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Abstract 

The approval of immune checkpoint inhibition (ICI) for advanced melanoma patients heralded 

a new era in melanoma therapy. ICI is approved as palliative and adjuvant treatment for 

stage IV and stage III patients, respectively. Neoadjuvant ICI is currently not approved but is 

investigated in clinical trials for stage II and stage III patients. Liver metastasis, which is 

detected in ~10-20% of stage IV patients, gained special attention, as it recently evolved as 

important indicator of treatment resistance to ICI. In this study, the pre-metastatic 

immunological conditioning of the murine hepatic vascular niche is characterized and 

compares different ICI treatment regimens (i.e. palliative, adjuvant and neoadjuvant) regarding 

their efficiency to prevent and treat liver metastasis formation. 

Hepatic metastases in mice were induced either by intravenous or intrasplenic injection of 

melanoma cell lines WT31 and B16F10 to assess treatment responses among palliative, 

adjuvant and neoadjuvant ICI. In the neoadjuvant setting, melanoma cells were also injected 

intracutaneously to simulate primary cutaneous melanomas. The immune cell composition and 

activation was comparatively analyzed within the primary tumor, the blood and the liver with 

FACS, IF/IHC, in situ hybridization and cytokine assays.  

Hepatic metastasis was similar in extent in mice with intracutaneous melanomas compared to 

PBS injected controls indicating that a primary melanoma did not induce a pre-metastatic niche 

with a strong pro- or anti-tumoral phenotype. Naïve adjuvant therapy starting on day 0 showed 

reduced liver metastases in comparison to late palliative therapy starting on day 9. This was 

accompanied by increased hepatic infiltration of CD3+ CD8+ T cells in the naïve adjuvant 

therapy. Neoadjuvant therapy in the presence of a primary cutaneous melanoma showed even 

less hepatic metastases in comparison to adjuvant therapy. Primary tumors showed a T cell 

inflamed phenotype in neoadjuvant therapy and an immune excluded phenotype in adjuvant 

therapy. This was paralleled by increased CD4+ and CD8+ T cells in the peripheral blood in the 

neoadjuvant therapy. Additionally, hepatic CD4+ T-bet+ T cells significantly increased in 

neoadjuvant therapy while CD4+ Gata3+ T cells decreased in comparison to adjuvant therapy.  

Our data indicate that the choice of the therapeutic regimen is an important factor influencing 

the susceptibility of the hepatic vascular niche to liver metastasis and also therapy response 

to immune checkpoint inhibition. Neoadjuvant ICI was superior to adjuvant ICI regarding the 

prevention of liver metastasis formation. Furthermore, the liver showed a more Th1 driven 

immune response. Increased numbers of CD4+ Gata3+ T cells in the livers of mice in the 

adjuvant setting indicate a more Th2-driven immune response. Therefore, neoadjuvant ICI 

may be an excellent option for CM to prevent the spread to distant organs and to help improving 

the outcome of patients with distant metastases. 
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Zusammenfassung 

Durch die Zulassung der Immuntherapie für die Therapie des fortgeschrittenen malignen 

Melanoms wurde eine neue Ära der Therapie des malignen Melanoms eingeleitet. Mittlerweile 

erhalten nicht nur Stadium IV Melanom Patienten als palliative Therapie eine Immuntherapie, 

sondern auch Patienten in Stadium III als adjuvante Therapie. Eine adjuvante Therapie soll 

das Fortschreiten in ein metastasiertes Tumorstadium verhindern. Nichtsdestotrotz entwickeln 

10 -20 % der Stadium 4 Patienten im Verlauf Lebermetastasen. Diese stellen einen negativ 

prognostischen Faktor für diverse Therapien dar. 

In meinem Mausmodell wurde die Anwesenheit eines primären Melanoms durch die 

intrakutane Injektion der WT31 Melanom Zellen simuliert. Die Bildung der Lebermetastasen 

wurde durch die intravenöse und intralienale Injektion der Tumorzellen induziert, um das 

Ansprechen der Lebermetastasen auf die verschiedenen Therapiemodalitäten im Detail 

untersuchen zu können. Die neoadjuvante, adjuvante, naiv adjuvante und palliative Therapie 

wurde mithilfe der unterschiedlichen Mausmodelle durchgeführt und anschließend im Detail 

untersucht. Anschließend wurde die Immunzellkomposition und die Aktivierung verschiedener 

Immunzellen im Primärtumor, dem Blut und der Leber, mittels FACS, IF, IF/IHC und Zytokin 

Assays näher untersucht und miteinander verglichen.  

Die Anwesenheit eines Primärtumors hatte keinen Einfluss auf die Bildung der 

Lebermetastasen im Vergleich zu den PBS intrakutan injizierten Tieren. Die naiv adjuvante 

Therapie mit den Immuncheckpoint Inhibitoren schützte im Vergleich zur palliativen Therapie 

verstärkt vor der Bildung von Lebermetastasen. Des Weiteren zeigten die Lebern der naiv 

adjuvant therapierten Tiere eine erhöhte Infiltration der CD3+ CD8+ T Zellen im Vergleich zur 

spät palliativen Therapie. Die neoadjuvante Therapie mit ICI in Anwesenheit eines 

Primärtumors zeigte ein vielfach verstärktes Ansprechen auf die ICI im Vergleich zur 

adjuvanten Therapie. Außerdem konnte gezeigt werden, dass die Primärtumore der 

neoadjuvanten Therapie eine erhöhte Infiltration an T Zellen im Vergleich zu den 

Primärtumoren der adjuvanten Therapie aufweisen. Des Weiteren konnte eine erhöhte Anzahl 

an CD3+ CD4+ und CD3+ CD8+ T Zellen im peripheren Blut der neoadjuvant therapierten Tiere 

nachgewiesen werden. Durch die detaillierte Analyse der Immunzellkomposition in der Leber 

konnte gezeigt werden, dass die Lebern der neoadjuvant therapierten Tiere eine erhöhte 

Anzahl an CD4+ T-bet+ T Zellen aufweisen. Die erhöhte Anzahl an Th1 Zellen spricht für eine 

verstärkt Th1 induzierte Immunantwort durch die neoadjuvante Therapie mit den ICI. 

 Zusammengefasst, zeigen meine Daten, dass die Wahl des therapeutischen Settings die 

Anfälligkeit für Lebermetastasen und das Therapieansprechen im Wesentlichen beeinflussen. 

Die neoadjuvante Therapie mit den ICI zeigte ein erhöhtes Therapieansprechen und eine 

verbesserte Prävention vor der Bildung von Lebermetastasen. Deshalb könnte die 
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neoadjuvante Therapie einen guten Therapieansatz darstellen, um das Auftreten von 

Fernmetastasen effektiver zu verhindern.  
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1 Introduction 

1.1 Cutaneous melanoma 

Cutaneous melanoma (CM) is described as a fatal form of skin cancer which develops from 

melanocytes. It can be located in the basal epidermis, hair follicles, mucosal surfaces and the 

meninges (1). In 20 – 40 % of cases, cutaneous melanoma develops from pre-existing naevi 

and the remaining 60 - 80 % of cases occur de novo (2). The number of patients diagnosed 

with cutaneous melanoma has been increasing dramatically, currently reaching about 160.000 

new cases per year and 48.000 deaths in 2014 (3). A few years ago, cutaneous melanoma 

was still considered a rare disease. However, in 2018 CM became number four (women) and 

number five (men) of the most common solid tumors in Germany respectively (4).The 

increased incidence can in part be explained by higher levels of UV exposure, changes in the 

diagnostic approach towards skin lesions and higher diagnosis rates due to increased 

awareness and economic development (5). In addition, CM accounts for 90 % of skin cancer 

related deaths (6). Therefore, early detection of melanoma without metastatic spread is highly 

important. First, melanoma is typically diagnosed by visual inspection including the 

dermatoscopy. Melanocytic lesions can be interpreted by its shape, definition of the border, 

color, size and its evolution (“ABCDE”) (7). For patients with a large amount of atypical naevi, 

total-body photography is used. Furthermore, epiluminescence microscopy and dermatoscopy 

allow the magnified and rapid in vivo observation of skin lesions (8).Then suspicious lesions 

are completely excised including a margin of a few millimeters and a subsequent histological 

analysis of the lesion by a derma pathologist is performed. Factors such as melanocytic 

maturation, thickness, ulceration and mitotic index are of a high importance for the correct 

diagnosis of CM (9) (Table 1-Table 4).  
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Table 1 T classification of cutaneous melanoma.  

Information taken and modified from (10)  

Tumor (T) classification  

T1 
    T1a  
    T1b 

≤ 1.00 mm 
Without ulceration 
With ulceration 

T2 
    T2a 
    T2b  

1.01 – 2.00 mm 
Without ulceration 
With ulceration 

T3 
    T3a 
    T3b 
 

2.01 – 4.00 mm 
Without ulceration 
With ulceration 

T4  
   T4a  
   T4b 
 

>4.00 mm 
Without ulceration 
With ulceration 

 

Table 2 N classification of cutaneous melanoma. 

Information taken and modified from (10)  

Node (N) classification  

N1 
    N1a  
    N1b 

One lymph node 
Micrometastases 
Macrometastases  

N2 
    N2a 
    N2b  
    N2c 

Two or three lymph nodes 
Micrometastases 
Macrometastases 
In-transit met(s) /satellite(s) with metastatic 
lymph node (s) 

N3 Four or more lymph nodes or in-transit met(s) 
/satellite(s) with metastatic lymph node (s) 
 

 

Table 3 M classification of cutaneous melanoma. 

Information taken and modified from (10) 

Metastasis (M) classification  

M1a Metastases in skin, subcutaneous or lymph node  

M1b Lung metastases 

M1c Distant metastases  

 

The tumor stage is mainly defined by the histologic analysis of the primary tumor (tumor 

thickness and/or ulceration), detection of lymph node metastases or distant metastases. 

Patients diagnosed with CM can be separated into four groups (Stage I-IV) (Table 4) (10). 

Stage I is defined as low-risk primary melanomas and compromises patients that show no 

regional or distant metastases. Stage II patients have high-risk primary tumors which do not 
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show evidence for lymphatic disease or distant metastases and can be subdivided into three 

subgroups (Stage IIA, IIB and IIC), depending on thickness and ulceration of the primary tumor. 

Stage III is classified as patients with involvement of regional lymph nodes or patients with 

in-transit or satellite metastases. These patients can be further divided into three subgroups 

(Stage IIIA, IIIB and IIIC), dependent on the number of lymph nodes involved. Stage IV is 

classified by the presence of distant metastases and the three subgroups are dependent on 

the location of distant metastases (10).  

Furthermore, melanomas show the highest mutational load among all cancer types with high 

amounts of a C > T transitions mainly caused by ultraviolet radiation (11, 12). Melanomas 

caused by non-ultraviolet radiation most commonly occur at non-cutaneous sites such as eyes, 

mucosal surfaces and acral sites (hands and feets) (11). In a whole genome sequencing study 

of cutaneous, acral and mucosal subtypes of melanoma, Hayward et al. showed that the most 

commonly mutated genes in cutaneous melanoma are BRAF, CDKN2A, NRAS and TP53 

whereas NF1, BRAF, NRAS and SF3B1 are most commonly affected in acral and mucosal 

melanomas (13).   

Table 4 Stage groups for cutaneous melanoma  

Information taken and modified from (10) 

Stage Clinical stage    

I T1a -1b N0 M0 

II T2b-T4b N0 M0 

III T1-4 (any) N1-3 M0 

IV  Any T Any N M1 

 

In general, metastases are the main cause of death in patients diagnosed with cancer (14). 

Cutaneous melanoma most frequently metastasizes in an organotypic fashion and the most 

common sides of metastases are the skin, the lymph nodes, the lung, the liver and the brain 

(15).  
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1.3 Hallmarks of cancer 

Human tumor pathogenesis and metastasis formation is a multistep process in which normal 

cells acquire a succession of hallmark capabilities to become a neoplastic cell. These biological 

capabilities were first postulated as Hallmarks of cancer by Douglas Hanahan and Robert 

Weinberg in 2000 (16). The Hallmarks of cancer were expanded in 2011 with further 

characteristics, tumor-promoting inflammation and genome instability and mutation (Figure 1, 

indicated in red). Moreover, two new emerging hallmark capabilities, deregulating cellular 

energetics and avoiding immune destruction (indicated in green), were added to the model in 

2011 (17). The hallmarks of cancer are shown in (Figure 1). Douglas and Hanahan claim that 

most human cancer types combine these six capabilities (16). In the following chapter, the six 

hallmarks of cancer will be discussed in relation to the cutaneous melanoma.  

 

Figure 1: The Hallmarks of cancer with the two emerging hallmarks and the two enabling factors.  

I l lustration showing the six hallmarks of cancer (indicated in black), the two enabling factors 

which are i l lustrated in red and the two new emerging hallmarks of cancer (indicated in green ). 

Adapted from (17). I l lustration was created using Biorender.com.  
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Enabling replicative immortality 

Neoplastic cells acquire the ability of unlimited replicative potential whereas most normal cell 

lineages only pass through limited cell cycles before undergoing senescence, a viable but 

non-proliferative cell state followed by apoptosis (17). Telomeres consisting of repetitive DNA 

and associated proteins are defined as the ends of linear chromosomes and are mainly 

involved in acquiring the capability of unlimited proliferation (18, 19). In addition, the specialized 

DNA polymerase which is responsible for the elongation of the telomeres is present in all cell 

types. This DNA polymerase, called Telomerase, is responsible to counteract the telomere 

shortening occurring during normal DNA replication. It is present in cell types that undergo 

continuous cell division such as germ cells, hematopoietic cells and stem cells. It rarely occurs 

in non-immortalized cell types. However, telomerase is highly expressed in about 90 % of 

immortalized cells such as human cancer cells (17, 20). The activity of the telomerase is mainly 

regulated by the TERT gene (21). Mutations in the TERT gene are commonly found in human 

tumors such as glioblastoma, melanoma and hepatocellular carcinoma (22). Mutations in the 

TERT promoter region leads to the increased expression of TERT and is associated with the 

restoration of the telomerase activity (23, 24). 

In cutaneous melanoma, mutations in the TERT promotor region are the most common 

mutations in non-coding regulatory regions (22). They are associated with high telomerase 

activity and poor prognosis (25). Further, Nagore et al. showed in 2016 that the amount of 

TERT promotor mutations was twice as high in fast-growing melanomas as in slow-growing 

melanomas (26).  

Resisting cell death 

Besides replicative immortality, cancer cells acquire the ability to inactivate programmed cell 

death or apoptosis (16). Apoptosis and the programmed cell death are mechanisms which are 

highly important to protect the cells from genomic instability caused by DNA damage, telomere 

dysfunction or the loss of cell-cycle checkpoints (16). The mechanism of apoptosis can be 

separated into two pathways, the intrinsic (mitochondrial) and the extrinsic pathway. On the 

extrinsic pathway, the cell receives death-inducing signals from the outside of the cell, for 

example the binding of the Fas Ligand (FasL) to the Fas Receptor (FasR). On the intrinsic 

pathway, the cell receives and integrates signals of intracellular origin such as hypoxia and 

DNA damage. The intrinsic pathway mainly works through the release of cytochrome c from 

the mitochondria and the activation of different caspases (27). Another important player within 

the mechanism of apoptosis is the protein p53, which is mutated in about 50 % of human 

cancers (28). The protein p53 is a transcription factor, with a short half-life existing in low levels 

in unstressed cells (29). After sensing cellular stresses, the cellular level of p53 increases and 

p53 activates target genes involved in apoptosis, DNA repair or cell-cycle arrest (30).  
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One gene which is commonly mutated in hereditary melanoma is CDKN2A, a tumor 

suppressor gene encoding for two tumor suppressor proteins namely P16INK4a and P14ARF. 

Tumor suppressor proteins are proteins which are responsible for the inhibition of cell 

proliferation and tumor development (31).The two tumor suppressor proteins lead in a mutated 

form to the inhibition of RB1 and p53, stimulating the entry of a cell into the cell cycle and 

enabling the resistance of the cell to undergo apoptosis (32).  

Evading growth suppressors  

In line with the finding that cancer cells acquire the ability to resist cell death, cancer cells have 

to evade programs that negatively regulate cell proliferation, which primarily depends on so-

called tumor suppressor genes (17). Two major tumor suppressor proteins are RB 

(retinoblastoma-associated) and the above-mentioned p53 protein. The RB protein enhances 

the integration of intra- and extracellular signals, thereby leading the cell either into proliferation 

or apoptosis. Mutations in the RB1 gene predispose to familial cutaneous melanoma and 

retinoblastoma. Defects in the RB pathway led to the loss of a critical gatekeeper and the 

persistence of cell proliferation (33-35). 

Sustained proliferative signaling  

Sustained proliferative signaling is another hallmark of cancer and one of the most important 

traits of cancer cells. In non-cancerous cells, cell growth and division cycle are carefully 

controlled by the production and release of promoting or inhibitory signals. In cancer cells there 

are many alternative ways to sustain proliferative signaling such as the production of own 

growth factor ligands, stimulation of normal cells within the tumor-associated stroma to 

produce growth factors or the constitutive activation of cell proliferation associated signaling 

pathways such as the MAP kinase (MAPK) pathway or the PI3 kinase (PI3K) pathway (17).  

More than 40 % of cutaneous melanomas harbor an activating mutation of the BRAF gene 

(36) leading to the constitutive activation of the MAP kinase pathway (36). Further, in about 

20 – 40 % of cutaneous melanomas a PTEN loss of function mutation can be found (3) leading 

to the constitutive activation of the PI3K pathway (3). The activation of both the MAPK pathway 

and the PI3K pathway leads to the sustained proliferative signaling and the continuously 

activated proliferation of cancer cells (3). 
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Activating invasion and metastasis 

 
The dissemination of malignant cells is the main cause of cancer-related deaths. Metastasis 

formation is a multistep process which can lead to secondary tumors and can also be described 

as the invasion-metastasis cascade (37, 38). The local invasion of the tumor cells into the 

surrounding tissue is the first step of the metastatic cascade. To obtain an invasive phenotype, 

the cells develop changes in their shape and the ability to attach to other cells or the 

extracellular matrix (39, 40). The next step in metastases formation is the intravasation, in 

which tumor cells enter blood and lymphatic vessels followed by the escape of the tumor cells 

from the blood and lymph into secondary organs (extravasation). The initial step within the 

secondary organ is the survival of tumor cells surrounded by the foreign microenvironment, 

thereby forming small nodules (micrometastases). The multistep process of invasion and 

metastases formation ends with the outgrowth of micrometastatic lesions into macroscopic 

tumors and is called “colonization” (17, 41).  

The origin of the malignant melanoma are skin melanocytes which are defined as 

melanin-producing cells located in the basal layer of the epidermis and the hair follicles (42, 

43). Epidermal keratinocytes control the homeostasis of melanocytes. The switch of 

melanocytes into cancerogenic cells is based on several genetic and environmental factors 

including the loss of adhesion molecules and mutations of growth regulatory genes. This loss 

allows the melanocytes to interact with stromal cells from the dermis including fibroblasts and 

endothelial cells and to circumvent the control by keratinocytes. This event is mainly driven by 

the loss of E-cadherin and the gain to express N-cadherin and is a crucial step in the metastasis 

formation of the cutaneous melanoma (44).  

Inducing angiogenesis 

Another Hallmark of cancer which was postulated by Hanahan and Weinberg is the induction 

of angiogenesis (16). For their growth and survival mammalian cells need oxygen and nutrients 

which can be taken up from blood vessels (45). The main components of blood vessels are 

endothelial cells forming tubes and thereby maintain the blood flow and tissue perfusion. 

During tumor development, an angiogenic switch leads to the activation of the usually 

quiescent vasculature and promotes development of new blood vessels. Newly derived blood 

vessels then support the outgrowth of neoplastic cells (46). Two well-described drivers of 

angiogenesis, are the two growth factors named Vascular endothelial growth factor (VEGF) 

and Fibroblast growth factor (FGF). In transformed melanocytes VEGF is produced in high 

amounts (47-49). Furthermore, in blood vessels of human cutaneous melanoma high amounts 

of FGF were found in the extracellular matrix and basement membrane of newly developed 

blood vessels (50). In addition, it was shown that matrix bound FGF, which is released by the 
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digestion of the extracellular matrix through matrix metalloproteinases leads to endothelial cell 

proliferation and vascular vessel formation in cutaneous melanoma (51, 52).  

Avoiding immune destructions 

Already in the 1900s, Paul Ehrlich postulated that the immune system is capable of 

suppressing the outgrowth of an “overwhelming frequency” of carcinomas (53). The hypothesis 

of “immunosurveillance” was strengthened by Macfarlane Burnet and Lewis Thomas (54) who 

also postulated that lymphocytes are able to eliminate nascent and transformed cells but at 

that time no convincing evidence could be detected (55). The hypothesis of 

immunosurveillance was supported and renewed by two key findings. First, it was shown that 

endogenously produced Interferon γ (IFNγ) protects the host against the outgrowth of 

transplantable tumors (56). Second, perforin knockout (KO) mice (Perforin -/-) develop more 

tumors after the treatment with the carcinogen methylcholanthrene (MCA) than the control 

mice. Perforin is known to be a component of the cytolytic granules released by cytotoxic 

T cells and NK cells (57-59). Yet, the strongest evidence supporting the hypothesis of 

immunosurveillance is that tumors occur in much higher frequency and develop faster in Rag1 

and Rag2 knockout mice (54). The two recombination activating genes (RAG) are exclusively 

expressed in the lymphoid compartment and are involved in the repair of double strand breaks. 

The KO of Rag1 and Rag2 leads to the missing rearrangement of antigen receptors. Therefore, 

the knockout of these genes induces a complete lack of natural killer cells (NK cells), T and 

B cells in these mice (60). Further investigations supporting the hypothesis of 

immunosurveillance were carried out in immunocompromised patients, showing that these 

have a much higher risk of developing tumors than patients which are not 

immunocompromised (61). Interestingly, it was also shown that in the absence of an intact 

immune system the formed tumors are more immunogenic compared to tumors which 

developed in immunocompetent hosts. This suggests that the hosts immune system can 

protect against tumor formation but can also edit tumor immunogenicity (62). Altogether, these 

findings led to the formulation of the immunoediting hypothesis as a refinement of the cancer 

immunosurveillance hypothesis (54).  

Cancer immunoediting which in part describes the avoidance of immune destructions as a 

hallmark of cancer can be divided in three different phases termed “elimination”, “equilibration” 

and “escape” (55) and is illustrated in (Figure 2).  
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Figure 2: The concept of cancer immunoediting.  

The concept of cancer immunoediting can be divided into four phases. During the first phase a 

non-malignant cell transforms into a cancer cell by carcinogenesis, radiation, chronic 

inflammation or mutations. During the elimination phase different cell types of the host´s innate 

and adaptive immune system, such as CD8+ T cells or NK cells, attack cancer cells. Cancer cells 

that survived may enter into the equil ibrium phase. This phase is characterized by dormancy of 

the cancer cells and continuous immunoselection. This selection pressure leads to the emergence 

of cancer cells which are no longer recognized by the immune system. These can than enter the 

escape phase and are no longer recognized by the immune system. Information was taken from 

(63) and Il lustration was created using Biorender.com.  

Elimination  

The first phase of cancer immunoediting is the elimination phase in which transformed cells 

are detected by the adaptive and innate immune system before they become clinically 

apparent. If complete destruction of the tumor cells is achieved, the elimination phase would 

be the endpoint of cancer immunoediting (63).  

Equilibrium 

The equilibrium phase is the longest phase of the cancer immunoediting process and involves 

cells which survived the elimination phase. During this phase, the immune system holds 

residual tumor cells in a functional state of dormancy, where these cells can reside in a patient 

for decades until resuming growth either as a primary tumor or distant metastases (64). During 

the equilibrium phase the original escape variants of the tumor can be destroyed, however due 

to the inherent genetic and chromosomal instability of the malignant cells, new variants of 

transformed cells can develop, which are even more resistant against the attacks of the hosts 

immune system (54, 55).  
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Escape  

In the escape phase, tumor cells acquire traits to circumvent the recognition by the immune 

system. This can be achieved through different mechanisms such as: 

I. The loss of major histocompatibility complex (MHC) presenting antigens to tumor 

specific T cells (54, 65). 

II.  The loss of antigen processing functions (54, 65) e.g. KO of Rag1 and Rag2, the 

appearance of tumor cells lacking the expression of strong antigens, e.g. melanoma 

cells express GP100 which can be recognized by the immune system (54, 65).  

III. Facilitating the formation of an immunosuppressive microenvironment e.g. by the 

expression of negative co-stimulatory molecules such as cytotoxic T-lymphocyte 

associated protein 4 (CTLA-4) and programmed cell death ligand 1 (PD-L1) or the 

recruitment of immunosuppressive cell types including regulatory T cells (Tregs), 

tumor-associated macrophages (TAMs) or myeloid derived suppressor cells (MDSCs) 

(62, 63).  

Melanoma cells are known to be highly immunogenic and capable of expressing high amounts 

of antigens (66). The permanent exposure of the immune system to melanoma antigens 

induces the functional exhaustion of the immune system (immunosurveillance) and the strong 

expression of inhibitory molecules such as PD-1, PD-L1 and CTLA-4 making cytotoxic T cells 

ineffective (67, 68). Furthermore, it is known that the melanoma microenvironment is 

associated with the enrichment of immunosuppressive cell types including Tregs, TAMs and 

MDSCs which can also be responsible for the ineffectiveness of e.g. cytotoxic T cells. In 

addition, it was shown by several publications that the CM directly leads to the ineffectiveness 

of the immune system to kill malignant cells by the overproduction of negative modulators of 

immune cells (69) such as adenosine, tumor necrosis factor-β (TGF-β), vascular endothelial 

growth factor (VEGF) and indoleamine 2,3-dioxygenase (IDO) (70, 71). 
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Deregulating cellular energetics 

The deregulation of energy metabolism was already observed by Otto Warburg in 1930. He 

described that cancer cells have an anomalous cell energy metabolism which is mostly 

switched to “glycolysis” (72, 73). In a glycolytic metabolic state metabolic intermediates supply 

pathways that support the generation of nucleotides and amino acids and facilitate bio mass 

production (74, 75). However, the deregulation of cellular energetics is mostly dependent on 

factors already included in the six core hallmarks of cancer such as sustained proliferative 

signaling and is therefore designated as an emerging hallmark which on the one hand 

highlights its importance, but on the other hand implies its dependency on other core hallmarks 

of cancer (17). Melanoma cells can produce adenosine triphosphate (ATP) and carbon 

precursors which are used for cell growth and proliferation, without oxygen and mainly through 

lactic fermentation and glycolysis (“Warburg effect”) (76). A master regulator of glycolysis and 

hypoxia-inducible genes, called hypoxia-inducible factor 1α (HIF-1α) is highly upregulated in 

melanoma cells also under normoxic conditions (normal levels of oxygen) (77, 78). Besides, it 

was shown that melanoma cells are able to stabilize HIF-1α through mTOR and melanoma 

antigen-11 (MAGE11) (77). MAGE-11 is able to inhibit the prolyl hydroxylase domain protein 2 

(PHD2) which is a negative regulator of HIF-1α (79). The increased amounts and the protein 

stabilization of HIF-1α leads to the induction of glycolysis in the presence and absence of 

oxygen, thereby supporting the development and progression of melanoma (77, 80). 
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1.4 The liver 

The liver is one of the largest internal organs located in the upper abdomen (81) and accounts 

for 2 – 3 % of the average body weight (82). The liver is involved in numerous physiological 

processes, including the metabolism of macronutrients, regulating the blood volume, 

supporting the immune system, controlling different growth signaling pathways in an endocrine 

manner, the homeostasis of lipids and cholesterol and the conversion of xenobiotic compounds 

(drugs) (83). 

1.4.1 Anatomy of the liver 

The liver can be divided into so-called liver lobes. The human liver consists of four liver lobes 

namely the left lobe, the right lobe, the caudate lobe and the quadrate lobe (84). The 

vasculature of the liver is quite unique due to the fact that the liver is supplied by arterial as 

well as venous blood. Blood rich in oxygen comes from the hepatic artery (30 %) and 

nutrient-rich blood comes from the portal vein. The blood merges and flows along the liver 

sinusoids which are lined by liver sinusoidal endothelial cells (LSECs) to the central vein (85, 

86). The portal triad is formed by branches of the portal vein, the hepatic artery and the bile 

duct (83). Bile is a fluid produced by the liver which is mainly involved in the digestion of lipids 

and is stored and concentrated in the gall bladder (87).  

1.4.2 Cellular anatomy of the liver 

Liver sinusoidal endothelial cells (LSECs) 

Liver sinusoidal endothelial cells (LSECs) line the liver sinusoids and account for 15 -20 % of 

total liver cells. LSECs are endothelial cells lacking a continuous basement membrane and 

diaphragm. LSECs contain open pores called fenestrae allowing the transfer of nutrients, ions, 

fluids and metabolites to the space of disse (85, 86, 88). LSECs are therefore the direct contact 

to other non-parenchymal cells (Hepatic stellate cells (HSC)) and parenchymal cells 

(Hepatocytes) of the liver (89).  

Stellate cells  

Hepatic stellate cells (commonly known as perisinusoidal cells or Ito cells) are pericytes which 

are mainly found in the space of disse. In a healthy liver, stellate cells are mainly quiescent 

and show a low proliferation state. Furthermore, in a healthy liver stellate cells contain Vitamin 

A rich lipid droplets and under developed organelles. But, under a chronic liver disease stellate 

cells can switch to an “activated phenotype” with a high proliferative capacity and a decreased 

number of Vitamin A containing lipid droplets (90).  
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Hepatocytes  

Hepatocytes are parenchymal cells, accounting for 85 % of the liver mass and are involved in 

a wide range of cellular functions including the metabolism of carbohydrates, lipids and 

proteins, detoxification and the activation of immune cells (91).  

Kupffer cells  

Kupffer cells are defined as the resident macrophages within the liver and account for the 

largest population of resident macrophages throughout the body. Kupffer cells play a major 

role in the innate immune response through phagocytosis of pathogens entering the liver by 

the portal or arterial circulation. Also, Kupffer cells are involved in the first line of defence 

against immunoreactive compounds entering the liver from the gastrointestinal tract through 

the portal circulation (92).  

1.4.3 The liver as a pre-metastatic niche  

The local microenvironment of distant organs can be prepared by the primary tumor even 

before the arrival of circulating tumor cells (CTCs). This phenomenon is referred to as the 

formation of a pre-metastatic niche. Stephan Paget first postulated in his “seed and soil” 

hypothesis that metastatic tumor cells (“seeds”) are prone to colonize specific organ sites 

(“soils”) (93). Several publications have shown that the liver can be prepared for the uptake of 

CTCs by the primary tumor. In this regard, Peinado et al. suggest that extracellular vesicles 

(EVs) induce vascular leakiness and inflammation during the formation of a pre-metastatic 

niche and that specific integrins expressed on EVs mediate the adhesion of tumor cells to 

specific cell types as well as the extracellular matrix and therefore increase liver metastases 

(94, 95). In a pancreatic ductal adenocarcinoma (PDAC) mouse model it was demonstrated 

that PDAC-derived exosomes can induce the formation of a pre-metastatic niche thereby 

increasing the hepatic metastatic burden. The PDAC-derived exosomes are taken up by 

Kupffer cells leading to the secretion of TGF β and the upregulation of fibronectin production 

by hepatic stellate cells. This fibrotic microenvironment in turn leads to the recruitment of bone-

marrow derived macrophages (and neutrophils) to the liver which provides a beneficial 

metastatic niche (96).  

1.4.4 The liver as a metastatic side 

The liver is one of the major target sites for metastases of several malignancies such as 

colorectal carcinoma, pancreatic cancer, breast cancer (97) and cutaneous melanoma (98). 

Macrometastases in the liver are often not diagnosed in the first place, although it is very likely 

that the liver harbors micrometastases from early on. Already the special architecture of the 

liver makes it susceptible for circulating disseminated tumor cells (DTCs). One of these 

architectural features is the liver-specific microcirculation with low blood pressure and its 
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unique liver sinusoidal endothelial cells representing the first barrier encountered by CTCs (99-

101). 

LSECs can mediate the formation of liver metastases by either adhesive or angiocrine 

mechanisms. It was shown in several cancer entities that intracellular adhesion molecule 1 

(ICAM1) exerts a role in the formation of liver metastases (102). In addition, it was shown that 

C-type lectin 4G (Clec4G), an endothelial lectin mediates the hepatic colonization of colorectal 

metastases (103). In addition, LSECs are prone of releasing inflammatory cytokines including 

Interleukin 1 (IL-1) (104), MIF and Cxcl12 (105) which mediate liver metastases formation 

(106).  

The liver is also known to be an immunological organ able to balance the continuous exposure 

to gut-derived microbial and food antigens. LSECs are the first barrier encountered by 

circulating antigens. Therefore, LSECs have to exhibit innate and adaptive immunological 

functions including the presentation of antigens and the elimination of invading pathogens 

(107). Moreover, LSECs have to prevent damaging immune responses against harmless 

antigens due to the fact that the liver is continuously exposed to different antigens. LSECs 

have to be able to maintain the balance between tolerance and effector immune reponses. It 

is known, that LSECs express low levels of costimulatory molecules and are able to produce 

IL-10 and TGF-β (107, 108), thus making LSECs unable to function as professional antigen 

presenting cells (APCs) and to induce a more Th1 driven immune response. Additionally, 

LSECs are defined as B7-H1high CD86/80low cells (109, 110). These imbalances between 

stimulatory and inhibitory signals induce the tolerance of CD8+ T cells and provide a more 

immunotolerant environment (107).  

The immunological tolerance of the liver was targeted using mellitin nanoparticles 

(α-mellitin-NPs) which are taken up by LSECs. The α-mellitin NPs activate LSECs leading to 

the activation of the immunological state of the liver by changing the chemokine/cytokine milieu 

which in turn leads to a reduced metastatic burden within the liver and increased survival rates 

in a spontaneous mouse model of liver metastases (111).  
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1.5 Therapeutic strategies 

The strategy for the treatment of cutaneous melanoma is highly dependent on different 

features of the primary tumor namely the stage and the genetic profile (112). 

1.5.1 Surgical resection 

Patients diagnosed with cutaneous melanoma, which means a primary tumor and lymph node 

involvement (see 1.1 and Table 4), receive surgery as the primary treatment. Already in 1970, 

W. Handley stated in The Lancet that the primary tumor of cutaneous melanoma had to be 

excised with a safety margin. At that time, the recommended safety margin was 5 cm 

independently of the thickness of the primary tumor (113). Nowadays, the standard of care is 

a safety margin of 0.5 cm for in situ melanomas, 1 cm for melanomas with a Breslow thickness 

≤ 2 mm and 2 cm for melanomas with a tumor thickness ≥ 2 cm (114). Several trials compared 

different safety margins and demonstrated no significant advantages between safety margins 

of 5 cm compared to 2 cm (115). However, patients with a high-risk melanoma and a safety 

margin of 1 cm display an increased local recurrence and a trend towards reduced survival 

rates suggesting that the safety margin cannot be excluded (116).  

Further, it is known that cutaneous melanoma predominantly metastasizes via the lymphatic 

and hematogenous stream. Therefore Morton et al. introduced the sentinel lymph node biopsy 

in order to detect early lymph node metastases. For the detection of micrometastases the 

peritumoral intradermal injection of 99techneticum antimony trisulphide colloid is used. This 

colloid can be detected by the lymphoscintigraphy and gamma ray probe detection in order to 

find the first node receiving lymph from the primary tumor (117, 118). This method is 

characterized by a high level of accuracy, detecting about 97 % of positive sentinel lymph 

nodes (119). A sentinel lymph node biopsy is recommended in the german guideline for 

patients with primary tumors thicker than 1 mm (120) or with a tumor thickness between 0.75 

and 1 mm and additional risk factors such as young age or high rate of mitoses. The result of 

the lymph node biopsy correlates with the outcome and prognosis of patients with cutaneous 

melanoma and is nowadays accepted as valuable diagnostic tool and helps to further define 

future treatment strategies (121).  

1.5.2 Chemotherapy 

In the past, the main treatment option for advanced melanoma was chemotherapy. But 

chemotherapy only improves the clinical response and not the overall survival of patients (112). 

Dacarbazine has been approved by the Food and Drug Administration (FDA) in 1974 and is 

the only approved alkylating agent and cytotoxic drug for the treatment of metastatic melanoma 

(122). Though several studies have found that the response rate of Dacarbazine ranges from 

6- 20 % and that less than 5 % achieved a complete response and less than 2 % of patients 

survived more than 5 years (123, 124). However, the treatment of metastatic melanoma with 



 

18 
 

dacarbazine as single agent or in combination with targeted therapies (TTs) and 

immunotherapies was further investigated in several clinical trials (125). The combination of 

chemo- and immunotherapy was named biochemotherapy (BCT). A combination of 

Dacarbazine and Interleukin 2 (IL-2) showed higher response rates but could not improve the 

overall survival of patients. Furthermore, the combination therapy of chemo – and 

immunotherapy was associated with severe side effects (126). 

1.5.3 Targeted therapy 

TTs describe therapies interfering with important signaling pathways which are involved in cell 

growth, cell division and migration spread of these cells (127). As already mentioned in section 

1.3, for cutaneous melanoma the MAPK or the PI3K pathway are relevant (128). 

BRAF inhibitors  

About 50 % of patients with metastatic melanoma harbor a BRAF mutation (129) leading to 

activation of the MAPK signaling pathway and enhanced proliferation of cells (130). The most 

common mutation of the BRAF gene is a missense mutation found at the codon 600 which 

leads to an exchange of the amino acid valine to glutamic acid (BRAFV600E) (131). This 

BRAFV600E mutation constitutively activates the BRAF kinase (132) resulting in an activation 

of the downstream MEK/ERK pathway leading to the evasion of senescence and apoptosis 

and uncontrolled proliferation of cells (133).  

In 2011, Vemurafenib a selective BRAF inhibitor (BRAFi) was approved by the FDA for the 

treatment of unresectable or metastatic melanoma with a BRAFV600E mutation (134). 

Furthermore, Dabrafenib another BRAFi was approved in 2013 by the FDA. In contrast to the 

chemotherapy (see section 1.5.2) both BRAF inhibitors improved the clinical outcomes of 

patients diagnosed with cutaneous melanoma  (130, 135). In 2018, the FDA approved 

Encorafenib (BRAFi) in combination with binimetinib (MEKi) for the treatment of patients with 

unresectable or metastatic melanoma showing a BRAF V600E and V600K mutation (136). 

MEK inhibitors 

MEK is a tyrosine kinase acting downstream of BRAF. In 2013, the MEK inhibitor Trametinib 

was approved by the FDA and EMA for the treatment of unresectable and metastatic 

melanoma (137). In contrast to the BRAF inhibitors, Trametinib showed activity in patients with 

a BRAF mutation as well as in patients with a NRAS mutation (138). Moreover, MEKi improved 

the progression free survival (PFS), overall survival (OS) and the clinical outcome of patients 

with unresectable and metastatic melanoma harboring a BRAF mutation (139). Cobimetinib 

and Binimetinib, two MEKi are approved for the combination therapy with BRAFi for the 

treatment of metastatic melanoma (136).  
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Yet, the clinical benefit of BRAF and MEK inhibitors remains restricted because cancer cells 

rapidly develop resistance mechanisms (140) and only one third of patients show a controlled 

or stabilized disease (141).  

New therapeutic options focusing on the immune system in the emergence of a tumor have 

been investigated and led to the development and approval of different immunotherapies. 

1.5.4 Immunotherapy 

The fact that there is a strong correlation between the presence of tumor-infiltrating 

lymphocytes within the primary tumor and the clinical outcome of patients (142) and the finding 

that cutaneous melanoma is highly immunogenic (143) makes the cutaneous melanoma 

highly susceptible for the treatment with immunological modalities. In addition, it is known that 

melanoma cells are highly immunogenic due to the expression of different tumor-associated 

antigens including neo-antigens such as the carcinoembryonic antigen (CEA) (144), 

melanoma associated antigens (MAGEs) and the cancer/testis antigen (NY-ESO1). The 

expression of these antigens is an important factor regarding immunosurveillance and cancer 

progression (145). 

1.5.4.1 Vaccines 

Efforts have been made to test the use of different vaccines for the treatment of cutaneous 

melanoma involving CD4+ or CD8+ T cells to get activated by the presentation of different 

antigens via major histocompatibility complex (MHCI or MHCII) restricted processes. 

Therefore, the idea was to use such antigens to trigger a therapeutic immune response (146, 

147).  

One of the most studied cancer vaccines which was tested in a phase II study for the treatment 

of metastatic melanoma is CancerVax®, a vaccine consisting of three melanoma cell lines 

which are viable and irradiated (148). This vaccine consists of at least 11 melanoma specific 

tumor-associated antigens such as Mart-1/Melan-A, gp100, gp75 and MAGE-1 and MAGE-3 

(149, 150). Patients treated with CancerVax® showed a median survival of 23 months 

compared to 7.5 months which was seen in historical controls. In addition, patients treated with 

CancerVax® showed a 5-year survival of 40 % compared to 13 % in the control group (151). 

Another vaccine named Melacine® consisting of two different melanoma cell lines and 

DETOX®, an immunological adjuvant consisting of the cell wall cytoskeleton from 

Mycobacterium phlei and an endotoxin from Salmonella minnesota showed promising results 

in stage IV melanoma patients (152). Several other vaccines have been investigated for the 

treatment of cutaneous melanoma including dendritic cell vaccines, peptide vaccines, 

ganglioside vaccines or DNA vaccines. However, in these cases no randomized, large 

prospective trial could show a survival benefit so far (147). The use of vaccines based on 

tumor-associated antigens (TAAs) which are highly expressed on melanoma cells were mostly 
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ineffective in the generation of a clinical effective antitumor immune response due to the fact 

that the TAA-specific T cells can lead to a central and/or peripheral tolerance (153). 

Furthermore, TAAs are also present on non-malignant cells causing a risk of vaccine-induced 

autoimmune toxicities (153). Melanom FixVac (BNT111), a liposomal RNA vaccine, targets 

four different non-mutated, tumor-associated antigens such as New York oesophageal 

squamous cell carcinoma 1 (NY-ESO1), melanoma associated antigen A3 (MAGE-A3) and 

trans-membrane phosphatase with tensin homology (TPTE). These antigens show a normal 

tissue expression, but are highly abundant and immunogenic in melanomas. BNT11 is tested 

in a phase I clinical trial (Lipo-MERIT, NCT02410733). Melanoma FixVac showed durable 

objective responses either as single agent or in combination with a PD-1 inhibitor in 

unresectable melanoma patients which are already ICI experienced (154). Neoantigens or 

neoepitopes, which are referred to be novel epitopes or self-antigens developing from 

mutations in tumor cells can be used for the development of personalized cancer vaccines 

(155). Personalized cancer vaccines have several advantages including the prevention of 

“off-target” damage and the circumvention of T cell tolerance caused by self epitopes (155). 

The individualized mRNA cancer vaccine BNT122 (BioNTech SE and Genentech) targeting 

personalized neoantigens of cancer patients is tested in a Phase II clinical trial for the treatment 

of untreated advanced melanoma (GO40558 Study; NCT03815058) (156). Additionally, the 

cancer vaccine mRNA-4157/V940 from Moderna in combination with Pembrolizumab (Merck) 

showed in a Phase IIb clinical trial (Keynote 942) an improved recurrence-free survival in 

comparison to Pembrolizumab alone. After 18 months the cancer vaccine in combination with 

the ICI Pembrolizumab decreased the risk of disease recurrence by 44 %. Taken together, 

cancer vaccines might further improve the clinical outcome of melanoma patients (157).  

1.5.4.2 Oncolytic virus therapy 

Over the last decade, oncolytic viruses have become promising tools to treat cancer. In 2015, 

the FDA approved the first oncolytic virus for the treatment of surgically unresectable skin and 

lymph node lesions of patients with advanced melanoma (158). Talimogene laherparepvec 

(T-VEC) is a genetically modified herpes simplex virus type I which is directly injected into a 

metastatic lesion. The virus selectively replicates in cancer cells leading to the lysis of the cells, 

thereby releasing GM-CSF and specific tumor antigens which in turn activates the patients´ 

own adaptive immune response by recruiting and activating e.g. antigen-presenting cells (159).  

A Phase III clinical study of patients with stage IV or unresectable stage III melanomas (OPTiM 

trial) showed that the intralesional injection of T-VEC was superior to the subcutaneous 

injection of GM-CSF regarding durable response rates, overall response rates and the median 

overall survival which was 23.3 months compared to 18.9 months. Furthermore, the oncolytic 

virus therapy with T-VEC was associated with very few AEs (adverse events) defining a good 

safety profile (160). Another oncolytic virus, the Coxsackievirus A21 or CAVATAK was tested 
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in a Phase II study in patients with unresectable stage IIIC or stage IV melanoma (161) and 

several clinical trials are ongoing investigating the combination of oncolytic viruses with other 

immunotherapies (162). However, the combination of T-VEC with neoadjuvant Nivolumab 

showed no clinical benefit (163).  

1.5.4.3 Interleukins and Interferons 

Interleukins (ILs) and interferons (IFNs) are secreted signaling proteins regulating both the 

innate and adaptive immune system in an autocrine or paracrine manner (164).  

IL-2 is a naturally occurring cytokine which has several immunological functions such as the 

proliferation and differentiation of T lymphocytes. IL-2 is capable to exhibit its anti-cancer 

effects by the amplification of the hosts immune response already directed against the cancer 

cells (165). High-dose (HD) interleukin 2 was the first immunotherapy approved by the US FDA 

for the treatment of advanced melanoma (166). However, the overall response rate of the 

high-dose IL-2 therapy was less than 20 % and the complete response rate was reported to 

range from 0 – 10 %. Further, the treatment with HD IL-2 was associated with numerous AEs. 

Therefore, a lower dosage of IL-2 is investigated in combination with other therapies to possibly 

generate a better overall clinical efficacy (165). The systemic use of IL-2 was associated with 

severe side effects and complete responses of patients were achieved in only 10 % of cases 

(167). In order to reduce severe side effects IL-2 was applied intralesional and complete 

responses lasting for more than 6 months were achieved in 70 % of cases (168). 

IFNs are molecules which are involved in anti-proliferative, pro-apoptotic and antitumor 

mechanisms (169). Due to its involvement in antitumor activities, the FDA approved high-dose 

IFN-α-2b in 1995 for the treatment of resected stage IIB-IIID melanoma in an adjuvant setting. 

IFN-α shows an inhibitory effect on the proliferation of melanoma cells with a dose-dependent 

pro-apoptotic effect (170). A meta-analysis published by Ives et al. points to an improved 

survival of melanoma patients and a reduced risk of recurrence (171). However, very few 

patients respond to the treatment with IFN-α and it was shown that the therapy response to 

the treatment was highly dependent on the ulceration of the primary tumor (172). 

1.5.4.4 Adoptive T cell therapy 

A relatively new treatment strategy involving the hosts immune system is the adoptive cell 

transfer (ACT). It is based on the fact that an effective immunotherapy is dependent on the 

presence of high numbers of tumor infiltrating lymphocytes (TILs) with appropriate homing and 

effector functions, which can effectively destroy cancer cells in vivo (173). This treatment 

approach starts with the identification of anti-tumor lymphocytes, which can then be expanded 

ex vivo. After the expansion, lymphocytes are reinfused into the cancer patients (173). The ex 

vivo expansion of the lymphocytes allows to test the specificity of lymphocytes prior to the 

reinfusion (174). In metastatic melanoma, ACT is associated with complete and durable 
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responses and a prolonged stabilization of the disease. This is important to note since ACT of 

TILs is mainly applied to patients with an advanced disease and multiple metastatic sides, for 

whom other therapies were not effective. In addition, several clinical trials demonstrated that 

most of the patients showing a complete response stayed disease-free for many years, 

highlighting the curative potential of the adoptive T cell transfer (175-177).  

Another immunotherapeutic approach is the chimeric antigen receptor T cell (CAR T cell) 

therapy which already showed good results in the therapy of hematological malignancies (178-

180). CAR T cells consist of a single chain variable fragment (scFv) from a monoclonal 

antibody able to target a specific antigen of the cancer cell. Furthermore, CAR T cells consist 

of a signaling domain from the T cell receptor, commonly the zeta subunit of the CD3 complex 

and some co-stimulatory motifs such as CD28 (181, 182). The clinical use is similar to the 

adoptive T cell transfer except the fact that the CAR T cells get genetically transduced ex vivo 

with the above-mentioned CAR construct. Several clinical trials targeting the ganglioside GD2 

which is highly expressed in melanoma cells (NCT02107963) or CAR T cells against VEGFR2 

(NCT01218867) were performed.  
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1.5.4.5 Immune checkpoint inhibitors 

Key immune cells for the killing of tumor cells are cytotoxic CD8+ T cells. Naïve CD8+ T cells 

are primed by dendritic cells that present tumor antigens via MHC molecules and its 

co-stimulatory receptors CD80/CD86. After priming, CD8+ T cells are activated effector T cells 

and are able to kill cancer cells via the release of Perforin, Granzyme B or the release of 

different cytokines such as IFNγ or TNFα (Figure 3) (183, 184).  

 

Figure 3: Mechanism of T cell activation and killing of cancer cells.  

Activation of T cells requires the binding of an antigen to the T cell receptor via MHC mediated 

processes and the co-stimulatory signaling by CD80/CD86 and CD28. After the binding of the 

naïve T cell to the dendrit ic cell, the T cell gets activated leading to the proliferation  and migration 

to the tumor microenvironment . The effector T cell recognizes the tumor antigen leading to the 

cancer cell death via the release of different molecules (184). I l lustration was created using 

BioRender.com.  

One important trait of cancer cells is the immune evasion described as the immunosurveillance 

hypothesis of cancer cells (see Section 1.3) in which cancer cells acquire traits making them 

able to circumvent the evasion of the host’s immune system. One way in which this can occur 

are the expression of immune checkpoint molecules on the surface of either the cancer cell or 

the immune cell. Well known immune checkpoint inhibitors (ICIs) are CTLA-4, PD-1, V-domain 

immunoglobulin suppressor of T cell activation (VISTA), T cell immunoglobulin and mucin 

domain-containing protein 3 (TIM-3), B and T lymphocyte attenuator (BTLA) and the 

lymphocyte activation gene (LAG-3) (185). Tim-3 interacts with many different ligands such as 

Galectin 9 (Gal9), phosphatidylserine (Ptdser), high mobility group box1 (HMGB1) and the 

carcinoembryonic antigen-related cell adhesion molecule (CEACAM1). TIM-3 is expressed on 

many different immune cells including T helper cells (Th1 and Th17), dendritic cells, regulatory 

T cells, exhausted cytotoxic T cells and natural killer cells (NK cells). Targeting TIM-3 

antibodies is intensively studied for the treatment of several advanced solid tumors (185). In 

addition, LAG-3 which is similar to PD-1 and CTLA-4, not expressed on naïve T cells but 

abundant on exhausted CD4+ and CD8+ T cells upon antigen stimulation, is extensively 
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researched for the therapeutic application in cutaneous melanoma (186, 187). Until now, none 

of these antibodies have been approved yet for the treatment of the cutaneous melanoma. 

CTLA-4 is expressed on T cells and binds to the CD80/CD86 molecule commonly expressed 

on tumor cells. The binding of CTLA-4 to CD80/CD86 and PD-1 to PD -L1 leads to the 

inactivation of the T cell. PD-1 can bind to its ligand PD-L1, which is commonly expressed on 

tumor cells. Through the binding of PD-1 to PD-L1, the T cell gets exhausted (Figure 4, left 

side). Both signals cause the reduction of T cell function supporting the proliferation and 

outgrowth of cancer cells (188). Different antibodies targeting the immune checkpoint 

molecules CTLA-4, PD-1 and PD-L1 have been developed and revolutionized the treatment 

of about 50 cancer types (189). The antibodies against PD-1, PD-L1 and CTLA-4 bind to the 

immune checkpoint molecules, thereby blocking the negative signaling cascade resulting in 

activation of the T cells (Figure 4, right side) (188). 

 

Figure 4: Activation of T cells by anti PD-1, anti CTLA-4 and anti PD-L1.  

Left side:  The T cell can bind to the tumor cell via MHC molecules and the immune checkpoint 

molecules PD-1 and CTLA-4. This binding causes the activation of an inhibitory signaling cascade 

causing the exhaustion or inactivation of the T cell. Right side:  Antibodies against CTLA-4, PD-1 

and PD-L1 prevent the binding of the T cell to the tumor cell which in turn causes the activation 

of the T cell. The activated T cell can than lead to the death of the tumor cell. I l lustration was 

created using BioRender.com.  

In 2011, Ipilimumab an antibody against CTLA-4 was approved by the FDA for the treatment 

of advanced (unresectable or metastatic) melanoma patients (190, 191). The approval of 

Ipilimumab was rapidly followed by the development of other ICIs such as Pembrolizumab and 

Nivolumab targeting PD-1 (190).  

Ipilimumab was the first drug which significantly improved the OS of patients diagnosed with 

advanced malignant melanoma with a Phase III clinical trial, showing that Ipilimumab was 

superior to the chemotherapeutic agent Dacarbazine (192) regarding OS. The median OS of 
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patients receiving the combination therapy including Dacarbazine plus Ipilimumab was 

11.2 months compared to 9.1 months in the group receiving Dacarbazine plus placebo (192, 

193).  

Pembrolizumab and Nivolumab, two ICIs targeting PD-1 showed a superior efficacy in phase 

III clinical trials in therapy naïve patients compared to Ipilimumab. The 5-year overall survival 

was 43 % for Pembrolizumab treated patients, 44 % for Nivolumab treated patients and 26 % 

for Ipilimumab treated patients (194-196). The combination of Ipilimumab and Nivolumab was 

tested in a Phase I clinical study showing higher response rates compared to the therapy with 

a single agent (197). The CheckMate-067 study found in an exploratory analysis that the 

combination therapy of Ipilimumab and Nivolumab significantly improved the efficacy regarding 

the progression-free survival and overall survival of patients compared to the monotherapy 

with Nivolumab (195, 198). Due to the fact that patients showed improved therapeutic 

responses after the palliative therapy with the ICI, additional clinical trials were carried out and 

investigated the adjuvant therapy with the ICIs. Adjuvant therapy is used for the treatment of 

high risk melanoma patients after the resection of the primary cutaneous melanoma and 

involved sentinel lymph nodes in order to prevent the formation of distant metastases (190). 

The adjuvant therapy with Ipilimumab (199), Nivolumab (200) and Pembrolizumab (201) 

showed improved efficacy in Stage III melanoma patients. Hence, adjuvant ICI was approved 

for the treatment of stage III CM with locoregional disease (200, 202, 203) and is nowadays 

frequently used in the clinic.   

1.5.5 Therapy resistance against ICI 

With the approval of new therapeutic options, such as ICI or TT, the prognosis of patients 

diagnosed with advanced cutaneous melanoma has dramatically improved (141, 195). 

However, metastases at several distant sites show reduced responses and require improved 

therapeutic strategies. Likewise, the duration of the overall response and the progression-free 

survival is significantly reduced in patients with brain metastases after the treatment with 

BRAFi/MEKi (204). Furthermore, several publications proclaim that liver metastases are 

associated with a reduced response to ICI (205). The reduced response to ICI can in part be 

explained by the recruitment of CD11b+ F4/80+ FasL+ monocyte-derived macrophages by liver 

metastases causing the local and systemic apoptosis of cytotoxic CD8+ T cells (206). In 

addition, Lee et al. show that the presence of liver metastases is associated with the activation 

of regulatory T cells and the recruitment of CD11b+ monocytes to the subcutaneous (s.c.) 

tumor in an MC38 and melanoma tumor model leading to a systemic immunosuppression 

(207). In addition, liver metastases are also associated with a reduced therapy response to 

TTs, as Hauschild et al. found out that patients without liver metastases show the longest 

median OS after the treatment with BRAF and/or MEK inhibitors (208). 
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The adjuvant therapy with ICI has significantly improved the outcome of patients with CM and 

the adjuvant therapy for stage III melanoma patients has already become standard of care 

(209). After the adjuvant therapy with anti PD-1, around 25-30 % of patients show recurrence 

within one year and suffer from cancer progression (210). Owen et al. showed that the most 

common side for recurrence are the lung, the liver and the brain (210).  

One relatively new therapeutic approach for the treatment of cutaneous melanoma that has 

already been tested in several clinical trials is the neoadjuvant therapy (211). 

In 2016 Liu and colleagues demonstrated that the therapeutic efficacy and the eradication of 

distant metastases of the neoadjuvant therapy is significantly increased when compared to the 

adjuvant therapy in two preclinical models of TNBC (Triple negative breast cancer). This finding 

is in line with the finding that tumor-specific CD8+ T cells were significantly increased in the 

blood and organs of mice receiving the neoadjuvant therapy. Moreover, it has been shown that 

the therapeutic efficacy of the neoadjuvant therapy is restricted to therapies targeting T cell 

antitumor immunity since the comparison of neoadjuvant chemotherapy (Paclitaxel) with the 

adjuvant chemotherapy using Paclitaxel does not improve the overall long-term survival of 

patients (212). 

The mechanism underlying the improved response to ICI after neoadjuvant therapy might be 

the activation of different immune cells including cytotoxic T cells (212), T helper cells and 

APCs which mostly depends on the exposure to different antigens (Figure 5). These different 

cell types might activate T cells via T cell receptor (TCR) signaling. Thus, the hypothesis is that 

the ICI in the presence of the primary tumor may be more effective due to the higher amount 

of present antigens in comparison to the adjuvant therapy, where the tumor is already 

completely resected (211) (Figure 5).  
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Figure 5: Comparison of proposed mechanisms underlying the adjuvant versus the neoadjuvant 
ICI. 

Adjuvant immunotherapy:  Immunotherapy is applied after the surgical resection of the tumor 

lesion, resulting in the act ivation of few different T cells (above). Neoadjuvant immunotherapy:  

Immunotherapy is applied in the presence of the tumor lesion leading to the activation of more 

diverse T cell subsets. I l lustration is taken from (211). Reproduced with permission from Springer 

Nature.  

The neoadjuvant chemotherapy and radiotherapy became already standard of care for the 

treatment of locally advanced rectal carcinoma (213, 214). Furthermore, the neoadjuvant 

therapy showed an improved protection against distant metastases in breast cancer patients 

when compared to the adjuvant therapy (212).  

The traditional management of operable colon cancer (Stage I – III) was surgery followed by 

the adjuvant chemotherapy. To improve the local control ahead of surgery the neoadjuvant 

radiotherapy and chemotherapy are used in rectal cancer (215). The use of the immunotherapy 

for patients with operable colon cancer has been tested in the NICHE phase I and II clinical 

trial with promising results (216). Further, the neoadjuvant therapy with pembrolizumab in 

combination with paclitaxel and carboplatin was tested in a phase 3 clinical trial for the 

treatment of untreated stage II and III triple-negative breast cancer patients. Patients receiving 

the neoadjuvant chemotherapy with pembrolizumab have shown increased percentages of 

pathological complete responses in comparison to patients receiving the neoadjuvant 

chemotherapy plus placebo (217).  
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Regarding the treatment of CM, already phase II studies investigating the neoadjuvant therapy 

with ICI were carried out showing promising results. Most of the studies included Stage III 

melanoma patients (218-224). Two of these studies included Stage III as well as Stage IV 

melanoma patients (218, 222). One first phase III clinical trial (NADINA trial) investigating the 

neoadjuvant therapy with Nivolumab and Ipilimumab is currently ongoing (225). Possibly, the 

neoadjuvant therapy of melanoma patients with ICI could improve the therapeutic response of 

patients with distant metastases including liver metastases.  
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2 Aim of the study 

Since 2018, the cutaneous melanoma became number four (women) and number five (men) 

of the most common solid tumors in Germany respectively (4). The CM accounts for 90 % of 

skin cancer related deaths (6). The treatment options of patients with cutaneous melanoma 

and a metastatic disease was limited. In this, the approval of the TT and the ICI for the 

treatment of CM has significantly improved the outcome of CM patients (226).  

The liver is one of the most common target sites for metastases of the CM (15). In addition, 

patients with liver metastases show a reduced therapeutic response to the ICI and TT when 

compared to patients without liver metastases (205, 208). Different features of the liver make 

the organ susceptible for the uptake of CTCs. Furthermore, the liver as a secondary organ can 

be prepared for the uptake of CTCs by the primary tumor which is referred to the formation of 

a pre-metastatic niche (95, 96).  

The first aim of this project was the investigation of the formation of a pre-metastatic niche in 

order to identify new target structures supporting the susceptibility of the liver for the uptake of 

CTCs. Therefore, the intracutaneous injection of tumor cells were performed in order to 

simulate the presence of a primary tumor. Liver metastases formation was analyzed after the 

intralienal injection of the tumor cells in order to investigate if a primary tumor influences the 

hepatic colonization of melanoma cells.  

Due to the lack of therapeutic options for the treatment of melanoma patients with a metastatic 

disease and the low predictability of liver metastases for the therapeutic response to ICI, the 

second aim of this project was to study different time points of ICI to prevent the colonization 

of the liver by CTCs and to further investigate the hepatic resistance mechanisms developing 

after the treatment with the ICIs. Therefore, different therapeutic regimens (palliative, adjuvant 

and neoadjuvant) were comparatively analyzed in different mouse models of melanoma 

metastases formation. Afterwards, the aim was to comparatively analyze the composition and 

activation of different immune cells within the primary tumor, the blood and the liver.  

The overall aim of this part of the project was to investigate how the different timing of the ICI 

can improve the therapeutic response of liver metastases and to discover new therapeutic 

options for the treatment or better prevention of liver metastases in order to improve the clinical 

outcome of melanoma patients.  
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3 Material and Methods 

3.1 Materials 

3.1.1 Devices 

Table 5 Devices   

Device Name Manufacturer 

Anesthesia machine Tragbares Tischnarkosegerät Dr. Wilfried Müller GmbH 

Cell culture hood Safety cabinet Herasafe KS class II Thermo Fisher Scientific 

Cell culture Incubator  HERAcell® 150i Thermo Fisher Scientific 

Centrifuges  Centrifuge 5417 R 

Centrifuge 5810 R 

Centrifuge 6K15 Refrigerated 

Eppendorf 

Eppendorf  

Sigma Aldrich 

Cryostat  Cryostat CM3050S Leica 

Flow cytometer BD FACS Canto II BD Biosciences  

Gas anaesthesia system XGI-8 Caliper Life Sciences 

IVIS IVIS200 charge-coupled device imaging 

system  

Caliper Life Science  

Microplate reader  Tecan Infinite M200 Tecan  

Microscope  Eclipse Ni-E motorized upright 

microscope 

Nikon Instruments 

 

Microtome Rotary Microtome 3006EM Pfm medical 

OP table (heatable) Kleintier OP Tisch (ME12511) Fa. MEDAX 

Sterilizer Dual Clasping stainless steel 

sterilization container 

Fine Science Tool (FST) 

Vortexer Vortex Genie™ Scientific Industries 

Water baths Water bath TW8 

Water bath pura22 

Water bath 1000 

Julabo  

Julabo  

Pfm medical 

Fluorescence microscope Nikon Eclipse NI Nikon 

Slide scanner Axio Scan Z1 Zeiss 
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3.1.2 Consumables 

Table 6 Consumables 

Consumable Manufacturer Catalog No. 

Cell culture flask T75 Greiner Bio-One 658175 

Cell culture flask T175 Greiner Bio-One 660175 

Cell strainer, 100 µm neoLab Migge 352360 

Compensation Beads Life Technologies 01-2222-42 

Cryo tubes, 2 ml  Greiner Bio-One 122263 

Cryomold, 15 x 15 x 15 cm Weckert  4566 

Dako Pen Agilent Technologies S200230 

Disposable Scalpel Carl Roth T998.1 

Microscopy slides Super Frost Plus Langenbrinck 03-0060 

Microtome Blades, S35 Pfm medical 207500000 

Needle, 26 G 𝟏 𝟐⁄  BD 303800 

Needle 30 G𝟏 𝟐⁄  BD 304000 

Parafin embedding cassettes neoLab Migge 60001580 

Parafilm® M Merck  P7793 

Pipette filter tips, 10 µl Biozym VT0200 

Pipette filter tips, 100 µl Biozym VT0230 

Pipette filter tips, 200 µl Biozym VT0240 

Pipette filter tips, 1250 µl Biozym VT0270 

Pipette tips, 10 µl  Biozym VT0104 

Pipette tips, 200 µl Biozym VT0144 

Pipette tips, 1250 µl Biozym VT0174 

Polystrene Round-bottom tube, 5 ml  Falcon 352052 

Precellys® 2 ml Ceramic kit 1,4/2,8 mm VWR 431-0170 

Reaction tubes Safe-Lock, 1,5 ml Eppendorf  30120086 

Reaction tubes Safe-Lock Biopur, 1,5 ml Eppendorf  30121589 

Reaction tubes Safe-Lock, 2 ml Eppendorf  30120094 

Reaction tubes Safe-Lock, 5 ml Eppendorf  30119401 

Serological Pipette, 5 ml Greiner Bio-One 606180 

Serological Pipette, 10 ml  Greiner Bio-One 607180 

Serological Pipette, 25 ml Greiner Bio-One 760180 

Syringe, 1 ml  B.Braun 9161502 

Syringe, 20 ml  B.Braun 4606205V 

Tissue-Tek® optimum cutting temperature 

(O.C.T) Compound 

Weckert  600001 

Conical tube, 15 ml  Falcon  352096 

Conical tube, 50 ml  Falcon 352070 

96- Well plate, U-bottom Greiner Bio-One 650180 

Neubauer Chamber  Brand  718606 

Humidity chamber NeoLab 2-1878 

Vicryl coated Polyglactin 910, 6-0, 70 cm Ethicon, J&J V991H 

Surgical pad, 40 x 60 cm  NeoLab 1-1964 

Mulkompressen 5 x 5 cm steril 12fach, 50 x 

2 Stück 

Henry Schein medical  20002093-B 

Trucount Absolute Counting tubes BD Biosciences 663028 

RBC Lysis Buffer (10x) Biolegend 420301 
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3.1.3 Chemicals 

Table 7 Chemicals 

Chemical Manufacturer Catalog No. 

4 % formaldehyde solution ROTI 

Histofix 

Carl Roth P087.3 

4’,6-Diamidino-2-phenylindol (DAPI) Thermo Fisher Scientific D1306 

BD Pharm Lyse 10x Becton Dickinson (BD) 555889 

Bovine Serum Albumin (BSA) VWR J642-1ml 

cOMPLETE Ethylenediaminetetraacetic 

acid (EDTA) free Protease Inhibitor 

Sigma-Aldrich 11873580001 

Dako Antibody Diluent Agilent Technologies S080983-2 

Dako aqueous mounting media Agilent Technologies S302580-2 

Dako fluorescence mounting media Agilent Technologies S202386-2 

D-Luciferin Potassium Hölzel  AGSC-L_1207-1g 

Dulbecco’s Phosphate Buffered Saline 

w/o. Magnesium and Calcium 

Gibco™ 14190144 

Dulbecco’s Phosphate Buffered Saline 

with Magnesium and Calcium 

Gibco™ 14040133 

Fc receptor blocking reagent, mouse Miltenyi Biotec 130-092-575 

Fetal bovine serum (FBS) Life Technologies 10270106 

Heat Induced Epitope Retrieval (HIER) 

Citrate Buffer pH=6, 10 x 

Zytomed Systems ZUC028-500 

Heat Induced Epitope Retrieval (HIER) 

Citrate Buffer pH=9, 10 x 

Zytomed Systems ZUC029-500 

Isoflurane WDT 21311 

NaCl 0.9 % Injektionslösung Mini-

Plasco connect 8  

B. Braun REF2350748 
 

Normal donkey serum Dianova 017-000-121 

Paraformaldehyde (PFA) Carl Roth 0335.3 

Penicillin-Streptomycin , 10000 U/ml Thermo Fisher Scientific 15140122 

Radioimmunprecipitation assay (RIPA) 

buffer 

Sigma-Aldrich R0278 

Trypan blue solution Sigma-Aldrich T8154 

Trypsin-EDTA, 10 x Sigma-Aldrich 59418C 

UltraComp eBeads™ Compensation 

Beads 

Thermo Fisher Scientific 01-2222-42 
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3.1.4 Solutions, buffers and media 

Table 8 Solutions, buffers and media 

Buffer/medium Composition 

4 % PFA pH 7.2 40 g PFA powder 

100 ml 10 x PBS 

900 ml dH2O 

Cell culture media 500 ml RPMI Medium 

10 % FBS 

1 % P/S 

FACS Buffer 1 x PBS 

1 % FBS 

2mM EDTA 

 

3.1.5 Primary antibodies 

Table 9 Unconjugated antibodies 

Target Specificity Host Clone Manufacturer Catalog 

No. 

Application Dilution 

CD11b Mouse Rat M1/70 Biolegend 101202 IF (FF) 1:100 

CD178 Mouse Arm.Hamster MFL3 Biozol 106602 IF (FF) 1:100 

CD3 Mouse Rabbit SP7 abcam ab16669 IF (FFPE) 1:100 

CD3 Mouse Rat CD3-12 abcam ab11089 IF (FFPE) 1:100 

CD4 Mouse Rat  GK1.5 Biolegend 100402 IF (FF) 1:200 

CD4 Mouse Rabbit ERP19514 abcam ab183685 IF (FFPE) 1:2000 

CD45 Mouse Rabbit Polyclonal abcam ab10558 IF (FF) 1:100 

CD8 Mouse Rabbit ERP21769 abcam ab217344 IF (FFPE) 1:1000 

CD8a Mouse Rat  5H10-1 Biolegend 100802 IF (FF) 1:500 

F4/80 Mouse Rabbit SP115 abcam ab111101 IF (FF) 1:100 

Gata3 Mouse Rabbit D13C9 Cell Signaling  5852S IF (FF) 1:100 

IFNγ Mouse Rat XMG1.2 Invitrogen MM700 IF (FF) 1:100 

Ly6C Mouse Rat ER-MP20 abcam ab15627 IF (FF) 1:100 

Ly6G Mouse Rat RB6-8C5 abcam ab25377 IF (FF) 1:100 

T-bet/TBX21 Mouse Rabbit E412K Cell Signaling 97135S IF (FF) 1:100 

 

  



 

35 
 

3.1.6 Secondary antibodies  

Table 10 Secondary antibodies 

Specificity Conjugate Clonality Manufacturer Catalog No. Application Dilution 

Armenian 

Hamster IgG 

AF488 Polyclonal Dianova 127-545-160 IF 1:400 

Goat IgG AF488 Polyclonal Dianova 705-545-147 IF 1:400 

Goat IgG AF647 Polyclonal Dianova 705-605-147 IF 1:400 

Goat IgG Cy3 Polyclonal Dianova 705-165-147 IF 1:400 

Rabbit IgG AF488 Polyclonal Dianova 711-545-152 IF 1:400 

Rabbit IgG AF647 Polyclonal Dianova  711-605-152 IF 1:400 

Rabbit IgG Cy3 Polyclonal Dianova 711-165-152 IF 1:400 

Rat IgG AF488 Polyclonal Dianova 712-545-153 IF 1:400 

Rat IgG AF647 Polyclonal Dianova 712-605-153 IF 1:400 

Rat IgG Cy3 Polyclonal Dianova 712-165-153 IF 1:400 

3.1.7 Antibodies for flow cytometry 

Table 11 Antibodies for flow cytometry 

Target Conjugate Specificity Host Clone Manufacturer Order No. Dilution 

CD25 BV510™ Mouse Rat PC61 Biolegend 102042 1:100 

CD3 PeCy7 Mouse Rat 17A2 Biolegend 100219 1:400 

CD4 APC Cy7 Mouse Rat RM4-5 Biolegend 100525 1:100 

CD45 FITC Mouse Rat 30-F11 Biolegend 103108 1:400 

CD8 PE Mouse  Rat 53-6.7 Biolegend 100708 1:200 

Fixable/Viability 

Stain  

eFluor™ 450 Mouse -- -- Invitrogen 65-0863-14 1:8000 

FoxP3 AF647 Mouse Rat 150D Biolegend 320014 1:100 

PD-1 PerCP Cy5.5 Mouse  Rat 29F.1A12 Biolegend 135208 1:100 

3.1.8 In vivo antibodies 

Table 12 In vivo antibodies 

Target Specificity Host Clone Manufacturer Order No. Concentration 

PD-1 (CD279) Mouse Rat RMP1-14 Bio X Cell BE0146-50 MG 12.5 mg/kg 

IgG2a -- Rat 2A3 Bio X Cell BE0089-50MG 12.5 mg/kg 

CTLA-4 Mouse Rat 9D9 Bio X Cell BE0164-50MG 5 mg/kg 

IgG2b -- Mouse MPC-11 Bio X Cell BE0086-50MG 5 mg/kg 

3.1.9 Fluorescence in situ hybridization probes  

Table 13 Fluorescence in situ hybridization probes  

Target Manufacturer Order No. 

CD3e-C2 ACD Biotechne 314721-C2 

CD4-C2 ACD Biotechne 406841-C2 

IFNγ ACD Biotechne 311391 

IL4 ACD Biotechne 312741 

TNFα ACD Biotechne 311081 
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3.1.10 Commercial kits 

Table 14 Commercial kits 

Name Manufacturer Catalog No. 

FoxP3 Transcription Factor Fixation/Permeabilization 

Concentrate and Diluent 

eBiosciences 00-5521-00 

Milliplex Mouse Cytokine Magnetic Kit Merck Millipore MCYTOMAG-70K-09 

RNA scope Multiplex Fluorescent Kit v2 Bio Techne 323100 

 

3.1.11 Cell lines 

Table 15 Cell lines  

Name Species Tissue Disease Reference 

B16F10 luc2 Mus musculus Skin Melanoma  

WT31 Mus musculus Skin Melanoma (227) 

 

3.1.12 Mouse models 

For this project, female C57Bl/6 wildtype mice were used and purchased from Janvier.  

All animals received human care in compliance with the Guide for the Care and Use of 

Laboratory Animals published by the National Academy of Sciences and all experiments were 

approved by the animal ethics committee of Baden-Württemberg (Regierungspräsidium 

Karlsruhe).  

3.1.13 Software 

Table 16 Software 

Software Version Manufacturer 

Fiji ImageJ 2.0.0 National Institutes of Health 

FlowJo V10.1 FlowJo, LLC 

Graph Pad Prism 9 9.5.0 Graph Pad Sofware 

BD FACS Diva™ Software 9 BD Biosciences 

Imaris 9.9 Oxford Instruments 

Biorender (Premium) --- BioRender 
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3.2 Methods 

3.2.1 In vivo studies  

3.2.1.1 Animals 

Female wildtype C57Bl/6 mice were purchased from Janvier and used at the age of at least 

12 weeks. All animals were hosted in single ventilated cages in a 12 h/12 h day and night cycle 

under specific-pathogen free conditions and fed ad libitum with a standard rodent diet. All 

animals received human care in compliance with the Guide for the Care and Use of Laboratory 

Animals published by the National Academy of Sciences and all experiments were approved 

by the animal ethics committee of Baden-Württemberg (Regierungspräsidium Karlsruhe). 

3.2.1.2 Intrasplenic injection of tumor cells 

Before the intrasplenic injections of tumor cells, mice received Buprenorphin as analgetics [0.1 

mg/kg] and were anaesthetized with isoflurane. The skin and the peritoneum were cut with a 

scissor. Then the spleen was taken out the peritoneum with a cotton stick and either 1.5 x 105 

B16F10 luc2 or 1.5 x 104 Wt31 melanoma cells in 60 µl of sterile PBS were carefully injected 

into the spleen. To avoid the growth of an intrasplenic tumor, a splenectomy was performed 

after 15 min. Then the peritoneum and skin were closed by a suture. For rehydration, mice 

received 0.9 % NaCl subcutaneously. Buprenorphin was used as analgetics and mice were 

monitored carefully every day (106, 228).  

3.2.1.3 Intravenous injection of tumor cells  

Mice were anaesthetized with isoflurane. Then 1.25 x 106 Wt31 melanoma cells in 100 µl of 

sterile PBS were slowly injected into the tail vein.  

3.2.1.4 Cutaneous injection of tumor cells 

For the cutaneous injection of 5 x 105 Wt31 or B16F10 luc2 melanoma cells in 20 µl of sterile 

PBS, mice were anesthetized with isoflurane and hair was removed at the back and left flank 

of the mice. At indicated time points, melanoma cells were injected cutaneously. Mice were 

monitored rigorously and the tumor development was measured every second day.  

3.2.1.5 Bioluminescence imaging 

To perform in vivo bioluminescence imaging (BLI), mice were intraperitoneally injected with 

luciferin and imaged using an IVIS200 charge-coupled imaging system with an exposure time 

of 45 sec. For the performance of the ex vivo BLI, animals were sacrificed 10 mins after luciferin 

injection and livers and lungs were excised and imaged using an exposure time of 15 and 45 

secs.  

3.2.1.6 Retrobulbar blood collection 

Before sacrificing the mice by cervical dislocation, blood samples were taken at indicated time 

points. Therefore, mice were anesthetized by isoflurane and blood samples were taken by 
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punctuating the retrobulbar venous plexus. The blood was collected either in lithium heparin 

tubes (Plasma and FACS analysis) or in EDTA tubes (Multiplex assay).  

For plasma collection, blood was separated by centrifugation at 7000 x g for 7 min. Afterwards, 

the plasma was transferred to 1.5 ml reaction tubes and stored at – 20 °C.  

3.2.1.7 Application of antibodies 

For immune checkpoint blockade, a combination of 12.5 mg/kg anti-PD-1 and 5 mg/kg CTLA-

4 or the respective isotype control antibodies, anti-IgG2a and anti- IgG2b (Table 12) were 

injected intraperitoneally (i.p.) at indicated time points. Mice received at least 3 doses of ICI.  

3.2.1.8 Tissue sample preparation 

After the removal of the lung and the liver, the organs were weighed and pictures were taken. 

Subsequently, the organs were transferred to a petri dish, the macroscopic number of 

metastases were analyzed and the organs were dissected.  

For histological analysis, sectioned organs were either fixed in 4 % formaldehyde solution at 

RT for one to seven days and rehydrated according to standard protocol or snap-frozen in 

liquid nitrogen using cryomolds and optimal cutting temperature compound.  

For molecular and biochemical analysis, sectioned organs were snap-frozen in liquid nitrogen 

and stored at – 80 °C.  
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3.2.2 Cell culture methods 

3.2.2.1 Cell cultivation 

B16F10 luc2 melanoma cells were cultured in T75 flasks, whereas Wt31 melanoma cells were 

cultured in T175 flasks in the appropriate cell culture media (see Table 8). To detach cells, 2 

ml (T75 flask) or 4 ml (T175 flask) of 1 x Trypsin/EDTA was used and added to the cells. 

Afterwards, the cells were incubated 3 – 5 mins at 37 °C allowing the cells to detach. To stop 

the reaction, 10 ml of the respective cell culture media was added to the cells and transferred 

to a 50 ml Falcon. After centrifugation, for 5 min at 300 x g the supernatant was removed and 

the cell pellet was resuspended in 10 ml of the respective cell culture media. Subsequently, 

cells were either split 1:3, 1:5 or seeded for the in vivo experiment.  

For in vivo experiments, the tumor cells were seeded in a predefined density one day prior to 

the experiment. B16F10 luc2 cells were seeded in a density of 2.5 x 106 cells/T175 flask and 

the Wt31 melanoma cells were seeded in a density of 4 - 4.5 x 106 cells/T175 flask. Tumor 

cells are then harvested at sub-confluency and used for the tumor experiments. 

3.2.2.2 Cell counting 

For manual cell counting, cell suspensions were centrifuged for 5 min at 300 x g and pellets 

were resuspended in 10 ml of their respective cell culture media. Afterwards, 20 µl of the cell 

suspension was mixed with 20 µl of Trypan blue in a 96 well-plate. Cells were counted using 

10 µl in a Neubauer counting chamber. Since, Trypan blue cannot cross intact membranes, 

only dead cells are stained which allows the quantification of vital cells. Stained cells were 

excluded from counting.  

The predefined amount of cells for seeding was calculated with the following formula:  

𝑋 =  𝐴𝐵  × 𝐶 × 10000  
X = Cells/ ml  

A = Counted cells in 4 squares of the Neubauer counting chamber 

B = Number of counted squares 

C = Dilution factor 

10000 = Factor of the Neubauer counting chamber 
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3.2.2.3 Cell harvesting  

For the above-described in vivo experiments, cells were harvested in advance. For the 

detachment of the cells, 4 ml of enzyme free dissociation buffer was transferred to the cells 

and cells were incubated for 15 min at 37 °C. To stop the reaction, 10 ml of sterile PBS was 

added to the cells and transferred to a 50 ml Falcon followed by the centrifugation for 5 mins 

at 300 x g. Cell pellet was resuspended in 10 ml of sterile PBS and cells were counted as 

described in section 3.2.2.2. After counting, cells were again centrifuged for 5 min at 300 x g 

and resuspended in sterile PBS with Ca+ and Mg+. Cell suspension was transferred to a 1.5 ml 

reaction tube and stored at 4 °C until usage.  
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3.2.3 Histological methods 

3.2.3.1 Immunofluorescence staining of paraffin embedded tissue (FFPE) 

Paraffin embedded organs were cut in 3 µm sections and dried over night at 60 °C. Afterwards, 

sections were deparaffinized. First, sections were put three times in 100 % of Xylene for 

5 mins. Second, sections were put two times in 100 % of ethanol for 3 mins. Subsequently, 

sections were put in 90 %, 80 % and 70 % of ethanol for 3 mins each. Then, sections were 

rinsed in PBS and dH2O for 3 mins. For antigen retrieval, sections were incubated in 1 x HIER 

Citrate Buffer (pH depending on the first antibody) for 45 min at 95 °C in the water bath. The 

antigen retrieval slides were cooled down at RT for 20 min and transferred to dH2O. After re-

immersion for 5 mins in PBS, a hydrophobic ring was drawn around the sections and sections 

were again washed in PBS for 5 mins. Afterwards, the first antibody was diluted in Dako 

antibody diluent and incubated over night at 4 °C using a humidity chamber. On the next day, 

sections were washed three times in PBS for 5 mins and the secondary antibody with DAPI 

was incubated for 1 h at RT in a humidity chamber protected from light. For reducing the 

autofluorescence of the erythrocytes within the cutaneous tumor, sections were incubated for 

5 mins with Reagent B (Post-conditioner) of the MaxBlock Autofluorescence Reducing 

Reagent Kit. After incubating the secondary antibody, sections were again washed three times 

for 5 mins and rinsed in dH2O. After rinsing, sections were mounted by using Dako 

fluorescence mounting medium.  

3.2.3.2 Immunofluorescence staining of fresh frozen tissue (FF) 

For immunofluorescence stainings of fresh frozen tissue, organs were cut in 8 µm thick 

sections using the cryotome. Afterwards, sections were air-dried for 1 h at RT. Then sections 

were fixed for 10 mins using 4 % of PFA and washed for 5 mins in PBS. Afterwards, sections 

were blocked using 5 % of normal donkey serum in PBS for 30 mins at RT. Next, the first 

antibody was incubated in 20 % of blocking buffer in PBS over night at 4 °C in a humidity 

chamber. On the next day, sections were washed three times for 5 mins in PBS. The secondary 

antibody with DAPI was then incubated in 20 % of blocking buffer in PBS for 1 h at RT in a 

humidity chamber protected from light. After incubation with the secondary antibodies, sections 

were washed three times for 5 mins in PBS and mounted using DAKO Fluorescence mounting 

media.  
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3.2.3.3 H&E staining 

H&E stainings were performed using an automatic stainer by technicians of the ZMF according 

to standard protocols. 

Table 17 H&E staining procedure 

Staining step Time 

Xylol 3 x 2 min 

100 % ethanol 1 min 

96 % ethanol 1 min 

80 % ethanol 1 min 

70 % ethanol 1 min 

Running tap water 1 min 

Hematoxylin 4 mins 

Running tap water 10 mins 

Eosin 2 mins 

Tap water 30 secs 

80 % ethanol 30 secs 

96 % ethanol 1 mins 

100 % ethanol 2 x 1 min 

Xylol 2 x 1 min 

 

3.2.3.4 Fluorescence in situ hybridization (FISH) 

Fluorescence in situ hybridization of paraffin-embedded sections were performed using the 

RNAscope ® Fluorescence Multiplex Reagent Kit v1 according to the protocol of the 

manufacturer (ACD Bio).  

3.2.3.5 Image adjustment and quantification 

Representative images of the stainings were captured using Nikon Eclipse NI microscope and 

the NIS-Elements Advanced Research (Ar) version 5.02. The microscope is equipped with a 

Nikon Intensilight Epifluorescence Illuminator and Nikon CFI Materials and Methods - 56 - Plan 

Apochromat Lambda series objectives from 4-fold to 100-fold. For microscopy DAPI, SpGreen, 

SpOrange, Cy5 and FITC filters were used. Images were adjusted and analyzed with Fiji 

ImageJ 2.0.0 software.  

Immunofluorescence stainings of immune cells were scanned with an automated slide scanner 

Axio Scan.Z1. Whole liver sections were analyzed by Imaris 9.9. The analysis of the whole 

liver sections and the quantification of the immune cells was performed by Verena Häfele. 

Briefly, the whole liver tissue was analyzed as DAPI positive area by calculating a surface. 

Double-positive immune cells were detected by a threshold-based spot calculation. Thresholds 

were set for two immune cell markers and the DAPI signal. The number of positive spots was 

counted in the peritumoral liver tissue. 
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3.2.4 Proteinbiochemical methods  

3.2.4.1 Protein isolation and determination 

For protein isolation, Milliplex lysis buffer was supplemented with EDTA free protease inhibitor. 

Murine liver tissue (snap frozen) was homogenized in homogenizing CKMix tubes (1.4/2.8 mm) 

containing 200 µl of lysis buffer using the Precellys Evolution Homogenizer for 20 secs at 

5000 rpm. Afterwards, samples were centrifuged for 5 mins at 13000 x g at 4 °C. The 

supernatant containing the proteins was transferred in a new 1.5 ml reaction tube and stored 

at – 20 °C.  

3.2.4.2 BCA Assay 

The protein concentration was measured using a colorimetric DC Protein assay based on the 

Lowry Assay. For measuring the protein concentration, a bovine serum albumin (BSA) dilution 

series was prepared by diluting BSA with the milliplex lysis buffer to final concentrations of 

10 mg/ml, 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 mg/ml, 0.3125 mg/ml and 0.15625 mg/ml. 

For protein determination, Reagent S was diluted 1: 50 in Reagent A and 25 µl of the mixture 

was pipetted in each well of a 96 well plate (Number of well depends on the number of 

samples). Afterwards, 5 µl of each sample and BSA standard series was pipetted in duplicates 

to the well containing the A/S mixture. Then, 200 µl of Reagent B was added to each well and 

the plate was incubated for 10 mins at RT. The absorbance at 655 nm was measured using 

the Tecan Infinite M200 Pro Microplate Reader. Protein concentration was calculated using 

the BSA standard curve.  

3.2.4.3 Multiplex assay 

For quantification of cytokines and chemokine in mouse liver tissue and plasma, a Milliplex 

Mouse Cytokine Magnetic Kit from Merck Millipore was performed according to the protocol of 

the manufacturer.  
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3.2.5 Flow cytometry 

3.2.5.1 Blood preparation for flow cytometry 

For flow cytometric analysis of blood, blood samples were taken at indicated time points in 

lithium heparin tubes. 120 µl of blood was transferred in 1.5 ml reaction tube and 1 ml of 1 x 

BD Pharm lyse was added, samples were vortexed for 1 min and incubated at RT for 15 mins 

protected from light. After incubation, samples were centrifuged for 5 min at 300 x g. After 

centrifugation, the supernatant was discarded, the cell pellet was resuspended in 1 ml of FACS 

buffer and centrifuged for 5 min at 300 x g. Cells were seeded in a 96 well plate and stored at 

4 °C until performing flow cytometry staining indicated in 3.2.5. 

3.2.5.2 Flow cytometry 

The analysis of cells by flow cytometry is accomplished by means of a specialized microfluidic 

based system. It allows the analysis of the cell size (forward-scatter (FSC)) and the granularity 

of cells (side-scatter (SSC)) from a heterogeneous cell population by light scattering whereas 

fluorescent signals emitted from each cell allow the analysis of the protein expression (229)  

3.2.5.2.1 Extracellular staining  

The cells seeded as indicated in 3.2.5.1 were washed by adding 150 µl of PBS and 

centrifugation for 5 min at 300 x g. The supernatant was discarded and 50 µl of Fc-Block (clone 

2.4g2), 1:50 diluted in FACS buffer, was added to the cells. As a next step, the cells were 

incubated for 10 min at 4 °C in the dark. Then, the cells were washed using 150 µl of PBS. 

Subsequently, 50 µl of the extracellular staining mastermix was added to the cells and the cells 

were again incubated for 30 min at 4 °C in the dark. Afterwards, the cells were washed using 

150 µl PBS and centrifuged for 5 min at 300 x g. The cell pellet was resuspended in 150 µl of 

FACS buffer and stored at 4 °C in the dark until performing flow cytometry analysis or 

intracellular staining indicated in section 3.2.5.2.2. 

3.2.5.2.2 Intracellular staining  

After the performance of the extracellular staining, the cells were washed twice by adding 

150 µl of PBS to the cells and centrifugation at 300 x g for 5 mins. Then, the supernatant was 

aspirated and 50 µl of the FoxP3 Transcription Factor Fixation/Permeabilization Concentrate 

and Diluent (mixed 1:4) was added and incubated for 15 min at 4 °C under dark conditions. 

The cells were again washed using 150 µl of Permeabilization/Washing Buffer. After washing, 

50 µl of intracellular staining master mix was added to the cells followed by incubation for 

30 mins at 4 °C under dark conditions. Afterwards, the cells were again washed with 150 µl of 

Permeabilization/Washing Buffer and centrifuged for 5 mins at 300 x g. Then, the cell pellet 

was resuspended in 150 µl Permeabilization/Washing Buffer and stored at 4 °C under dark 

conditions until performing flow cytometry analysis. Flow cytometric analysis was performed 

by a BD FACS Canto II and data was analyzed using FlowJo.  



 

45 
 

3.2.6 Statistical analysis 

The statistical analysis was performed with GraphPad Prism. A Shapiro Wilk test was used to 

test for normal distribution of the data. A F test was used for testing equal variances of the 

data. For the statistical analysis of two groups, a two-tailed students t-test or Welsh’s t-test 

was used assuming normal distribution of the data. For not normally distributed data, the Mann 

Whitney U test was used. For the statistical analysis of more than two groups with one 

independent variable, a one-way ANOVA (Bonferroni post hoc test) was used. For the 

statistical analysis of two or more groups with more than one variable a two way ANOVA 

(Tukey’s post hoc test) was used. For the statistical analysis of the clinical response either a 

Fisher’s exact test or the Cochran-Armitage Trend test was used. P values < 0.05 were 

assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not significant.  
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4 Results 

4.1 Pre-metastatic activation of the hepatic niche  

To investigate neoadjuvant ICI and its influence on the formation of hepatic metastases, one 

has to study the effects of a single primary cutaneous melanoma on the hepatic 

microenvironment (pre-metastatic activation). In order to investigate a possible pre-metastatic 

activation of the hepatic niche, the WT31 melanoma cell line was injected intracutaneously and 

the primary tumor was resected on day 18 followed by the intralienal injection of the WT31 

melanoma cell line. The control group only received intracutaneous injections with PBS on 

day 0. After 21 days, mice were sacrificed, and the number of hepatic metastases was 

analyzed (Figure 6A). The number of hepatic melanoma metastases did not differ between 

mice that developed an cutaneous tumor and the control group. (Figure 6B).  

 

Figure 6: A primary dermal tumor does not change the amount of hepatic metastases. 

A: The WT31 melanoma cell l ine or steri le PBS (Ctrl. ) was injected intracutaneously. After 

18 days the primary tumor was resected and WT31 melanoma cells were injected intrasplenically. 

On day 39 the mice were sacrif iced.  I l lustration was created using BioRender.com. B: The number 

of macroscopically visible l iver metastases were analysed in mice with a primary tumor (n=6) and 

the corresponding controls (n=6); P=0.8059. Representative images of l ivers of each group are 

shown. Scale: 1 cm. P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 

0.01, ***  < 0.0001 ; ns= not significant.  The WT31 melanoma cell l ine was used.   
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4.2 Immune checkpoint inhibition of liver metastases  

4.2.1 Palliative ICI of liver metastases 

To study the timing of hepatic resistance mechanisms to ICI, the WT31 or B16F10 luc2 

melanoma cell lines were injected intravenously or intrasplenicaly. The intravenous injection 

of the WT31 melanoma cell line leads to the formation of hepatic and pulmonary metastases 

(228). The palliative setting mimicks the clinical setting of a stage IV melanoma patient with 

distant metastases after the resection of the primary tumor (Figure 7A). The WT31 melanoma 

cell line was injected intravenously and the ICI with anti PD-1 and anti CTLA-4 was initiated 

either on day 6 (early palliative therapy) or on day 9 (late palliative therapy) (Figure 7B). Early 

palliative ICI starting on day 6 leads to a significant reduction of hepatic metastases 

(P = 0.0402). On the contrary, late palliative ICI starting on day 9 only led to a trend towards a 

numeric reduction of hepatic metastases (P = 0.1266). 
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Figure 7: Early therapy with ICI significantly reduced the number of hepatic metastases. 

A: Scheme of a stage IV melanoma patient with distant metastases after the excision of the 

primary tumor and regional lymph node metastases. I l lustration was created using 

BioRender.com. B: I l lustration presenting our early and late palliative mouse model . WT31 

melanoma cells were intravenously injected on day 0. After establishment of l iver metastases, 

mice received either αPD-1/αCTLA-4 or the corresponding isotype controls on day 6, 9, 12 (early  

pall iative ICI (dark green) or on day 9, 12 and 15 (late  pall iative ICI ( l ight green)). I l lustration was 

created using BioRender.com. C: The number of macroscopic liver metastases were analysed for 

mice receiving αPD-1/αCTLA-4 or the corresponding isotype controls in the early therapy setting. 

Numbers per group: 7; (P=0.0361). Representative images of l ivers are shown for each group. 

Scale: 1 cm. D: The number of macroscopic l iver metastases were analysed for mice receiving 

αPD-1/αCTLA-4 (n=8) or the corresponding isotype controls (n=7) in the late therapy regime n; 

(P=0.1189). Representative images of l ivers are shown for each group. Scale: 1 cm . P values < 

0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not 

significant. The WT31 melanoma cell l ine was used.   

4.2.2 Naïve adjuvant ICI of liver metastases 

In addition, stage III melanoma patients with locoregional disease receive adjuvant ICI to 

prevent metastatic spread (Figure 8A). To study the effects of adjuvant ICI on hepatic 

melanoma metastasis, tumor naïve wildtype mice received three doses of ICI 

(αPD-1/αCTLA-4) or the corresponding isotype controls 6 days prior to the i.v. injection of the 

WT31 melanoma cells (Figure 8B). Naïve adjuvant ICI led to a significant reduction of hepatic 

metastases compared to the isotype control group (P= 0.0017) (Figure 8C).  
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Figure 8: Naïve adjuvant immune checkpoint inhibition protects from hepatic melanoma 
metastases. 

A: I l lustration of a stage II I melanoma patient after the resection of the primary tumor and regional 

lymph node (s).  I l lustration was created using BioRender.com. B: Time l ine presenting our naïve 

adjuvant mouse model. Mice were injected with either αPD-1/αCTLA-4 or the corresponding 

isotype control  antibodies on day 0, 3 and 6 fol lowed by the intravenous injection of the WT31 

melanoma cells.  Mice were sacrif iced on day 25.  I l lustration was created using BioRender.com.  

C: The number of macroscopic l iver metastases were analysed for mice receiving αPD-1/αCTLA-4 

or the corresponding isotype controls in the adjuvant therapy setting. Number of mice per group: 

8; (P= 0.0017). Representative images of l ivers are shown for each group. Scale:  1 cm. P values 

< 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not 

significant. The WT31 melanoma cell l ine was used.   

To compare the effectiveness of ICI in a naïve adjuvant, early and late palliative regimen, the 

tumor burden reduction and the clinical response were calculated. To calculate the clinical 

response rate, the number of metastases treated with ICI was set in relation to the mean 

number of metastases of all isotype controls. Naïve adjuvant ICI showed an almost two-fold 

stronger reduction of the tumor burden as compared to palliative ICI starting on day 9 (Figure 

9A). Furthermore, about 60 % of mice showed a complete response, defined as no visible 
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metastases detected (Number of metastases = 0) in the naïve adjuvant therapy setting as 

compared to 14.3 % in the early palliative setting. In addition, in the late palliative ICI all mice 

developed liver metastases (Figure 9B). 

 

Figure 9: Naïve adjuvant ICI protects best from melanoma metastases compared to early and 
late palliative therapy in the WT31 melanoma metastases model.  

A: The tumor burden reduction of the  mice treated with αPD-1/αCTLA-4 in the respective therapy 

regimen (adjuvant, early and late ICI) was calculated in relation to the corresponding isotype 

controls. Comparison of naïve adjuvant therapy wi th late therapy (day 9);  Numbers of hepatic 

metastases of the therapy group was norma lized to the mean of the corresponding isotype 

controls (Fold change); (P=0.1887). B: The cl inical response of the mice that received 

αPD-1/αCTLA-4 was divided into non-responders, partial responders and complete responders 

based on the corresponding isotype controls (P=0.0195). P values < 0.05 were assumed as 

statistically significant when * < 0.05, ** < 0.01, *** < 0.0001;  ns= not significant. The WT31 

melanoma cell l ine was used.   

In a second mouse model with spleen injections of B16F10 luc2 melanoma, this data was 

confirmed. In the palliative therapy regimen, mice received intrasplenic injections of the 

B16F10 luc2 cells on day 0, followed by three doses of ICI or the corresponding isotype 

controls on day 6, 9, 12 (Figure 10A). In the palliative setting, no differences in the macroscopic 

numbers of hepatic metastases were observed by comparing the therapy group with the 

isotype control group (P= 0.7586) (Figure 10C). Furthermore, the naïve adjuvant therapy with 

ICI was applied in the B16F10 luc2 mouse model. Mice received three doses of ICI on day 0, 

3 and 6 prior to the intrasplenic injection. The comparison between the therapy group and the 

isotype control group showed no significant difference (P = 0.0875) (Figure 10D).  
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Figure 10: Naïve adjuvant therapy protects from melanoma liver metastases in the B16F10 luc2 
melanoma mouse model. 

A: Time l ine presenting the application of pall iative ICI in the B16F10 luc2 melanoma mouse 

model. B16F10 luc2 melanoma cells were intrasplenically injected on day 0. After the 

establishment of l iver metastases, mice received the combination therapy αPD-1/αCTLA-4 or the 

corresponding isotype controls on day 6,9 and 12.  I l lustration was created using BioRender.com.  

B: Time l ine presenting our naïve adjuvant mouse model using the B16F10 luc2 melanoma cell 

l ine. Mice were injected with either αPD-1/αCTLA-4 or the corresponding isotype control  

antibodies on day 0, 3 and 6 fol lowed by the intrasplenic injection of the B16F10 luc2 melanoma 

cells. Mice were sacrif iced on day 20. I l lustration was created using BioRender.com. C: The 

number of macroscopic l iver metastases were analysed for mice receiving αPD-1/αCTLA-4 or the 

corresponding isotype controls in the pall iative therapy setting. Number of mice per group:  10; 

(P=0.7586). Representative images of l ivers are shown for each  group. Scale:  1 cm. D: The 

number of macroscopic l iver metastases were analysed for mice receiving αPD-1/αCTLA-4 or the 

corresponding isotype controls in the adjuvant therapy setting. Numbers per group:  10; 

(P=0.0875). Representative images of l ivers are shown for each group. Scale:  1 cm. P values < 

0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not 

significant. The B16F10 luc2 melanoma cell l ine was used.   
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The tumor burden of mice with B16F10 luc2 melanoma was significantly reduced by naïve 

adjuvant ICI as compared to palliative ICI (Figure 11A). Furthermore, about 40 % of mice in 

the naïve adjuvant therapy group showed a complete response whereas around 50 % of mice 

were classified as non-responders in the palliative therapy regimen (Figure 11B).  

 

Figure 11: Naïve adjuvant therapy protects best from melanoma liver metastases in the B16F10 
luc2 model.  

A: The tumor burden reduction of the mice treated with αPD-1/αCTLA-4 in the respective therapy 

regimen (naïve adjuvant and pall iative ICI) was calculated in relation to the corresponding isotype 

controls. Number of animals per group: 10;  Number of hepatic metastases of the therapy group 

was normalized to the mean of the corresponding isotype controls  (Fold change); (P=0.0085). B:  

The cl inical response of the mice that received αPD-1/αCTLA-4 was divided into non-responders, 

partial responders and complete responders based on the corresponding isotype controls  

(P=0.0131). P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, 

*** < 0.0001; ns= not significant.  The B16F10 luc2 melanoma cell l ine was used.    

To understand the mediation between these different therapy regimens, melanoma liver 

metastases were analyzed by histology (Figure 12A). However, no differences in neither the 

growth pattern, necrotic areas nor the size of hepatic metastases were observed (Late 

palliative therapy: P = 0.5435; Early palliative therapy: P = 0.5087; Naïve adjuvant therapy: 

P = 0.7167) (Figure 12B).  
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Figure 12: Palliative and naïve adjuvant ICI does not change the morphology and size of liver 
metastases. 

A: Pictures of l ivers stained by routine histochemical staining (H&E) of the respective therapy 

regimen (Late pall iative (Day 9),  Early pall iative (Day 6) and naïve adjuvant ICI). Scale bars: 100 

µm. B:  Late pall iative therapy (Day 9): Size of l iver metastases are shown (Isotype: n=8; anti  

PD-1/anti  CTLA-4: n=7; P=0.8435).Early pall iative therapy (Day 6): Size of l iver metastases are 

shown (Isotype: n=6; anti PD-1/anti  CTLA-4: n=5; P=0.5087). Naïve adjuvant therapy: Area of 

l iver metastases are shown (Isotype: n=7; anti-PD-1/anti-CTLA-4: n=3; P = 0.7167). P values < 

0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001 ; ns= not 

significant.  

To further analyze how the timing of ICI might alter the therapy response of the different 

therapy regimens (naïve adjuvant and late palliative therapy), the immune cell infiltration in the 

livers were analyzed by immunofluorescence stainings. Indeed, the numbers of CD3+ CD8+ 

T cells were significantly increased (P = 0.0296) (Figure 13A), while a significant decrease in 

the numbers of CD3+ CD4+ T cells was found when comparing naïve adjuvant therapy to late 

palliative ICI (P = 0.0243) (Figure 13B). 
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Figure 13: Analysis of T cell subsets in the liver after naïve adjuvant and late palliative therapy.  

Different immune cell subsets in the l iver of mice treated either with the  naïve adjuvant or late 

pall iative ICI were analysed by immunofluorescence staining. A: Analysis of T cell subsets. 

Quantif ication of CD3+ CD8+ T cells in l ivers of mice treated in the naïve adjuvant group (n=5) 

and in the late pall iative therapy group (n=3) . Number of immune cells of the therapy groups were 

normalized to the mean of the corresponding isotype controls (Fold change) ; (P=0.0296). 

Representative pictures of both groups are shown. Scale bar s: 100 µm. B: Analysis of T cell 

subsets. Quantif ication of CD3+  CD4+ T cells in l ivers of mice treated in the naïve adjuvant group 

(n=4) and in the late pall iative therapy group (n=5 ). Number of immune cells of the therapy groups 

were normalized to the mean of the corresponding isotype controls (Fold change) ; (P=0.0243). 

Representative pictures of both groups are shown. Scale bar s: 100 µm. P values < 0.05 were 

assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001 ; ns= not significant.  

Furthermore, hepatic macrophages were significantly increased in the late palliative as 

compared to the naïve adjuvant therapy (Figure 14).  
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Figure 14: Analysis of macrophages in the liver after naïve adjuvant and late palliative therapy. 

Different immune cell subsets in the l iver of mice treated either with the naïve adjuvant or late 

pall iative ICI were analysed by immunofluorescence staining. A: Analysis of macrophages. 

Quantif ication of CD11b+  F4/80+cells in l ivers of mice treated in the naïve adjuvant group (n=5) 

and in the late pall iative therapy group (n=4) . Number of immune cells of the therapy groups were 

normalized to the mean of the corresponding isotype controls (Fold  change); (P=0.0037). 

Representative pictures of both groups are shown. Scale bar s: 100 µm. P values < 0.05 were 

assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001 ; ns= not significant.  
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In order to investigate whether immunosuppressive immune cell populations conveyed the 

decreased therapeutic response in the late palliative therapy setting, the number of CD45+ 

Ly6C+ as well as CD45+ Ly6G+ in the livers of mice were analyzed. However, the numbers of 

CD45+ Ly6C+ cells (P = 0.8720) as well as CD45+ Ly6G+ cells (P= 0.5809) were unaltered 

(Figure 15A and B).  

 

Figure 15: Analysis of myeloid cells in the liver after naïve adjuvant and late palliative therapy. 

A: Analysis of myeloid cell subsets. Quantif ication of CD45+ Ly6C+ cells in l ivers of mice. N=5 in 

the naïve adjuvant group and n=4 in the late pall iative ICI group. Number of immune cells of the 

therapy groups were normalized to the mean of the correspondin g isotype controls (Fold change) ; 

(P=0.8720). B: Analysis of myeloid cell subsets. Quantif ication of CD45 + Ly6G+ cells in l ivers of 

mice. N=4 in the naïve adjuvant group and n=5 in the late pall iative ICI group. Number of immune 

cells of the therapy groups were normalized to the mean of the corresponding isotype controls 

(Fold change); (P=0.5809). Representative pictures of both groups are shown. Scale 

bars: 100 µm. P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, 

***  < 0.0001 ; ns= not significant.   
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4.3 Adjuvant and neoadjuvant ICI of liver metastases  

Neoadjuvant ICI is a novel therapeutic concept applying ICI before surgical excision of the 

primary melanoma or lymph node metastases are still in situ (Figure 16A). Figure 16B 

illustrates our two mouse models including the neoadjuvant and adjuvant therapy model. In 

the neoadjuvant setting, the mice received the WT31 melanoma cells cutaneously on day 0 to 

mimic the primary melanoma, followed by the i.p. injections of the αPD-1/αCTLA-4 therapy or 

the corresponding isotype controls on day 12, 15 and 18. On day 18, the primary tumor was 

surgically resected, which was followed by the intrasplenic injection of the WT31 melanoma 

cell line. Mice were sacrificed after 21 days on day 39. This neoadjuvant therapy approach 

was compared to an adjuvant therapy approach with the resection of the primary tumor on 

day 18, i.p. injections of the αPD-1/αCTLA-4 therapy or the corresponding isotype controls on 

day 19, 22 and 25 and the intrasplenic injection of the WT31 melanoma cell line on day 25. 

Both neoadjuvant (P = 0.0003) and adjuvant ICI (P = 0.0009) led to a significant reduction of 

hepatic metastases as compared to their corresponding isotype controls (Figure 16C and D).  

 

Figure 16: Adjuvant and neoadjuvant ICI protects from liver metastases.  

A: I l lustration of a melanoma patient in stage II (High risk melanoma) or Stage III with a primary 

melanoma and lymph node involvement receiving ICI prior to the excision of the primary 

melanoma. Il lustration was created using BioRender.com.  B: Neoadjuvant therapy:  On day -1 
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blood samples were taken for f low cytometry. On day 0 WT31 melanoma cells were injected 

cutaneously. A primary dermal tumor developed. In the presence of the primary melanoma , αPD-

1/αCTLA-4 or the corresponding isotype controls were injected i.p. on day 12, 15 and 18. In 

addition, on day 18 the primary dermal melanoma were resected and the WT31 melanoma cells 

were injected intrasplenically. Blood samples were taken on day -1, 16, 32 and 39. Mice were 

sacrif iced on day 39. Adjuvant therapy:  On day -1 blood samples were taken for f low cytometry. 

On day 0, WT31 melanoma cells were injected cutaneously. A primary dermal tumor developed 

and was resected on day 18. The αPD-1/αCTLA-4 combination therapy or the corresponding 

isotype controls were injected i.p. on day 19, 22 and 25. On day 25, WT31 melanoma cells were 

injected intrasplenically. Blood samples were taken on day -1, 16, 32 and 39. Mice were sacrif iced 

on day 46. I l lustration was created using BioRender.com  C: The number of macroscopic l iver 

metastases were analysed for mice receiving αPD-1/αCTLA-4 (n=10) or the corresponding isotype 

controls (n=5) in the neoadjuvant therapy regimen (P=0.0003). Representat ive images of l ivers 

of each group are shown. Scale: 1 cm.  D: The number of macroscopic l iver metastases were 

analysed for mice receiving αPD-1/αCTLA-4 (n=10) or the corresponding isotype controls  (n=10) 

in the adjuvant therapy regimen (P=0.0009). Representative images of l ivers of each group are 

shown. Scale: 1 cm. P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 

0.01, ***  < 0.0001 ; ns= not significant.  The WT31 melanoma cell l ine was used.  

Neoadjuvant ICI led to a significant reduction of the tumor burden as compared to the adjuvant 

therapy (P = 0.0494) (Figure 17B). Moreover, in the neoadjuvant setting about 72,5 % of the 

mice showed a complete response in comparison to 20 % in the adjuvant therapy regimen 

(P = 0.0270) (Figure 17A).  

 

Figure 17: Neoadjuvant ICI most efficiently protects from liver metastases. 

A: The clinical response of the mice that received αPD-1/αCTLA-4 was divided into 

non-responders, partial responders and complete responders based on the corresponding isotype 

controls (P=0.0270). B: The tumor burden reduction of the mice treated with αPD-1/αCTLA-4 in 

the respective therapy regimen (neoadjuvant and adjuvant) was calculated in relation to the 

corresponding isotype controls . Number of hepatic metastases of the therapy group was 

normalized to the mean of the corresponding isotype controls  (Fold change); (P=0.0494). P values 
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< 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001;  ns= not 

significant.  

The morphology and the tumor growth of the primary melanomas were analyzed in both 

groups. No overt morphological differences were observed in H&E of the primary melanomas 

in both groups (Figure 18A). Furthermore, tumor growth seemed to be similar when both 

therapy groups were compared to their corresponding isotype controls (Neoadjuvant therapy: 

P = 0.0825; Adjuvant therapy P = 0.3070) (Figure 18B and C). 

 

Figure 18: Neoadjuvant and adjuvant therapy have minor influences on the tumor size.  

A: Pictures of the primary cutaenous tumors stained by routine histochemical staining (H&E) of 

the respective therapy regimen (Neoadjuvant and adjuvant ICI) and the corresponding isotype 
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controls are shown. Scale bars: 100 µm. B: Comparison of the size of the primary dermal tumor 

from Isotype control and anti PD-1/anti  CTLA-4 groups of the neoadjuvant therapy are shown over 

t ime [days] (P=0.0825).C:  Comparison of the size of the primary dermal tumor from Isotype control 

and anti PD-1/anti  CTLA-4 groups of the adjuvant therapy are shown over t ime [days] (P= 0.3070). 

P values < 0.05 were assumed as statistically significant when *  < 0.05, ** < 0.01, *** < 0.0001; 

ns= not significant. 

Furthermore, the distribution of T cells was analyzed at the primary site by 

immunofluorescence staining. Within the primary cutaneous tumor, a significant increase in 

the number of CD3+ CD4+ T cells and a trend towards an increased number of CD3+ CD8+ 

T cells were observed by comparing the neoadjuvant to the adjuvant therapy regimen (Figure 

19A and B). In line with this finding, we observed significantly increased numbers of either 

CD3+ CD4+ and CD3+ CD8+ T cells in the surrounding tissue of the adjuvant therapy regimen 

when compared to the neoadjuvant therapy regimen (Figure 19C and D).  
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Figure 19: Neoadjuvant ICI increases the infiltration of T cell subsets into the primary tumor. 

Different immune cell subsets in the primary dermal and the surrounding tissue of mice treated 

either with the neoadjuvant or adjuvant ICI were analysed by immunofluorescence 

stainings. A: Analysis of T cell subsets. Quantif icat ion of CD3 +  CD4+ T cells in the primary tumor 

of mice treated in the neoadjuvant ICI group (n=4) and in the adjuvant ICI group (n=4 ). Number 

of immune cells of the therapy groups was normalized to the mean of the corresponding isotype 

controls (Fold change); (P=0.0285). Representative pictures of both groups are shown. Scale 

bars: 100 µm. B: Analysis of T cell subsets. Quantif ication of CD3 + CD8+  T cells in in the primary 

tumor of mice treated in the neoadjuvant ICI group (n=6) and adjuvant ICI group (n=4 ). Number 

of immune cells of the therapy groups was normalized to the mean of the corresponding isotype 

controls (Fold change); (P=0.1816). Representative pictures of both groups are shown. Scale 

bars: 100 µm. C: Analysis of T cell subsets in the surrounding tissue of the primary tumor 

(Distance: 300 µm). Quantif ication of CD3 + CD4+cells in the surrounding tissue of the primary 

tumor of mice treated in the neoadjuvant ICI group (n=3) and in the adjuvant ICI group (n=4).  

Number of immune cells of the therapy groups was normalized to the mean of the corresponding 

isotype controls (Fold change) ; (P=0.0293). Representative pictures of both groups are shown. 

Scale bars: 100 µm. D: Analysis of T cell subsets in the surrounding tissue of the primary tumor 

(Distance: 300 µm). Quantif ication of CD3 + CD8+cells in the surrounding tissue of the primary 

tumor of mice treated in the neoadjuvant ICI group (n=5) and in the adjuvant ICI group (n=4).  

Number of immune cells of the therapy groups was normalized to the mean of the corresponding 

isotype controls (Fold change) ; (P=0.0209). Representative pictures of both groups are shown. 

Scale bars: 100 µm. P values < 0.05 were assumed as statistically significant when *  < 0.05, ** 

< 0.01, *** < 0.0001; ns= not significant.  

Since the immune microenvironment is activated at the primary site, circulating T cells were 

analysed by flow cytometry of the peripheral blood. Indeed, a significant increase of CD3+ CD4+ 

and CD3+ CD8+ T cells was observed on day 32 in the peripheral blood of mice treated in the 

neoadjuvant therapy regimen (Figure 20A and B). In addition, common cytokines were 

examined through multiplex analysis in the plasma of mice that received either the neoadjuvant 

or the adjuvant ICI (Figure 20C). 
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Figure 20: T cells are increased in the peripheral blood after neoadjuvant therapy.  

A: FACS analysis of CD3+ CD4+ T cells in the peripheral blood. Blood samples were taken at 

indicated time points. B: FACS analysis of CD3+ CD8+ T cells in the peripheral blood. Blood 

samples were taken and analyzed on day -1, day 16, day 32 and final day by flow cytometry. 

Day 32: CD3+ CD4+:  P = 0.0141; CD3+  CD8+: P = 0.0051. Statistical analysis was performed by 

using a mixed effect model analysis. P values < 0.05 were assumed as statistically significant 

when * < 0.05, ** < 0.01, *** < 0.0001; ns= not significant . C: Multiplex analysis of plasma from 

mice treated in the neoadjuvant (n=5) and adjuvant therapy (n=5) regimen analyzed by Luminex. 

(P= 0.0449 (IL-17); P=0.0338 (TNFα)). P values < 0.05 were assumed as statistically significant 

when * < 0.05, ** < 0.01, *** < 0.0001; ns= not significant.  

To investigate, how the neoadjuvant therapy protected from hepatic metastasis, liver 

metastases were analyzed in detail. To investigate how neoadjuvant ICI mediates its enhanced 

protection against melanoma liver metastasis, H&E stainings were performed. No overt 

morphological differences were observed (Figure 21A). The analyses of the size of hepatic 

metastases demonstrated no differences when the therapy group was compared to their 

corresponding isotype controls (Neoadjuvant therapy: P = 0.9812); (Adjuvant therapy: 

P = 0.8092) (Figure 21B). 
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Figure 21: Neoadjuvant and adjuvant therapy does not change the morphology and size of liver 
metastases. 

A: Pictures of l ivers stained by routine histochemical staining (H&E) of the respective therapy 

regimen (Neoadjuvant and adjuvant ICI) are shown. Scale bar s: 100 µm. B: Neoadjuvant ICI:  

Size of l iver metastases are shown (Isotype: n=6 anti  PD-1/anti  CTLA-4: n=4; P=0.9812).  

Adjuvant ICI:  Size of l iver metastases are shown  (Isotype: n=10; anti -PD-1/anti-CTLA-4: n=8; 

P=0.8092). P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, 

***  < 0.0001 ; ns= not significant.   

The hepatic immune microenvironment was analyzed by immunofluorescence staining. A 

trend towards increased numbers of CD3+ CD4+ T cells was observed in the neoadjuvant 

compared to the adjuvant therapy (P = 0.0935). Furthermore, CD3+ CD8+ positive T cells 

significantly increased in the livers of mice treated with the neoadjuvant therapy regimen 
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(P = 0.0002) (Figure 22A and B). The numbers of macrophages (P = 0.1030) (Figure 23A), 

moncocytes (P = 0.8720) (Figure 23B) and neutrophils (P = 0.5809) (Figure 23C) were 

unaltered.  

 

Figure 22: Analysis of T cell subsets in the liver after neoadjuvant and adjuvant ICI. 

Different immune cell subsets in the l iver of mice treated either with the neoadjuvant or adjuvant 

ICI were analysed by immunofluorescence staining. Analysis of T cell subsets. A: Quantif ication 

of CD3+ CD4+ T cells in l ivers of mice treated in the neoadjuvant ICI group (n=5) and in the 

adjuvant ICI group (n=4).  Number of immune cells  of the therapy groups was normalized to the 

mean of the corresponding isotype controls  (Fold change); (P=0.0935). Representative pictures 

of both groups are shown. Scale bars: 100 µm. B: Quantif ication of CD3+ CD8+ T cells in livers 

of mice treated in the neoadjuvant ICI group (n=4) and adjuvant ICI group (n=3 ). Number of 

immune cells of the therapy groups was normalized to the mean of the corresponding isotype 

controls (Fold change); (P=0.0002). Representative pictures of both groups are shown. Scale 

bars: 100 µm . P values < 0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, 

***  < 0.0001 ; ns= not significant.   
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Figure 23: Analysis of macrophages, neutrophils and monocytes in the liver after neoadjuvant 
and adjuvant ICI. 

Different immune cell subsets in the l iver of mice treated either with the neoadjuvant or adjuvant 

ICI were analysed by immunofluorescence stainings. A: Analysis of macrophages and myeloid 

cells. Quantif ication of CD11b+ F4/80+  cells in l ivers of mice treated in the neoadjuvant ICI group 

(n=4) and in the adjuvant ICI group (n=5) . Number of immune cells of the therapy group was 

normalized to the mean of the corresponding isotype controls  (Fold change); (P=0.1030). 

Representative pictures of both groups are shown. Scale bar s: 100 µm. B: Analysis of 

macrophages and myeloid cells.  Quantif ication of CD45+ Ly6C+  cells in l ivers of mice. N=4 in the 

neoadjuvant ICI group and n=5 in the adjuvant ICI group. Number of immune cells of the therapy 

group was normalized to the mean of the corresponding isotype controls  (Fold change); 

(P=0.8720). Representative pictures of both groups are shown. Scale bar s: 100 µm. 

C: Quantif ication of CD45 + Ly6G+ cells in l ivers of mice.  N=4 in the neoadjuvant ICI group and 

n=5 in the adjuvant ICI group. Number of immune cells of the therapy group was normalized to 
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the mean of the corresponding isotype controls ; (P=0.5809). Representative pictures of both 

groups are shown. Scale bars: 100 µm. P values < 0.05 were assumed as statistically significant 

when * < 0.05, ** < 0.01, *** < 0.0001 ; ns= not significant.   

In addition, important chemo- and cytokines were analyzed in livers of the naïve adjuvant and 

palliative therapy as well as in the neoadjuvant and adjuvant therapy regimens to understand 

what mediates the changes in the hepatic immune microenvironment. Levels of IFNγ were 

increased as assessed by multiplex analysis, while IL-4 significantly decreased in livers of mice 

treated with the naïve adjuvant therapy compared to livers of mice treated with the late 

palliative therapy (Figure 24A). IL-4 and IL-15 revealed significantly increased levels in livers 

of mice treated with the adjuvant therapy as compared to the neoadjuvant therapy setting 

(Figure 24B). 

 

Figure 24: Cytokines specific for the Th1 to Th2 switch are changed in the different ICI therapy 
regimens. 

A: Multiplex analysis of cytokine and chemokine levels from livers of mice treated in the adjuvant 

(n=5) and late pall iative ICI (n=5) regimen (P= (IFNγ=0.0407); P=0.0011 (IL-4)). Mutiplex assay 

was analyzed by Luminex.  Amounts of cytokines/chemokines of the therapy group was normalized 

to the mean of the corresponding isotype control group s (Fold change). B:  Multiplex analysis of 

cytokine and chemokine levels from livers of mice treated in the neoadjuvant (n=5) and adjuvant 

ICI (n=5) regimen (P=0.0044 (IL-4);  P=0.0051 (IL-15)). Mutiplex assay was analyzed by Luminex. 

Amounts of cytokines/chemokines of the therapy group was normalized to the mean of the 

corresponding isotype control groups  (Fold change); P values < 0.05 were assumed as 

statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not significant.  

Due to the fact that IL-4 was significantly altered in all four therapy regimens and is a 

counterpart to IFNγ, both cytokines were analyzed in the livers of the different therapy 

regimens by immunofluorescence stainings or fluorescence in situ hybridization (FISH). 

Furthermore, we wanted to investigate which cell types produce the two cytokines IL-4 and 

IFNγ. IFNγ was significantly increased in CD3+ T cells in livers of mice treated in the naïve 

adjuvant (P = 0.0381) and the neoadjuvant therapy setting (P = 0.0159) (Figure 25A and B). 
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However, no differences in the expression of IL-4 in CD3+ T cells were observed between the 

different therapy regimens (Figure 25C (P = 0.5952) and Figure 25D (P = 0.4284)). 
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Figure 25: Naïve adjuvant and adjuvant therapy with ICI induced IFNγ positive T cells in the liver.  

Different immune cell subsets in the l iver of mice treated either the adjuvant or late pall iative or 

neoadjuvant or adjuvant ICI were analysed by immunofluorescence staining  or Fluorescence in 

situ hybridization. A: Analysis of specific T cell subsets. Quantif ication of CD3+ IFNγ+ T cells in 

the l iver of mice treated in the adjuvant ICI group (n=5) and in the  late pall iative ICI group (n=3). 

P=0.0381. Representative pictures of both groups are shown. Scale bar: 100 µm. B: Analysis of 

specific T cell subsets. Quantif ication of CD3+ IFNγ+ T cells in the l iver of mice treated in the 

neoadjuvant ICI group (n=5) and adjuvant ICI group (n=4). Number of immune cells of the therapy 

group was normalized to the mean of the corresponding isotype controls  (Fold change); 

(P=0.0159). Representative pictures of both groups are shown. Scale bar s: 100 µm. C: Analysis 

of specific T cell subsets. Quantif ication of CD3+  IL4+cells in the l iver of mice treated in the 

adjuvant ICI group (n=5) and in the late pall iative ICI group (n=5). Number of immune cells of the 

therapy group was normal ized to the mean of the corresponding isotype controls  (Fold change); 

(P=0.5952). Representative pictures of both groups are shown. Scale bar s: 100 µm. D: Analysis 

of specific T cell subsets. Quantif ication of CD3+  IL4+ cells in the l iver of mice treated in the 

neoadjuvant ICI group (n=5) and in the adjuvant ICI group (n=5). Number of immune cells of the 

therapy group was normal ized to the mean of the corresponding isotype controls  (Fold change); 

(P=0.4284). Representative pictures of both groups are shown. Scale bar s: 100 µm. P values < 

0.05 were assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not 

significant. 

Besides, we investigated the expression of IFNγ and IL-4 at the primary site by FISH (Figure 

26). Cutaneous melanomas of mice treated in the neoadjuvant therapy setting showed a 

significantly increased expression of IFNγ in CD4+ T cells compared to the cutaneous 

melanoma of the adjuvant setting (P = 0.0078) (Figure 26A). The analysis of the expression of 

IL-4 (P = 0.8303) and TNFα (P = 0.9338) revealed no differences (Figure 26B and C). 
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Figure 26: Neoadjuvant ICI increased the number of CD4 IFNγ positive T cells in the primary 
tumor.  

Different immune cell subsets in the primary dermal and the surrounding tissue of mice treated 

either with the adjuvant or pall iative or neoadjuvant or adjuvant ICI were analysed by 

immunofluorescence staining. Analysis of specific T cell subsets. A: Quantif ication of CD4+ IFNγ+  

T cells in the primary tumor of mice treated in the neoadjuvant ICI group (n= 4) and in the adjuvant 

ICI group (n=5). Number of immune cells of the therapy group was normalized to the mean of the 

corresponding isotype controls  (Fold change); (P=0.0078). Representative pictures of both groups 

are shown. Scale bars: 100 µm. B: Quantif ication of CD4+  IL4+ T cells in in the primary tumor of 

mice treated in the neoadjuvant ICI group (n=4) and adjuvant ICI group (n=5). Number of immune 

cells of the therapy group was normalized to the mean of the corresponding isotype controls  

(Fold change); (P = 0.8303). Representative pictures of both groups are shown. Scale bar s: 100 

µm. C: Quantif ication of CD4+ TNFα+  cells in the primary tumor of mice treated in the neoadjuvant 
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ICI group (n=5) and in the adjuvant ICI group (n=5).  Number of immune cells of the therapy group  

was normalized to the mean of the corresponding isotype controls  (Fold change); (P=0.9338). 

Representative pictures of both groups are shown. Scale bar s: 100 µm. P values < 0.05 were 

assumed as statistically significant when * < 0.05, ** < 0.01, *** < 0.0001; ns= not significant.  

Since IFNγ and IL-4, two key cytokines for Th1 (IFNγ) to Th2 (IL-4) differentiation of T cells 

were significantly altered among the different therapy modalities, the Th1 and Th2 

differentiation of T cells was further investigated in the livers of mice treated in the different 

therapy modalities. Therefore, Gata3 and T-bet, two important transcription factors for either 

the Th1 driven T cells (T-bet) or the Th2 driven T cells (Gata3) were analyzed by 

immunofluorescence stainings.  

A trend towards an increased amount of CD4+ Gata3+ T cells was found in the livers of mice 

treated in the late palliative setting, indicating a Th2 immune response (P = 0.0862) (Figure 

27A). In addition, neoadjuvant ICI led to significantly lower amount of CD4+ Gata3+ T cells 

when compared to the adjuvant ICI (P = 0.0103) (Figure 27B). The analysis of Th1 

differentiation by immunofluorescence stainings for T-bet revealed no differences between the 

naïve and the late palliative ICI (P = 0.6069) (Figure 27C). However, the numbers of 

CD4+ T-bet+ T cells significantly rose in the neoadjuvant group compared to the adjuvant 

therapy group (P = 0.0013) (Figure 27D), indicating that a neoadjuvant application of ICI drives 

a Th1 immune response.  

Altogether, I could show that the neoadjuvant therapy with ICI showed an improved therapeutic 

response in comparison to the adjuvant and late palliative therapy. In addition, my results show 

that the neoadjuvant therapy regimen supports the switch from an immune cell excluded to a 

more T cell inflamed cutaneous melanoma. The neoadjuvant ICI was also associated with 

increased numbers of T cells in the peripheral blood. Besides the increased systemic immune 

response, the data indicates that the adjuvant ICI promotes a more Th2-driven immune 

response, whereas the neoadjuvant therapy showed a more Th1-driven immune response in 

the liver.  
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Figure 27: Anti tumoral Th1 T cell subsets are increased in livers of the neoadjuvant ICI regimen.  

Th1 and Th2 T cell subsets in the l iver of mice treated either the adjuvant or pall iative or 

neoadjuvant or adjuvant ICI were analysed by immunofluorescence staining. A:  Quantif ication of 

CD4+ Gata3  + T cells in the l iver of mice treated in the adjuvant ICI group (n=5) and in the late 

pall iative ICI group (n=3). Number of immune cells of the therapy group was normalized to the 

mean of the corresponding isotype controls  (Fold change); (P= 0.0862). Representative pictures 

of both groups are shown. Scale bars: 100 µm. B: Quantif ication of CD4+ Gata3+ T cells in the 

l iver of mice treated in the neoadjuvant ICI group (n=5) and adjuvant ICI group (n=4) . Number of 

immune cells of the therapy group was normalized to the mean of the corresponding isotype 

controls (Fold change); (P=0.0103). Representative pictures of both groups are shown. Scale 

bars: 100 µm. C:  Quantif ication of CD4+  Tbet+ T cells in the l iver of mice treated in the adjuvant 

ICI group (n=5) and in the late pall iative ICI group (n=5). Number of immune cells of the therapy 

group was normalized to the mean of the corresponding isotype controls  (Fold change); 

(P=0.6069). Representative pictures of both groups are shown. Scale bars: 100 µm. D: 

Quantif ication of CD4+  Tbet+ cells in the l iver of mice treated in the neoadjuvant ICI group (n= 5) 

and in the adjuvant ICI group (n=5). Number of immune cells of the therapy group was normalized 

to the mean of the corresponding isotype controls (Fold change); (P=0.0013). Representative 

pictures of both groups are shown. Scale bars: 100 µm. P values < 0.05 were assumed as 

statistically significant when * < 0.05, ** < 0.01, ***  < 0.0001; ns= not significant.  
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5 Discussion 

5.1 Pre-metastatic activation of the hepatic niche  

In my study, I investigated the influence of a primary cutaneous melanoma on the hepatic 

metastasie formation. To compare the different treatment regimens of ICI, it was important to 

study pre-metastatic activation of the hepatic niche by a primary tumor. In our model, the 

presence of a primary tumor for 18 days before the intralienal injection of tumor cells did not 

significantly alter the number of metastases, however the variability of metastatic numbers 

appeared to decrease (Figure 6B). 

Since we wanted to investigate the influence of different therapy regimens (palliative, adjuvant 

and neoadjuvant treatment) on melanoma metastasis, this experiment was important. Based 

on this experiment, an increase in hepatic metastases based on the presence of a primary 

cutaneous melanoma could be excluded. The potential influence of a primary tumor on the 

formation of metastases at distant organ sites has been demonstrated for several organs. For 

example, Kaplan et al. showed that bone marrow derived haematopoetic progenitor cells 

expressing VEGFR1 form cellular clusters at the distant organ site allow the chemotactic 

attraction and attachment of circulating tumor cells (CTCs) to the lung in a Lewis lung 

carcinoma and B16 melanoma model (93). Furthermore, Peinado et al. found that exosomes 

from the B16F10 melanoma cell line express a specific repertoire of integrins mediating the 

adhesion of tumor cells to the extracellular matrix of specific cell types. For example, B16F10 

exosomes which express Integrinαvβ5 bind specifically to Kupffer cells. The uptake of 

exosomes expressing Integrinαvβ5 by Kupffer cells leads to the upregulation of different genes 

including the S100 gene and thereby leads to the increased susceptibility to liver metastases 

(94) (Chapter 1.4.3).  

Another important player of the formation of a pre-metastatic niche can be Liver sinusoidal 

endothelial cells (LSECs). For example, it was demonstrated by Yang et al. that the phenotype 

and function of microvascular endothelial cells (HLCECs) from human liver cancer tissue was 

different in comparison to LSECs from a healthy liver. The expression of the intracellular-

adhesion molecule (ICAM-1) was reduced in comparison to healthy LSECs. Furthermore, the 

tumor-necrosis factor receptor (TNFR) p75 and the two integrins αvβ3 and αvβ3 were more 

abundant in HLCECs. This leads to the increased adherence of the human hepatocellular 

carcinoma BEL-7402 cells to endothelial cells resulting in cancer development (230). In 

addition, Yu et al. show that the reversion of the tolerogenic liver environment through α-mellitin 

nanoparticles targeting LSECs decreased the susceptibility to the formation of liver 

metastases. Here, the survival rates of mice were increased in about 80 % in a spontaneous 

liver metastatic mouse model (111) (Chapter 1.4.3). Therefore, LSECs can be an important 

player in the formation of a pre-metastatic niche and should be investigated in more detail 



 

78 
 

during the colonization of the liver by CTCs. However, in our melanoma model an increased 

susceptibility to the formation of hepatic metastases caused by the primary tumor could not be 

observed. This may be due to the fact that the primary cutaneous tumor was resected prior to 

the arrival of the tumor cells in the liver. In order to study, the pre-metastatic niche in our 

melanoma mouse model in more detail, we could perform the intrasplenic injection of the tumor 

cells in the presence of the primary cutaneous melanoma, e.g. the intracutaneous injection of 

tumor cells is performed one week prior to the intrasplenic injection of the tumor cells. With this 

additional mouse model, the influence of a primary cutaneous melanoma could be investigated 

in more detail and might influence the formation of hepatic melanoma metastases. 

5.2 Immune checkpoint inhibition of liver metastases  

5.2.1 Palliative and naïve adjuvant ICI of liver metastases 

In 2017 Tumeh et al. showed that patients with cutaneous melanoma and liver metastases 

show a significantly reduced cumulative survival in comparison to patients without liver 

metastases after the treatment with Pembrolizumab (205). To investigate at which time point 

the therapeutic resistance to ICI originating from melanoma metastases is starting, ICI was 

initiated at different time points. The early ICI (starting on day 6) was able to significantly reduce 

the amount of hepatic metastases compared to their corresponding isotype controls (Figure 

7C). The late ICI did not significantly alter the number of hepatic metastases when compared 

to their corresponding isotype controls (Figure 7D). In addition, the naïve adjuvant therapy with 

ICI was able to significantly reduce the amount of hepatic metastases when compared to the 

corresponding isotype controls (Figure 8A). This data suggests that the early ICI protected 

more efficiently against the colonization of the liver by circulating tumor cells than the late 

palliative ICI showed by the numeric reduction of hepatic metastases. Furthermore, the naïve 

adjuvant therapy protected even more against the hepatic metastases formation in the WT31 

melanoma model showed by the trend towards a reduced tumor burden and significant 

differences in the clinical response rates (Figure 9). In the B16F10 luc2 melanoma model a 

significant reduction of hepatic metastases could not be observed by comparing either the 

palliative or the adjuvant therapy group to their corresponding isotype controls (Figure 10). 

Since the performance of the late palliative therapy setting in the B16F0 luc2 melanoma model 

is not possible due to the time points of the ICI, the naïve adjuvant therapy was compared to 

the palliative therapy regimen in the B16F10 mouse model and significant changes were 

observed regarding the tumor burden reduction and clinical response rates (Figure 11). That 

the adjuvant therapy with ICI and BRAFi and MEKi for stage III CM with locoregional 

metastasis significantly improves the PFS of patients was already shown by several clinical 

studies (202, 203). Likewise, the adjuvant therapy with Pembrolizumab for stage IIB and IIC 

high-risk CM shows a reduced recurrence free survival and was recently approved by the FDA 

(209). 
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As we had found these differences in treatment responses between the different regimens, we 

were interested to identify the underlying cellular and molecular mechanisms that may mediate 

reduced therapeutic responses in the late palliative therapy regimen.  

Therefore, the livers of mice treated in the different therapy regimens were analyzed by 

immunofluorescence stainings. In livers of mice treated in the naïve adjuvant therapy setting 

in the WT31 model significantly increased numbers of CD3+ CD8+ T cells were observed 

(Figure 13A). This is in line with the finding of Tumeh et al. that patients with liver metastases 

showed significantly lower levels of CD8+ T cells at the invasive tumor margin in comparison 

to patients without liver metastases (205). This might in part be explained by Yu et al. showing 

that CD11b+ F4/80+ macrophages led to the apoptosis of the hepatic cytotoxic CD8+ T cells via 

the FasL FasR pathway (206). The mechanism described by Yu et al. is in line with another 

Hallmark of cancer, namely the avoidance of immune destructions where the tumor cells are 

able to circumvent attacks of the immune systems such as the preparation of a highly 

immunosuppressive microenvironment (Chapter 1.3) (17, 54, 55).  

In the late palliative therapy setting, significantly increased numbers of CD11b+ F4/80+ 

macrophages were found (Figure 14). The early palliative ICI indicated a limited but significant 

reduction in the number of hepatic metastases, whereas the naïve adjuvant ICI in tumor naïve 

mice significantly reduced the number of liver metastases. This data indicates that in the late 

palliative therapy setting, increased CD11b+ F4/80+ macrophages which are associated with 

reduced therapy responses were already present, whereas in the naïve adjuvant therapy 

setting no significantly increased numbers of CD11b+ F4/80+ macrophages were found which 

might have been prevented by the adjuvant application of the ICIs. In addition, significantly 

increased numbers of CD3+ CD4+ T cells were found in the livers of mice treated in the late 

palliative therapy setting (Figure 13B). Naïve CD4+ T cells can be differentiated as different 

T cell subsets such as Th1, Th2 and regulatory T cells (231). Lee et al. showed that liver 

metastases are associated with the coordinated activation of regulatory T cells (Tregs) which 

recruit and modulate intratumoral CD11b+ monocytes leading to a systemic 

immunosuppression (207). In order to investigate if in our model Tregs are responsible for the 

reduced response to ICI, further IF staining including the transcription factor FoxP3 have to be 

performed (231). It is already known that Tregs show a high expression of CTLA-4 (232, 233) , 

which is in line with the finding of Lee et al. that the treatment with the anti CTLA-4 antibody 

led to a significant reduction of the intratumoral CD11b+ monocytes recruited by Tregs and a 

tumor rejection when combined with the anti PD-1 therapy (207). Since the combination 

therapy anti PD-1/anti CTLA-4 was used in our mouse model, Tregs might not be the prime 

player leading to the reduced response in the late palliative therapy setting.  
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Taken together, this data indicates that earlier is better for the therapy response of liver 

metastases to ICI. As decreased therapy response in palliative therapy was associated with 

increased CD11b+ F4/80+ macrophages which were not induced in adjuvant treatment we 

propose that prevention of this mechanism of resistance is the mode of action in the adjuvant 

therapy. Macrophages are highly abundant within the tumor (234, 235). Already established 

liver metastases (late palliative) might recruit CD11b+ F4/80+ macrophages to the liver 

suggesting that these cells are already present when the ICI is applied, whereas in the naive 

adjuvant therapy the recruitment of CD11b+ F4/80+ macrophages is prevented early enough. 

In the clinical setting, the therapy with ICI must be started immediately after the detection of 

liver metastases or even earlier. In the clinical setting, the adjuvant therapy with anti PD-1 

inhibitors shows an improved survival of patients but 20 % of cases suffer from melanoma 

recurrence in the liver and brain (210). About 40 - 60 % of patients diagnosed with advanced 

or metastatic melanoma respond to ICI but about one half of these patients show recurrence 

in the metastatic setting (236). The analysis of the Keynote-054 study using adjuvant 

Pembrolizumab revealed at a median follow-up of 42.3 months, a recurrence rate in the liver 

of 8 % in the treatment arm compared to 11 % in the placebo arm. The strongest reduction of 

the recurrence rates were found for distant organ sites including the lymph node and lung 

(203). 

Regarding the high recurrence rate for the liver after the therapy with ICI, different therapy 

concepts need to be considered.  

One therapeutic option which was already postulated by Yu et al. would be the combination of 

radiotherapy with ICI in order to destroy the CD11b+ F4/80+ macrophages within the liver (206). 

Another option might be the therapy with ICI in combination with Clodronate, an agent 

belonging to the drug family of bisphosphonates which is currently used for the treatment of 

bone metastases and osteoporosis (237). Furthermore, Clodronate is used for the specific 

depletion of macrophages (238) and already showed anti-tumor efficacy in a primary and 

metastatic melanoma mouse model (237). In order to overcome therapy resistance in the 

presence of liver metastases, a therapy with Clodronate prior to the ICI might be sufficient to 

increase the clinical response rate in the late palliative therapy setting. However, the 

combination therapy of Clodronate and ICI can have some limitations, since clodronate is also 

able to deplete all macrophages not only the TAMs. For example depletion of CD169+ 

macrophages which are promoting an anti-tumoral microenvironment e.g. in glioblastoma 

might have a negative effect (239). Therefore, further investigation of approaches which 

specifically target hepatic and tumor-induced or associated macrophages is crucial in order to 

improve the therapeutic response to ICI in the late palliative therapy setting.  
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In addition, I found significantly increased levels of IL-4 whereas IFNy was significantly 

decreased in livers of mice treated in the late palliative therapy setting (Figure 24A). Further, 

a trend towards increased numbers of CD4+ Gata3+ T cells was found in the livers of mice 

treated in the late palliative therapy setting (Figure 27A), indicating a switch towards a Th2 

immune response in this therapeutic regimen. Since Dupilumab, an anti IL-4 antibody is 

already used for the treatment of asthma (240), the combination of an anti IL-4 antibody and 

ICI might be an option to overcome the therapeutic resistance in the late palliative therapy 

setting. In a case review of 7 patients with a cutaneous T cell lymphoma, the application of 

Dupilumab has shown a short-term transient improvement before the progression of the 

disease (241). 

Our naïve adjuvant therapy setting has some limitations as in the clinical setting no melanoma 

patient is tumor naïve. However, our naïve adjuvant therapy model might be a good option to 

further investigate the influence of the ICI on the liver.  

However, new therapeutic strategies have to be considered to reduce the recurrence rate of 

melanoma to the liver and to improve the clinical outcome of patients with liver metastases.  
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5.2.2 Adjuvant and neoadjuvant ICI of liver metastases  

Neoadjuvant ICI is a novel therapeutic concept for melanoma. Here, the patient receives the 

therapy with ICI in the presence of the primary tumor (High risk Stage II) and/or lymph node 

metastases (Stage III). This might have several advantages including the fact that patients with 

a detectable melanoma are treated before surgery in order to boost the therapy response 

(priming of T cells) or to achieve operability if this was not feasible in the first line (211, 242).  

In order to directly compare the neoadjuvant and adjuvant therapy the ICI were applied at 

different time points either in the presence (neoadjuvant) or in the absence (adjuvant) of the 

primary cutaneous melanoma. Since spontaneously metastasizing mouse models are not 

available or only show an insufficient number of hepatic metastases, spleen injections were 

performed in order to investigate the protection of the different ICI therapy on hepatic 

melanoma colonization (243). Both therapeutic settings significantly reduced the number of 

hepatic metastases in comparison to their corresponding isotype controls. However, in the 

neoadjuvant therapy setting about 72.5 % of mice showed a complete response in comparison 

to 20 % in the adjuvant therapy setting (Figure 17A). Furthermore, the tumor burden of mice 

treated in the neoadjuvant therapy setting was two-fold reduced in comparison to the tumor 

burden of mice treated in the adjuvant therapy setting (Figure 17B). The difference in the 

percentage of complete responders between the naïve adjuvant therapy setting and the 

adjuvant therapy might be caused by effects of the pre- and pro-metastatic niche (244) (Section 

1.4.3 and 1.4.4). However, as we have already shown in Section 4.1 a primary cutaneous 

melanoma has no influence on the number of hepatic metastases. Still, the primary cutaneous 

melanoma can have an influence on the colonization of melanoma cells in the liver as it was 

shown by Costa-Silva et al. in a pancreatic ductal adenocarcinoma (PDAC) mouse model. This 

publication pointed out that PDAC derived exosomes are taken up by KCs inducing the 

production of TGFβ and the increased fibronectin production by HPCs which in turn facilitates 

the recruitment of bone-marrow derived macrophages (96). Peinado et al. showed that specific 

integrins on tumor exosomes can determine organotropic metastases formation (95). Neither 

the neoadjuvant nor the adjuvant therapy with ICI has an influence on the size of the primary 

cutaneous melanoma (Figure 18B) or the liver metastases (Figure 21) in comparison to their 

corresponding isotype control groups. However, the neoadjuvant therapy with the ICI 

influences the composition of different T cells at the primary site, the peripheral blood and the 

liver as the investigated metastatic site.  

The infiltration of different T cell subsets was analyzed in the primary cutaneous melanoma. 

The number of intratumoral CD3+ CD4+ T cells was significantly increased in the cutaneous 

melanomas of the neoadjuvant therapy setting in comparison to the adjuvant setting (Figure 

19A). Moreover, a trend towards increased numbers of CD3+ CD8+ positive T cells was 

observed intratumoral (Figure 19B). On the other hand, the number of CD3+ CD4+ and CD3+ 
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CD8+ T cells were significantly increased in the peritumoral area of the cutaneous melanoma 

of mice treated in the adjuvant therapy setting (Figure 19C and D). Primary melanomas are 

normally referred to be a T cell excluded tumor or “cold” tumor (245). However, the application 

of the neoadjuvant ICI turned the “cold” immune cell excluded primary melanomas into “hot” 

or T cell inflamed primary melanomas. The switch from a cold into a hot tumor is a promising 

result since it was shown that these tumors are more responsive to ICI. In addition, the antigen 

priming and T cell expansion seems to be increased (246). This data also correlates with 

clinical studies of the neoadjuvant therapy as it was shown in patients that clinical responders 

show higher amounts of TILs (218, 222, 247). Also, the abundance of CD4+ IFNγ+, CD4+ IL-4+ 

and CD4 TNFα+ were analyzed in the primary cutaneous melanoma of mice treated in the 

neoadjuvant and adjuvant therapy setting (Figure 26). The increased amounts of CD4+ IFNγ+ 

T cells were found in the primary cutaneous melanomas of the neoadjuvant therapy setting, 

which is in line with the finding that in the primary tumor of clinical responders increased 

amounts of IFNγ were found (219, 221). Then, the question was whether the increased 

immune cell activation present in the primary cutaneous melanoma is associated with a global 

immune cell activation and if this is also reflected in the blood and at the metastatic site.   

Therefore, the peripheral blood of mice treated in the adjuvant and neoadjuvant therapy 

regimen was analyzed and revealed significantly increased numbers of CD4+ and CD8+ T cells 

in the peripheral blood of mice treated in the neoadjuvant therapy setting on day 32 (Figure 

20A and B). The finding that the numbers of CD4+ and CD8+ T cells are increased in the primary 

tumor and the periphery is in line with clinical neoadjuvant studies (218, 219, 221, 222, 247). 

Amaria et al. (NCT02519322) showed that the neoadjuvant therapy in Stage III patients using 

the combination of Ipilimumab and Nivolumab yielded an overall response rate (ORR) of 73 % 

and pathological clinical response (pCR) of 45 % but showed in 73 % of patients grade 3 

adverse events. The monotherapy with Nivolumab showed an ORR of 25 % and pCR of 25 % 

and was associated with a low toxicity (8 % grade 3). Furthermore, it was shown that clinical 

responders in both therapies show higher and more clonal and diverse lymphoid infiltrates 

(218). In addition, Blank et al. demonstrated that patients (Stage III) receiving the neoadjuvant 

therapy with Ipilimumab and Nivolumab show an increased expansion of tumor-resident T cell 

clones compared to patients receiving the adjuvant therapy. In the peripheral blood of each 

patients the 100 top tumor-resident T cell clones were tracked and analyzed beginning with 

the start of the ICI until week 6. The number of clones in the neoadjuvant arm was around two 

fold increased as compared to the adjuvant arm (219). The OpACIN-neo trial (Stage III 

melanoma patients) investigating the neoadjuvant therapy with Ipilimumab in combination with 

Nivolumab shows that a high rate of patients show a pathological response and that none of 

these patients have relapsed after a median follow up of 32 months (221).  
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In addition, Huang et al. observed in 2019 that 8 of 27 patients experienced a complete or 

major pathological response after a single dose of an anti PD-1 antibody and that these 

patients remained disease free. These observations were associated with an accumulation of 

exhausted CD8+ T cells in the primary tumor and a reinvigoration in the blood (222). In addition, 

Amaria et al. investigated the combination therapy of Relatlimab and Nivolumab in a 

neoadjuvant setting. Patients received two doses of neoadjuvant Nivolumab and Relatlimab 

which was followed by the surgical resection and ten doses of the adjuvant combination 

therapy. The combination therapy of 30 patients resulted in 57 % of patients showing a pCR 

and 70 % of patients showing an overall pathological response (oPR). The 1-and 2-year 

recurrence-free survival was 100 % and 92 % and 88 % and 55 % in patients without a 

pathological response. The high therapeutic response was associated with an increased 

immune cell infiltration in the tumor and a decreased amount of M2 macrophages during 

treatment (247). Furthermore, it was shown by Fairfax et al. that the expansion of cytotoxic 

and effector memory CD8+ T cells in Stage IV melanoma patients correlates with an improved 

PFS and OS (248). Multiplex analysis of plasma of mice treated in the different therapeutic 

settings revealed significantly increased levels of TNFα and IL-17 (Figure 20C). However, the 

role of these two cytokines in our therapeutic mouse model is unclear since both cytokines 

have different roles regarding tumor immunity. Both cytokines can act either anti-tumoral (249, 

250) or pro-tumoral (251, 252).  

Then, the immune cell infiltration at the metastatic side was analyzed. The livers of mice treated 

in the neoadjuvant therapy setting showed a trend towards increased numbers of CD3+ CD4+ 

T cells and cytotoxic CD3+ CD8+ T cells were significantly increased in the livers of these mice 

(Figure 22). The analysis of myeloid cells in the liver of mice treated in the different therapy 

settings revealed no significant differences. Both, the neoadjuvant and adjuvant therapy setting 

showed a trend towards reduced numbers of CD11b+ F4/80+ cells which indicates that no 

therapy resistance caused by hepatic macrophages has developed (206). In addition, no 

significant differences in the number of CD45+ Ly6C+ and CD45+ Ly6G+ cells were observed 

in the livers (Figure 23). Multiplex assays from whole liver protein of the different therapeutic 

settings were performed (Figure 24A and B) and revealed significant differences in the amount 

of IFNγ, IL-4 and IL-15. The role of IL-15 is described as an anti-tumoral cytokine because it is 

supposed to increase the priming and expansion of different immune cells such as CD8 T cells 

or NK cells (253, 254). Further, it was found that the serum of metastatic melanoma patients 

show high levels of sIL-15/IL-15Rα (255). The use of IL-15 is already tested in several Phase 

I clinical trials 

(NCT02395822, NCT01385423, NCT03388632, NCT01572493,NCT01021059, NCT013698

88, NCT01875601) for the treatment of adult and pediatric solid tumors (256). Most of the 

studies investigate the use of single IL-15 for the treatment of Acute Myelogenous Leukemia 
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(AML) (NCT02395822, NCT01385423). IL-15 was also tested in a phase I clinical trial in 

combination with ICI for the treatment of metastatic solid tumors (NCT03388632). The 

NCT01021059 phase I clinical trial tested recombinant IL-15 for the treatment of cutaneous 

melanoma (256). However, the role of IL-15 in our therapeutic setting is unclear and has to be 

further investigated. To test which cells produce the different chemokines and cytokines 

different immunofluorescence stainings and FISHs were performed. In line with the results of 

the multiplex assay increased numbers of CD3+ IFNγ+
 T cells were found in livers of mice 

treated in the naïve adjuvant and neoadjuvant therapy setting (Figure 25A and B). The FISH 

for CD3+ IL-4+ T cells revealed no significant differences (Figure 25C and D), which might be 

caused by the fact that by this method RNA levels are analysed instead of protein. Since IFNγ 

and IL-4 are two specific cytokines for Th1 and Th2 T cells, I suggested the hypothesis that 

the neoadjuvant therapy with ICI mediates the switch from a Th2 to a Th1 mediated immune 

response. Th1 and Th2 T cells are classified by different specific transcription factors such as 

T-bet and Gata3 (257) (Figure 28). 

 

Figure 28: The different Th1 and Th2 T cell subsets.  

Naive T cells can differentiate into different T cell subsets named Th1 and Th2 T cells. These two 

subsets are classif ied by the expression of different transcription factors such as T -bet (Th1) and 

Gata3 (Th2). Th1 T cells predominantly secrete IFNγ  which inhibits the differentiation to Th2 

T cells. Th2 T cells predominantly produce IL -4 (257). I l lustration is adapted from (258) and 

created using BioRender.com.  

https://jitc.bmj.com/lookup/external-ref?link_type=CLINTRIALGOV&access_num=NCT03388632&atom=%2Fjitc%2F8%2F2%2Fe001428.atom
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The analysis and quantification of CD4+ Gata3+ and CD4+ T-bet+ T cells revealed significant 

differences in both therapeutic settings. On the one hand, the numbers of CD4+ Gata3+ positive 

T cells are significantly increased in the adjuvant setting whereas on the other hand, CD4+ 

T-bet+ positive T cells are significantly increased in the neoadjuvant therapy (Figure 

27B and D). In summary, this data indicates that the neoadjuvant ICI can efficiently protect 

against the development of liver metastases. Furthermore, I could show that the neoadjuvant 

therapy with ICI induced a Th1 driven immune response with increased numbers of cytotoxic 

T cells and CD4+ T-bet+ T cells in the liver. If directly compared to the adjuvant therapy setting, 

the neoadjuvant ICI might promote the switch from a more Th2 driven immune response to a 

predominantly Th1 driven immune response. In order to proof, whether the switch towards the 

predominant Th1 immune response might rescue the therapeutic resistance in the presence 

of liver metastases, an IL-4 antibody or specific antibodies against Th2 T cells might be 

combined with the ICI in the late palliative therapy setting. In addition, the ICI could be 

combined with IL-2, a drug which has already been approved for the treatment of malignant 

melanoma. IL-2 could be used to stimulate T cell mediated activities and might help to 

overcome the therapeutic resistance caused by liver metastases. The NCT04562129 phase II 

clinical trial is testing the combination of IL-2 with Ipilimumab followed by Nivolumab for the 

treatment of stage III and IV melanoma patients, but no results have been published until now. 

Targeting different immunosuppressive cytokines was shown to be effective in different cancer 

entities (259, 260). Regarding the involvement of the T helper cells to overcome therapy 

resistance in the neoadjuvant setting, it might be interesting to further investigate novel ICIs. 

Since it was shown that LAG-3 is not expressed on naïve T cells but on exhausted CD4+ and 

CD8+ T cells and that LAG-3 expressing Tregs produce high amounts of immunoregulatory 

cytokines such as IL-10 and TGF-β, which are also involved in the differentiation of naïve 

T cells to Th2 T cells (258). Therefore, it might be interesting to investigate whether the 

inhibition of LAG-3 in the neoadjuvant therapy setting could be further increase the clinical 

response. The use of the TIM 3 antibody in our experimental setting is critical since TIM-3 is 

highly expressed on Th1 T cells (261) which are highly increased in the livers of mice treated 

in the neoadjuvant therapy setting. To specifically target antigens or markers expressed on 

tumor cells or immune cells might be a good option for the treatment of the malignant 

melanoma. The use of personalized vaccines targeting specific antigens on melanoma cells 

are currently under investigation and showed promising results in a phase I clinical trial (154). 

The use of personalized vaccines in the neoadjuvant therapeutic regimen might even enhance 

the clinical outcome of melanoma patients. Therefore, it is possible that the parallel vaccination 

with tumor antigens may be able to boost the ICI similarly to the presence of a primary tumor 

in the neoadjuvant therapy. However, this would need to be addressed in experimental models 

and clinical studies. 
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Besides the fact that our experimental model has a clinical and translational relevance for the 

treatment of patients diagnosed with high risk Stage II and Stage III melanoma, our 

experimental model also has some limitations. In our model, our focus was set on the 

investigation of the liver colonization since liver metastases are associated with a poor 

prognosis for the treatment with TT and ICI (205, 208). Therefore, my conclusions can only be 

transferred to the colonization of the liver. Furthermore, experimental mouse models for the 

investigation of spontaneously metastasizing melanomas are missing therefore the liver 

colonization was only investigated by using the intravenous and intrasplenic injection of the 

WT31 melanoma cell line (243). Therefore, it might be important to investigate the neoadjuvant 

ICI using a spontaneous metastasizing mouse model in order to more specifically mimic the 

clinical setting of CM patients. In addition, it would be interesting to investigate the influence of 

the neoadjuvant therapy with ICI on brain metastases since brain metastases are also 

described to be a poor prognostic factor (204). Moreover, almost all clinical trials of the 

neoadjuvant therapy approach are limited to the Stage III disease. It has to be considered that 

for the neoadjuvant therapy the primary tumor has to reside within the patient until the 

neoadjuvant therapy is finished. The surgical resection of the tumor can be performed only 

after immunotherapy. Two-thirds of patients receiving the diagnose of inoperable and hence 

incurable cancer showed significant distress and depressive symptoms (262). The residual 

tumor can therefore potentially cause mental health problems until its resection and this has 

to be considered when choosing this therapy modality. However, our data implicates that the 

neoadjuvant therapy should also be evaluated for the treatment of high-risk stage II melanoma 

patients since ICI in the presence of a primary cutaneous melanoma seems to boost the 

activation and expansion of T cells. The neoadjuvant therapy with Pembrolizumab for Stage II 

melanoma patients is currently under investigation in two clinical trials 

(NCT03757689 NCT03698019), however no results are available until now.  

My data implicates that the neoadjuvant ICI might be a potential therapeutic option for the 

treatment of High risk Stage II and Stage III melanoma patients as it may prevent hepatic 

metastatic spread mediating treatment resistance and therefore should be further investigated 

in relation to the overall outcome of patients and also metastasis formation in other organs.  
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6 Conclusion and Outlook 

My PhD project highlights the neoadjuvant ICI as a new therapeutic setting for the treatment 

of the cutaneous melanoma and to prevent the melanoma metastases formation.  

First, I investigated whether the different timing of the ICI changed the therapeutic response of 

liver metastases. Our data showed that the naïve adjuvant ICI protects better against liver 

colonization compared to the late palliative therapy setting. The enhanced protection against 

liver colonization might be caused by the increased infiltration of cytotoxic T cells into the liver. 

In addition, I found more CD11b+ F4/80+ macrophages in the livers of mice treated in the 

palliative therapy setting compared to the naïve adjuvant setting. This data implicates that the 

timing of ICI might have an influence on the development of hepatic therapeutic resistance 

mechanisms.  

Furthermore, I analyzed an additional therapeutic setting of the ICI. An experimental mouse 

model for the direct comparison of the neoadjuvant and adjuvant ICI was established. The 

neoadjuvant therapy revealed significantly reduced numbers of liver metastases when 

compared to the adjuvant therapy. Additionally, the data implicates that the neoadjuvant ICI in 

the presence of the primary tumor led to an increased infiltration of CD8+ and CD4+ T cells into 

the cutaneous melanoma (T cell inflamed melanoma). On the other hand, the adjuvant therapy 

setting showed a more immune excluded primary cutaneous melanoma.  

Besides, the peripheral blood of mice showed increased numbers of CD3+ CD4+ and CD3+ 

CD8+ T cells when mice received the neoadjuvant ICI in comparison to the adjuvant ICI. 

The livers of mice treated in the neoadjuvant therapy setting showed increased numbers of 

cytotoxic and CD4+ T-bet+ T cells. Livers of the adjuvant therapy setting showed increased 

numbers of CD4+ Gata3+ T cells indicating a switch towards a Th1 driven immune response in 

the neoadjuvant therapy setting. 
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Figure 29: Comparison of the two therapeutic settings with ICI.  

Neoadjuvant ICI:  Treatment with ICI in the presence of a cutaneous melanoma showed a more 

T cell inflamed melanoma with increased numbers of CD4 and CD8 positive T cells. Analysis of 

the peripheral blood showed an increased number of CD4 + and CD8+  T cells. In the l iver increased 

numbers of cytotoxic and CD4+ T-bet+ T cells were found. Neoadjuvant therapy led to strong 

reduction of l iver metastases. Adjuvant ICI:  Treatment with ICI in the absence of a cutaneous 

melanoma showed a more immune cell exc luded cutaneous melanoma and the number of CD4 

and CD8 positive T cells was reduced compared to the neoadjuvant ICI. Livers of these mice 

showed increased numbers of CD4+  Gata3+ T cells. I l lustration created by using BioRender.com. 

In summary, this project showed that the timing and type of ICI (adjuvant, palliative and 

neoadjuvant) significantly alters the therapeutic response and might be crucial to overcome 

treatment resistance of hepatic melanoma metastasis.  

To further validate our data, the comparison of the neoadjuvant with the adjuvant therapy 

setting will be performed using a different melanoma cell line. Additionally, and in order to get 

a more detailed analysis of the different T cell subsets supporting the enhanced therapeutic 

response to the neoadjuvant ICI, Dennis Agardy from the AG Platten (DKFZ; Heidelberg) and 

I performed single cell RNA sequencing of different T cell subsets of the primary tumor, the 

blood and the liver of mice treated in the neoadjuvant and adjuvant therapy regimen. As the 

analysis is currently ongoing, it is not included in this PhD thesis. The scRNA Sequencing 
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Analysis will be used to get a deeper mechanistic insight regarding the difference between the 

neoadjuvant and adjuvant ICI. The experiment will be used to perform TCR trafficking analysis 

and analysis of the distribution of different T cell subsets in the primary cutaneous melanoma, 

the blood and the liver. Additionally, the expression of different genes or gene clusters of T cells 

will be analyzed in the different compartments (cutaneous melanoma, blood and liver).  

This analysis will be used to further investigate the improved therapeutic response of liver 

metastases to the neoadjuvant therapy and eventually may contribute to the further 

improvement of the clinical outcome of CM patients.  
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