumulative data for T cell proliferation are shown as the percentage of divided T cells normalized to the respective control of stimulated T cells alone
[n=1-10). *P < 0.05, **P < 0.01
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the first injection; 2 - after the second injection; 3 - after the third injection) by bio-plex assay and expressed as pg/mlL *P < 0.05, **P < 0.01

To decipher the mechanisms of MDSC accumulation in the
peripheral blood of metastatic patients, we investigated soluble
inflammatory factors involved in MDSC activation and migration
like IL-6, IL-8, TNF-ot and CCL5 (26). In particular, IL-6 is known to
upregulate PD-L1 expression on MDSC, to lead to their activation
and accumulation (27) and to cause a poor response to
immunotherapy (28, 29). Moreover, IL-6 upregulates the expression
of C-motif chemokine receptor (CCR) 5 on MDSC leading to their
recruitment to the tumor site and enhanced inhibitory activity
towards CD8" T cells (30). IL-8 was shown to attract human PMN-
and M-MDSC in a dose-dependent manner (31). In addition, its
neutralization decreased MDSC migration (32, 33). Similarly to IL-6,
high IL-8 concentration was shown to be associated with tumor
progression, worse responsiveness to the ICI therapy (34) and
identified as an independent biomarker of poor ICI therapy
outcome (35). Furthermore, IL-8 is not only an important clinical
marker of progression, but also a biomarker to monitor the clinical
benefit of ICI, since early decrease in IL-8 indicated response to ICI
therapy in melanoma patients and unmasked true response in cancer
patients showing pseudoprogression (36). While investigating
advanced melanoma patients with high tumor burden, we observed
a significant increase in MDSC frequency and suppressive functions
as well as in concentration of inflammatory factors in these patients,
in particular IL-6 and IL-8. These findings are in line with a recent
study, showing that patients with high IL-6, IL-8 concentrations and
elevated MDSC frequency had worse OS (37).

Although PD-L1 expression on MDSC was reported to be
significantly increased in melanoma patients with shorter PFS and
worse OS (23), we did not observe such correlation in our study,
which could be due to relatively low patient numbers. Interestingly,
we found a tendency for the accumulation of CD39"CD73" M-MDSC
at the baseline in metastatic compared to non-metastatic patients,
indicating a stronger immunosuppressive phenotype of these cells. A
high expression of both CD39 and CD73 on MDSC was described to
be associated with cancer progression in NSCLC (15). In addition, an
increased soluble CD73 concentrations in serum of melanoma
patients undergoing ICI was associated with shorter PFS and OS
and was identified as an independent prognostic factor for PFS and
0OS in melanoma patients (38).

Our study has several limitations, including a small patient cohort and
missing values at some time points that affected the power of statistical
analysis. Due to a short lifespan of PMN-MDSC, we were not able to
isolate these cells from each patient to perform the functional assay.

Frontiers in Immunology

Taken together, our study highlights the role of PMN-MDSC, M-
MDSC and MDSC-related inflammatory factors in melanoma
progression and the outcome of ICI immunotherapy and confirms
the importance of MDSC targeting together with ICI treatment on
order to increase the efficiency of ICI in advanced melanoma patients.
We suggest that the combination of elevated frequency and high
immunosuppressive activity of circulating MDSC and increased IL-6
and IL-8 concentrations in plasma could be considered as promising
prognostic biomarkers of resistance to ICI in advanced melanoma
patients. These findings should be validated based on a larger patient
cohort in the future.
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Supplementary Figure 1. Gating strategy for PMN- and M-MDSC from melanoma patients.
Representative  dot  plots  for HLA-DR"™ CD33"#"CD14* M-MDSC and HLA-
DR CD33""CD66b Lin- PMN-MDSC, expressing PD-L1, CD39 and CD73.
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Supplementary Figure 2. Circulating MDSC and progression free survival (PFS) of metastatic
melanoma patients. (A) PFES of patients with high (>0.54%; n=10) and low (<0.54%; n=9) PMN-
MDSC frequencies at the baseline is shown as a Kaplan-Meier curve. (B) PFS of patients with high
(>0,73 %: n=10) and low (<0,73 %, n=9) M-MDSC frequencies at the baseline is presented as a

Kaplan-Meier curve.
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Supplementary Figure 3. Immunosuppressive pattern of circulating MDSC from melanoma patients
during the ICI treatment. Expression of PD-L1, CD39 and CD73 was measured on PMN- (A) and M-
MDSC (B) from responders (n=11) and non-responders (n=6) by flow cytometry and expressed as
the frequency of PD-L1* and CD39*CD73" cells within respective MDSC subsets.
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Supplementary Figure 4. Evaluation of inflammatory mediators and circulating MDSC in
melanoma patients at the baseline. Concentrations of CCL2, CCL3 and CCL4 (A) were detected in
plasma of metastatic (n=16) and non-metastatic (n=7) melanoma patients by bio-plex assay and
expressed as pg/ml. The frequency of PMN-MDSC within PBMC were plotted against the level of
IL-6 (B), IL-8 (C) and TNF- a (D) in non-metastatic melanoma patients (n=7). The frequency M-
MDSC within PBMC were plotted against the level of IL-6 (E) in non-metastatic melanoma patients
(n=7). The correlation was evaluated by a linear regression analysis.
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Supplementary Figure 5. Analysis of MDSC in melanoma patients during the ICI treatment. PBMC
were isolated from metastatic (n=16) and non-metastatic (n=10) patients before each ICI application
(point 0 - prior the treatment; point 1 - after the first; point 2 - after the second; point 3 - after the
third injection) and evaluated by flow cytometry. (A) Levels of circulating M-MDSC in are
expressed as the percentage within live PBMC. PD-L1" PMN- (B) or PD-L1" M-MDSC (C) are
presented as the percentage among total respective subsets. CD39*CD73* PMN- (D) or CD39*CD73*
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Supplementary Figure 6. Ectonucleotidase expression on MDSC during the ICI therapy. PBMC
were isolated from patients, responding (n=12) or non-responding (n=4) to ICI (point 0 - prior the
treatment; point 1 - after the first injection; point 2 - after the second injection; point 3 - after the third
injection) and measured by flow cytometry. Data are expressed as the percentage of CD39"CD73"
PMN- (A) or CD39"CD73* M-MDSC (B) within respective total MDSC subpopulations.
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