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Cutaneous melanoma is the most lethal form of skin cancer, characterized by a high metastatic 

potential and a remarkable ability to evade immune surveillance. Immune-based therapies using 

Immune Checkpoint blockers (ICB; i.e anti-PD1/PD-L1, anti-CTLA4) are currently the most successful 

treatments for metastatic melanoma. Unfortunately, clinical responses to ICB remain limited and/or 

transient. Resistance to ICBs is often observed in patients with low immunogenic tumors (cold 

tumors), or lesions with high infiltration of immune suppressive cells, such as tumor-associated 

macrophages (TAMs), T regulatory cells (Tregs) and myeloid-derived suppressor cells (MDSCs).  

Mechanisms that favor the recruitment and modulation of these immunosuppressive cells, and 

importantly, how to deactivate them are pending questions with direct translational impact in the 

melanoma field.   

 

This Thesis project was set to (i) characterize mechanisms of resistance to ICB in melanoma, with 

particular emphasis on myeloid suppressive cells (TAMs and MDSC), and (ii) to screen for novel 

therapeutic agents able to rewire myeloid cells towards potent anti-tumor responses. To this end, 

proteomic and transcriptomic analyses were performed to identify novel melanoma-secreted 

factors involved in tumor metastasis and drug resistance. In particular, we focused on the heparin-

binding factor MIDKINE (MDK), a tumor-secreted factor that promotes lymphangiogenesis and 

metastasis. Using a combination of in vivo and in vitro experiments, we can now conclude that MDK 

activates NF-κB in melanoma cells in an ALK-dependent manner, leading to an inflammatory 

secretory program that increases intratumoral recruitment of MDSCs and Tregs. Additionally, MDK-

induced secretome was found to favor STAT3 phosphorylation in myeloid cells, promoting their 

immune suppressive polarization. By modulating MDK levels of expression, we have shown that MDK 

secretion prevents immunotherapy responses to ICB in vivo. Moreover, MDK expression correlated 

with poor response to immunotherapy in melanoma patients, evidencing the relevance of our 

results. In parallel, we have observed that dsRNA-based nanoparticles (BO-110) can reverse this 

immunosuppression by a combined action in melanoma cells and macrophages. Specifically, we 

demonstrated that BO-110 suppresses MDK expression in melanoma cells, in a Type I IFN dependent 

manner, and induces their immunogenic cell death. In macrophages, BO-110 induced a potent 

tumoricidal activation leading to tumor-specific immune responses. In refractory melanoma mouse 

models, BO-110 synergized with anti-PD-L1 immunotherapy in suppressing tumor growth. Overall, 

we have characterized new mechanisms of ICB resistance mediated by MDK; yet, we also found that 

dsRNA-based therapies are able to potentiate ICB responses, even in refractory tumors.  
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El melanoma cutáneo es la forma más letal de cáncer de piel, ya que se caracteriza por tener un alto 

potencial metastásico y una notable capacidad para evadir el sistema inmunitario. La inmunoterapia 

usando inhibidores (ej. Anti-PD1/PD-L1, anti-CTLA4) de los “Puntos de Control Inmunitario” (ICB, por 

sus siglas en inglés) es actualmente la forma más exitosa de tratar el melanoma metastásico. 

Desafortunadamente, las respuestas clínicas a los ICB siguen siendo limitadas y/o transitorias. La 

resistencia a los ICB a menudo se observa en pacientes con tumores poco inmunogénicos (tumores 

fríos) o con alta infiltración de células inmunosupresoras, como macrófagos tumorales (TAMs), 

células T reguladoras (Tregs) y células mieloides supresoras (MDSCs). Los mecanismos que favorecen 

el reclutamiento y la modulación de estas células inmunosupresoras -y cómo inactivarlas- son aún 

interrogantes con un gran impacto clínico para el melanoma. 

Los objetivos principales de esta Tesis fueron: (i) caracterizar los mecanismos de resistencia a ICB en 

el melanoma, fijando especial interés en células mieloides supresoras (TAM y MDSCs), e (ii) 

identificar nuevos agentes terapéuticos capaces de reconvertir las células mieloides en potentes 

células anti-tumorales. Con este fin, realizamos análisis proteómicos y transcriptómicos para 

identificar nuevos factores tumorales que pudieran estar implicados en la metástasis y la resistencia 

a los fármacos. En particular nos enfocamos en MIDKINA (MDK), un factor secretado por células 

tumorales que promueve la linfangiogénesis y la metástasis del melanoma. Hemos observado que 

MDK –vía el receptor ALK- activa la vía de NF-κB en células de melanoma, lo que induce un programa 

secretor pro-inflamatorio que aumenta el reclutamiento de MDSCs y Tregs. Además, observamos 

que el secretoma inducido por MDK favorece la fosforilación de STAT3 en células mieloides, lo cual 

promueve su actividad inmunosupresora. Modulando los niveles de expresión de MDK, hemos 

demostrado que su secreción previene la respuesta terapéutica a los ICB in vivo. Asimismo, hemos 

observado que los niveles de expresión de MDK correlacionan con una peor respuesta a la terapia 

anti-PD1 en pacientes con melanoma, lo que demuestra la relevancia de nuestros resultados. En 

paralelo, hemos observado que nano-partículas de ARN de doble cadena (BO-110) pueden revertir 

esta inmunosupresión mediante la acción combinada en células de melanoma y macrófagos. 

Específicamente, hemos demostrado que BO-110 suprime la secreción de MDK e induce una muerte 

celular inmunogénica en células de melanoma, mientras que en macrófagos promueve su potencial 

tumoricida, generando una potente inmunidad anti-tumoral. Además, hemos observado que BO-

110 potencia la actividad terapéutica de los bloqueantes anti-PDL1 en modelos resistentes de 

melanoma de ratón. Por lo tanto, BO-110 representa una alternativa terapéutica muy eficiente. En 

resumen, hemos caracterizado nuevos mecanismos de resistencia a ICB mediados por la proteína 

MDK; y hemos demostrado que las terapias basadas en ARN de doble cadena son capaces de 

potenciar las respuestas a ICB, incluso en tumores refractarios.
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1. MELANOMA 

Melanoma is a type of cancer that arises from melanocytes, pigmented cells of neural crest origin1. 

Melanocytes synthesize and store melanin pigments at the epidermal and dermal layers of the skin1, 

hair follicles2, inner ear3, meninges4, uvea5, connective tissues6 and heart7, all places where 

melanomas can develop. In particular, cutaneous malignant melanoma is the most lethal form of 

skin cancer, and it is becoming a serious health issue because a continuously increasing incidence8, 

a high aggressive capacity to metastasize9,10, and persistent resistance to standard therapy11. Indeed, 

although cutaneous melanoma only accounts for less than 3% of all skin cancer cases, it is 

responsible for approximately 90% of skin cancer related deaths8. 

1.1. Incidence 

Melanoma incidence has been rising worldwide for the last 30 years, resulting in a socio-economic 

problem8,12. As melanoma is a tumor most commonly observed in fair-skinned populations, the 

incidence of this disease is highest in Europe, Northern America and Oceania, where 87% of all new 

cases occur13. The American Cancer Society estimates that in 2018, around 91,270 new melanomas 

will be diagnosed (about 55,150 in men and 36,120 in women); while 9,320 people are expected to 

die of melanoma (about 5,990 men and 3,330 women) in the United States8.  In Spain, there are 

around 4,000 new melanoma cases diagnosed every year, with an incidence of 9.7 cases per 100,000 

habitants12, and this number is estimated to increase to 13.64 by 202214.  

1.2. Risk factors and prognosis 

Malignant Melanoma is a multi-factorial disease driven by genetic susceptibility and environmental 

exposure15. Indeed, while the greatest risk factor is family predisposition to melanoma; the amount 

of melanocytic nevi combined with immunosuppression, sun sensitivity and exposure to ultraviolet 

(UV) radiation comprise important risk factors16. Accordingly, certain phenotypic characteristics; such 

as red hair, fair skin, numerous freckles, light eyes, and an inability to tan, raise the risk of developing 

melanoma by approximately 50%17. Moreover, the most important environmental etiologic risk 

factor is the exposure to UV rays, due to their genotoxic effect15. Consistently, a history of sunburns 

in childhood are associated with highest risk of developing malignant melanoma18.  

Early diagnosis is essential to lower mortality rates, as prognosis in melanoma is directly 

proportionate to the depth of the lesion, which in turn increases with time15.  The thickness of primary 

tumor -or Breslow index- and the presence of ulceration and/or mitotic figures are the most relevant 
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predictors for metastatic disease and therefore are used as overall survival prognostic factors19. Once 

melanoma patients develop metastasis, the 5-year survival rates fall to less than 10%8. However, 

determination of the Breslow index is influenced by the competence of the examiner and can be 

susceptible to human error20. Therefore, new prognosis markers are needed to better diagnose and 

treat melanoma patients.  

1.3. Melanoma initiation and progression. 

As mentioned above, melanoma arises from melanocytes, a group of pigment-producing cells that 

originates from the multipotent and highly migrating neural crest21. During embryonic development, 

the neural crest generates glial-melanocyte progenitors, which in turn give rise to melanoblasts. 

Later, melanoblasts migrate mostly to the skin and generate Melanocyte Stem Cells (MSCs) in the 

hair follicles, where they ensure the continuous generation of melanocytes throughout the adult 

life22. In the skin -specifically at the basal layer of the epidermis- melanocytes together with the 

keratinocytes form the epidermal-melanin unit, a photo-barrier crucial for the protection against the 

damaging effects of the UV radiation23.  Briefly, upon UV radiation exposure, keratinocytes secrete 

the melanocyte-stimulating hormone (MSH), which induces the Microphtalmia-associated 

Transcription Factor (MITF) in the neighboring melanocytes24. MITF activation drives melanin 

production and secretion in specialized vesicles called melanosomes25, which provide the 

keratinocytes with the protective pigment. Thus, melanin accumulation in the keratinocytes protects 

them from genomic alterations, confers thermoregulation and skin pigmentation23,25,26. Defects in 

melanocytes biology may lead to pigmentation disorders, benign melanocytic neoplasms (nevi or 

moles) or, ultimately, could give rise to malignant lesions (melanoma)27.  These melanocytic lesions 

have heterogeneous clinical and molecular characteristics.  

1.3.1. Benign melanocytic nevi 

Melanocytic nevi (commonly known as moles) are a benign clonal proliferation of melanocytes. They 

can be sub-categorized based on clinical and histological characteristics in congenital melanocytic 

nevi (CMN), acquired melanocytic nevi (AMN), and the less frequent cases of blue nevi (GNAQ 

driven), and Spitz nevi (HRAS driven)28. CMN have early onset, appearing at birth or during the first 

six month of age27. They have been associated with NRAS mutations, and to a lesser extent BRAF 

mutations, but not both28. However, the majority of the nevi comprise AMN, which are acquired 

after birth mainly due to BRAF mutations and they share genetic and environmental risk factors with 

malignant melanoma. In particular, the presence of acquired dysplastic nevi increases the risk of 

developing cutaneous melanoma. Yet, only 20-30% of malignant melanomas arise from pre-existing 
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dysplastic nevi29, as nevi generally do not progress due to the mechanism of oncogene-induced 

senescence (OIS)28.  

1.3.2. Malignant melanoma 

Melanoma arises when an accumulation of substantial tumorigenic alterations allow melanocytic 

lesions to overcome OIS and progress28. A simplified model for melanoma progression was proposed 

by Clark and colleagues in 198430. The Clark model identifies five stages of progression:  

(i) The acquisition of a nevi (acquired or congenital), as described above.  

(ii) The transformation into dysplastic nevi; structurally and architecturally atypical lesions that 

can arise from pre-existing nevus or as a novel lesion31.  

(iii) The radial-growth phase (RGP); where the mutations acquired up to this phase (i.e. 

CDKN2A32, PTEN33, NF134) allow melanoma cells to proliferate horizontally, but not to invade the 

skin16,35.  

(iv) The vertical-growth phase (VGP); when melanoma cells acquire invasive potential. This 

requires an important accumulation of genetic alterations that confer melanoma the capacity to 

remodel their microenvironment36,37, induce lympho/angiogenesis38, and evade the immune 

system39.  

(v) Metastatic spread occurs when melanoma cells are able to survive in circulation and 

colonize distal organs30. Initially, cutaneous melanoma generally colonize sentinel lymph nodes, 

from where they later reach distant places such as the brain, liver, lungs, bones and intestines40. In 

melanoma metastasis, the lymphatic system plays an active and determinant role. It has been 

established that the generation of new lymphatic vessels, a process called lymphangiogenesis, and 

the secretion of pro-lymphangiogenic factors in the tumor microenvironment -such as VEGFC/D41, 

osteopontin (SPP1)42 - are strongly related to an increased tumor invasion and metastasis of 

melanoma cells. Recently, we have identified Midkine (MDK) as a novel driver of neo-

lymphangiogenesis, promoting melanoma metastasis in a VEGFC/D-independent manner38.  

Additionally, in melanoma the immune system plays a major role in promoting metastasis43. 

Indeed, immunosuppressive cells in the tumor stroma favor metastasis by limiting 

immunosurveillance and by promoting ECM remodeling and angiogenesis (see Section 2). In 

particular, the interplay between tumor cells, the immune system and the lymphatic cells is key for 

acquiring metastatic behavior. At the primary site, this “triumvirate” facilitates the extravasation 

of melanoma cells by the combined action of immunosuppressive cytokines in the tumor 

microenvironment. Moreover, this interaction has further implication as lymphatics transport 

these tumor antigens and immunosuppressive cytokines to the draining lymph nodes, which results 
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in the restructuration and education of lymph node-associated cells, preparing the “niche” and 

facilitating distal metastasis and tumor tolerance38,44,45. However, the mechanisms involved in this 

process and the key players modulating melanoma metastasis remain largely unknown. Thus, a 

better understanding of the regulation of the events leading to melanoma metastasis will allow 

rational therapeutic intervention to prevent tumor progression. 

Of note, the Clark model has been subsequently refined since its establishment because, as we 

mentioned before, only around 20-30% of malignant melanomas develop from dysplastic nevi28. 

Therefore, the majority of melanomas arise as a de novo lesion directly from melanocytes40.  

1.4. Classification and genetic features of malignant melanoma 

According to clinical and histological features46, melanomas has been historically classified in47 

superficial spreading melanoma (SSM; accounting for approximately 70% of the cases)48, lentigo 

malignant melanoma (LMN)49,  nodular melanoma (NM)48 and acral lentiginous melanoma (ALM)50. 

Additionally, as mentioned above, malignant melanocytic lesions can also arise from other 

pigmented tissues and originate rare forms of melanoma, such as uveal melanoma in the eye, and 

mucosal melanoma in the genitourinary track, with unique genetic and histopathological 

features51,52.   

However, a more comprehensive classification system should also account genetic alterations for 

the separation of individual disease states31. Melanoma genomes have the highest mutation load of 

any cancer53, and a considerable effort has been made to try to identify and classify the distinct 

mutational and genomic signatures that drive malignant melanoma.53–55. In this regard, in 2015 The 

Cancer Genome Atlas (TCGA)56 released the largest clinicopathological and multi-dimensional 

analysis of cutaneous melanoma patients (n=331), and stablished a framework for genomic 

classification into four groups, according the prevalence of the most predominant mutated genes: 

(i) BRAF subtype: the largest genomic subtype (52% of patients) comprise hot-spot mutations 

in BRAF. Of those, approximately 87% correspond to V600E mutations, 10.8% to V600K and 1.8% 

to V600R mutations. Around 30% of these patients have high tumor immune infiltration and 

commonly show PD-L1 and MITF gene amplification.  

(ii) RAS subtype: the second major subtype (28% of patients) comprise hot-spot mutations in 

any of the three RAS family members (N-,K-, and H-RAS), with a clear predominance of NRAS 
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somatic mutations. This subtype also has increased MAPK activity and AKT3 overexpression in 40% 

of the patients.  

(iii) NF1 subtype: mutations of the NF1 gene account for the 14% of the melanoma patients, in 

which more than half are loss-of-function (LoF) mutations. This results in the non-canonical 

activation of the MAPK pathway.  

(iv) Triple Wild-Type subtype:  this subtype incorporates all the patients that lack the genetic 

alterations aforementioned. They have higher genomic rearrangements and are generally very 

immunogenic, with high tumor immune infiltrations in approximately 40% of patients in this 

subtype.  

Interestingly, authors in this study reported no significant clinical outcome correlation regarding 

genomic classification. In contrast, melanoma patients assigned to a transcriptomic subclass –that 

identifies higher immune infiltrates- showed a statistically correlation with more favorable 

prognosis. Thus, prognosis of metastatic melanoma patients is preferentially influenced by tumor 

stroma immunobiology, independently of genomic alterations56. 

2. MELANOMA AND THE IMMUNE SYSTEM: A DYNAMIC INTERPLAY 

In principle, the immune system has the greatest potential to recognize, control and eliminate 

emerging cancer cells57. The natural evolution of tumor development, which involves a series of 

epigenetic and genetics changes led by altering mutations, eventually give rise to the expression of 

tumor antigens(TAs)58. These TAs may be identified by the host immune system59 and unleash a 

potent immune response to promote tumor regression. Under this concept, complex tumors with 

accumulating mutations, such as melanoma, are generally more immunogenic as they are a source 

for multiple tumor antigens60. Indeed, melanoma cells may acquire up to more than one hundred 

mutations per megabase, the highest mutational rate of all cancer types61, accounting for being one 

of the most immunogenic tumors. Therefore, melanoma bear a unique immunological profile, 

making it an ideal model for the study of the interaction between the immune system and cancer62. 

Despite their high immunogenicity, malignant melanoma lesions often progress. Many 

immunomodulatory mechanisms that favor melanoma initiation and progression may interfere with 

the establishment of an anti-tumor immunity, resulting in immune tolerance and escape62. Some of 

these mechanisms involves down-regulating or neutralizing TAs63, as well as creating a highly 

immunosuppressive environment64,65. In this scenario, the immune system becomes a cancer ally, 

promoting the development of malignant lesions. Moreover, in melanoma, chronic inflammation 

not only drives oncogenic transformation, but also has a strong implication in promoting tumor 

progression and metastatic spread66. 
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Multiple immune cells within the tumor microenvironment exert diverse and often contradicting 

effects during melanoma development and progression66. In particular, tumor-associated 

macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs), have 

been found to be the major tumor-promoting immune cells in the microenvironment67. 

2.1. Tumor-associated macrophages 

Macrophages are innate immune cells which main function is to act as host first line of defense 

against pathogens68. They represent a heterogeneous population of terminally differentiated 

myeloid cells that can be conventionally divided into two sub-groups: pro-inflammatory M1 and anti-

inflammatory M2. M1-type macrophages, or classically activated macrophages, play important roles 

in the innate response against invading pathogens¸ while M2-type macrophages, or alternatively 

activated macrophages, take part in tissue repair67. However, macrophages have functional plasticity 

and make up a continuum of different  phenotypes69. Tumor-associated macrophages (TAMs) were 

considered for many years as M2 macrophages70,71, however, it is now recognized that TAMs are 

phenotypically and functionally distinct from tissue resident macrophages, do not exhibit an 

alternatively activated phenotype but can express a variety of M1 and M2 markers72. Functionally, 

TAMs can enhance tumor cell proliferation, invasion and metastasis; stimulate angiogenesis73,74 and 

lymphangiogenesis74–77; and inhibit T cell-mediated anti-tumor immune responses, thus promoting 

tumor progression67. Moreover, in contrast with tissue-resident macrophages, TAMs have the 

capability to proliferate after differentiating from inflammatory monocytes78. They also mediate 

tumor immune evasion through the secretion of a number of immunosuppressive cytokines, 

including: IL-1079, TGF-β1 and PGE280. Additionally, by the up-regulation of enzymes such as inducible 

nitric oxide synthase (iNOS) and arginase-I (ARG1), TAMs consume the L-arginine and L-tryptophan 

available in the tumor microenvironment, necessary for the correct T cell function81,82. For these 

reasons, TAMs represent an attractive therapeutic target. 

2.2. Myeloid-derived suppressor cells 

MDSCs are a heterogeneous group of cells originated from bone marrow myeloid progenitors and 

comprise different stages of maturation83. MDSCs are pathologically active cells distinct from other 

mature, terminally differentiated myeloid cells (i.e. macrophages, DCs and neutrophils)84. In general, 

these cells are characterized by the expression of CD11b+GR-1+ markers85, however, there are two 

main subsets of MDSCs, with distinct phenotypic and morphological features: monocytic MDSCs (M-

MDSCs) and polymorphonuclear MDSCs (PMN-MDSC)84. In mice, PMN-MDSCs can be identified by 

the expression of CD11b+Ly6G+Ly6Clow, while M-MDSCs can be identified as CD11b+Ly6G−Ly6Chigh  84. 
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In humans, the equivalent to PMN-MDSC are defined as CD11b+CD14−CD15+CD33dim or 

CD11b+CD14−CD66b+CD33dim and M-MDSC as CD11b+CD14+HLA-DR−/loCD15−CD33+ 86. During cancer 

development, MDSCs accumulate at the tumor site, the liver and in the peripheral lymphoid organs, 

such as the lymph nodes and spleen, where they are arrested and start to proliferate85,87. Similar to 

TAMs, MDSCs exert strong immunosuppressive effects in the tumor microenvironment through the 

expression of ARG1, iNOS and the production of soluble reactive species (ROS)88. A more 

comprehensive overview of the myeloid cell differentiation process in melanoma is presented in 

Figure 1: 

 

Figure 1. Myeloid cell differentiation, classification and cell marker expression in cancer development. 
 In cancer, pathological increased of myelopoiesis leads to the accumulation of mature and immature 
myeloid cells (MDSCs) in circulation and in the spleen. These cells rank from more monocytic-like (M-
MDSCs, Ly6C+) at one end of the spectrum, towards more neutrophil-like (PMN-MDSCs, Ly6G+) at the 
other end (expressing Ly6G). Once recruited into the tumor, M-MDSCs can give rise to tumor-associated 
macrophages (TAMs), by the progressive down-regulation of Ly6C, and upregulation of MCHII, F4/80 and 
CX3R1. This process also requires an increase expression in survival factors (cFLIP A1, IRF8), and the up-
regulation of immunosuppressive signals (such as ARG1). Additionally, PMN-MDSCs in the tumor site can 
differentiate into tumor-associated neutrophils (TANs). A similar scheme is likely to occur in humans; 
however, the cell markers may vary (adapted from 84).  

2.3. T regulatory cells 

T regulatory lymphocytes (Tregs) are cells from lymphoid origin with role in the adaptive immune 

system as they are essential for the suppression of self-reactive T cells, induction of immune 

tolerance and the resolution of inflammatory processes89. They can be identified by the expression 

of Forkhead box P3 (FoxP3) and CD2590. In melanoma, Tregs-mediated immunosuppression is a 
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leading mechanism of tumor immune evasion91.  Tregs induce immune suppression by four main 

strategies:  

(i) Through cell-to-cell contact, mediated by membrane-bound suppressive cytokines92, or 
direct cytolysis. 

(ii) By secreting immune-suppressive cytokines (i.e. IL-10, IL-35, TGF-β)93.  
(iii) By competing for growth factors with other effector cells (i.e. IL-2)93. 
(iv) By interfering with the function of antigen presenting cells via the expression of inhibitory 

markers such as the cytotoxic T-lymphocyte-associated protein (CTLA)-489,91.  

Accordingly, the frequency of circulating or tumor-infiltrating Tregs has been associated with poor 

prognosis in melanoma patients94. In contrast, high densities of effector CD8+ T cells (Teff) are 

associated with longer disease-free survival and overall survival95–98. Altogether, the ratio Teff/Tregs 

determines the ability to mount an effective, long lasting anti-tumor immune response99.  

Furthermore, other immune and stromal cells; including tumor associated fibroblasts100, some 

epithelial cells, lymphatic44,45 and vascular endothelial cells101, and pericytes102, also play an 

important role in the regulation of tumor immunity. Given the complex interplay between the 

immune system and melanoma, more studies are necessary to unveil the mechanisms driving tumor 

immune evasion, particularly now with the risen of new cancer immunotherapies. 

3. NEW PERSPECTIVES IN MELANOMA TREATMENT 

The treatment landscape for metastatic melanoma has evolved dramatically over the last decade103. 

Before 2011, the median overall survival of a patient diagnosed with metastatic melanoma was 9 

months, and standard therapies involving chemotherapy with dacarbazine (DTIC), or IL-2 

immunotherapy104 proved strongly ineffective103. However, after several decades of substantial 

efforts to decipher the genomics of melanoma, and the fundamental underpinnings of the immune 

response against cancer, two major strategies emerged to revolutionize therapy: targeted therapy 

and immune checkpoint blockers. 

3.1. Targeted therapy 

This strategy takes advantage of the melanoma inherent addiction to the MAPK pathway. In 

particular, because approximately half of all melanomas harbor BRAF mutations, the firsts drugs 

developed were selective inhibitors of BRAFV600E mutations (vemurafenib and dabrafenib). Initial trials 

with these drugs were encouraging, as most of the BRAF mutated patients showed complete or 

partial responses to BRAF inhibitors105. Treatment with these drugs meant a considerable 
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improvement for metastatic melanoma patients, compared to previous therapies106,107 with 

dacarbazine (see Table 1 for comparison in overall response to current melanoma therapies). 

Table 1. Evolution of the survival rates for patients with advanced stage melanoma treated with targeted 
therapies or immunotherapy.  

 

*Based on a compilation of Phase III clinical trials from 103,108. OS= overall survival. 

Unfortunately, after 1 year of treatment most patients acquired resistance to MAPK inhibitors109. In 

the light of this, and considering that BRAF signaling is dependent on downstream activation of 

MEK1/2, the next step was the development of MEK inhibitors. In this line of treatment, Trametinib 

was the first MEK inhibitor to be approved by the US Food and Drug Administration (FDA)103,110. There 

has been extensive literature reviewing the mechanism of resistance to targeted therapy in 

melanoma109,111,112, which mainly consist in: (i) alternative reactivation of the MAPK/ERK pathway; 

(ii) activation of parallel signaling pathways –such as RTK, MET, EGFR, or IGF-1R signaling-, and (iii) 

immune evasion mechanisms. Indeed, it seems clear that the immune cells play a crucial role in the 

response to BRAF inhibition113, and conversely, BRAF inhibitors modify the immune landscape of 

tumors106,114. 
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3.2. Immune Checkpoint blockers  

During the past decade, many studies have described and characterized the inhibitory pathways 

hardwired into the immune system that are crucial for maintaining self-tolerance115,116. The plethora 

of proteins involved in this inhibitory pathways have been called “Immune Checkpoints” and it is now 

clear that tumors co-opt certain of those such immune checkpoint pathways as a major mechanism 

of immune evasion117. As many of the immune checkpoints are initiated by ligand–receptor 

interactions, they can be readily blocked by antibodies or modulated by recombinant forms of ligands 

or receptors, making them an easy target117–119. In this line of treatment, the cytotoxic T-lymphocyte-

associated antigen 4 (CTLA4) blocking antibody ipilimumab was the first of this class of 

immunotherapeutic to achieve FDA approval, obtaining unprecedented long-term responses in 

patients with advanced-stage tumors120. Nowadays, the portfolio of immune checkpoint blockers 

(ICB) has been extended offering a broad set of opportunities to enhance antitumor immunity in an 

effective and sustained manner118,121. In particular, blocking antibodies against the programed cell 

death 1 (PD-1)/PD-L1 pathway (nivolumab, pembrolizumab, among others) have been gaining 

popularity for its success in clinical trials122.  In Figure 2 are depicted the main targets for ICB in 

melanoma: 

Figure 2. The immune checkpoints CTLA4 and PD-1/PD-L1 axis.  
Inhibitory interactions between cancer cells, T cells and antigen presenting cells (APC), mediated by the 
immune checkpoint pathways PD-1/PD-L1 and CTLA4/B7-1/2. MHC-Ag= major histocompatibility complex 
presenting tumor antigen. 

While CTLA4 is mainly expressed by T cells, PD-1 receptor is highly expressed by activated T cells, B 

cells, and NK cells123. Its ligands are PD-L1 (or B7-H1) and PD-L2 (or B7-DC). PD-L1 is constitutively 

expressed by macrophages, but it can be induced by inflammatory cytokines on tumors, immune 

cells, and various tissues124. The interaction between PD-1 or CTLA4 and their ligands inhibits T-cell 

activation within tissues and tumors124.    



III.Introduction/Introducción 

57 

 

Although approximately 35% to 60% of metastatic melanoma patients have a positive response 

(10%–12% a complete response) to anti–PD-1-based immunotherapy, 40% to 65% have shown 

minimal or no response at the outset, and 43% of responders develop acquired resistance by 3 

years125,126. Similar challenges apply to other aggressive tumor types (e.g. lung cancer, pancreatic 

cancer126). Therefore, now more than ever, understanding how cancer cells and their associated 

microenvironment can modulate the immune system has become essential to find mechanisms to 

improve current therapies.  

3.2.1. Mechanisms of resistance to ICB-based immunotherapy. 

Resistance to ICB can be “primary” due to the intrinsic biology of the tumors, or “acquired” developed 

after treatment. Multiple factors have been associated with primary resistance, including: 

(i) High levels of serum lactate dehydrogenase (LDH)127 at the outset.  

(ii) Increased baseline tumor burden128.   

(iii) Lack of PD-L1 expression119 either by tumor cells or immune cells129, or absence of PD-1+ T 

cells130.  

(iv) Lack of tumor T cell infiltration131; that could be due to lack of T-cell recruitment chemokine 

signaling132 or the upregulation of endothelial signals (such as endothelin B receptor133, or VEGF134). 

(v) Low neoantigens/mutational burden135 

(vi) Presence of immunosuppressive transcriptional profiles (such as the “innate anti–PD-1 

resistance signature” IPRES136, among others). 

(vii) Absence of an interferon signature137,138 or inability to respond to interferon due to loss-of-

function mutations in JAK1/2138.  

Moreover, primary resistance to immunotherapy is often observed in patients with either low 

immunogenic tumors (cold tumors), or with lesions infiltrated with immune suppressive cells, such 

as TAMs, Tregs cells and MDSCs. Additionally, one interesting mechanism of resistance to 

immunotherapy that it is being explored is the gut microbiome composition. Indeed, recent studies 

have found an association between the gut microbiota diversity139 and increased abundance of 

specific bacteria139–142 with better response to ICB. Table 2 summarizes the known tumor biological 

characteristics associated with immunotherapy response.   
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Table 2. Characteristics defining tumor immune landscape and immunotherapy response. 
Adapted from 143 . 

 
“Cold” Tumor 

Non-responsive 

“Hot” tumor 

Responsive 

Biological 

characteristics 

 Epigenetic silencing 

 Active β-catenin signaling 

 Mesenchymal-like cells 

 Stem cell-like cells 

 Less differentiated cells 

 Epigenetic reprogramming 

 Suppressed β-catenin signaling 

 Epithelial cells 

 Highly differentiated cells 

 High PD-L1 expression 

Immunological 

characteristics 

 Enriched in immunosuppressive 

cytokines 

 High numbers of Treg and MDSCs 

 Few TH1 cells, NK cells, and CD8+ T cells 

 Few functional antigen presenting cells 

 Enriched in TH1-type chemokines 

 High number of effector immune 

cells (TH1, NK cells, and CD8+ T 

cells) 

 High numbers of functional antigen 

presenting cells 

 

On the other hand, responder patients may develop acquired resistance after treatment with ICB due 

to the selective selection of resistant cells. The acquire resistance mechanisms are similar to those in 

primary resistance, and may include loss of β2 microglobulin (B2M) expression leading to decreased 

immunogenicity144, JAK1/2 mutations138, or up-regulation of additional compensatory immune 

checkpoint proteins (such as LAG-3145, or TIM-3146,147). Given the heterogeneity in the response to ICB 

therapy, identifying the subset of patients that will benefit the most has now become a priority.  

3.2.2. Predictive biomarkers for ICB response. 

Regarding indicators for patient stratification in treatments with immune checkpoint blockers, 

several studies suggest that high expression of PD-L1 correlates with increased response rate and 

survival rates to anti-PD-1 treatment148,149. However, it is now clear than 20-30% of PD-L1-negative 

patients also benefited from anti-PD-1 therapy150, requiring additional biomarkers to stratify patients. 

Other markers have been described in the context of checkpoint blockade, including transcriptional 

gene expression profiles such as the IPRES136 (see Figure 3), or TIDE151 for predicting resistance, or 

more recently the “Immuno-predictive Score” IMPRES152 for prediction of response. While it seems 

that the gene signature for ICB response is consistent152, there is virtually no overlap among previous 

published signatures of resistance, evidencing the complexity of these mechanisms. Cellular markers, 

such as circulating classical monocytes have also been reported to predict the efficacy of immune 

checkpoint blockers153. However, these results have been validated in a relatively small number of 

patients, and do not provide direct targets for clinical intervention. Therefore the field is in need of 

find novel targetable and reliable biomarkers.  
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Figure 3. Overlap in ICB resistance gene expression signatures within different studies.151,136,154,155. 

3.2.3.  Overcoming ICB resistance.  

The tumor microenvironment contains multiple distinct factors that inhibit T cell effector functions 

leading to ICB resistance, thus, blockade of two or more pathways may be necessary for optimal 

therapeutic efficacy. As such, a high priority is being given to logical combinatorial immunotherapies 

for cancer patients156. Preclinical and clinical data on potential synergies between CTLA-4/PD-1/PD-

L1 inhibition and MAPK-targeted therapy are currently emerging157,158. Other promising approaches 

to increase ICB response include concurrent or sequenced CTLA-4 and PD-1/PD-L1 inhibition and 

combination with other immunotherapeutic strategies159. “Cold tumors” (Table 2) deserve special 

attention, as additional adjuvant or pre-treatment strategies may be needed in order to convert this 

kind of tumors into proper candidates for ICB. For example, preclinical models have demonstrated 

that intratumoral administration of IFN-β160, or local radiation therapy161 can favorably alter the 

tumor microenvironment and support improved trafficking of T cells, increasing their 

immunogenicity. One non-conventional way to increase tumor immunogenicity can be achieved by 

the treatment of lesions with focused ultrasound to generate local thermal and mechanical stress in 
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the target cells. This technique has shown to enhanced tumor antigen presentation and 

immunogenicity, leading to tumor regression and T cell activation in immunocompent mice162.  

Another approach to improve immunotherapy responses in “cold tumor” patients is to target tumor 

associated myeloid cells, either to induce an inflammatory phenotype or to abrogate their 

immunosuppressant influence. These strategies consist in either inhibiting the recruitment of 

macrophages at tumor sites, or  promoting their antitumor potential163. In the first scenario, TAM-

recruitment have been prevented in pre-clinical models by modulating the activity of relevant 

chemoattractants such as CCL274, CSF175, VEGF164, or HIF-1α165. Currently, several drugs targeting 

CCL2 or CSF1 have entered phase I and II clinical trials163. Although well tolerated, these approaches 

have not met expectations as single agents166-167. However, targeting TAMs have shown to improve 

immunotherapy in models of pancreatic cancer168,169,170, and at the moment, combination therapies 

with anti-CSF1 blocking antibodies are undergoing early clinical trials163. The second strategy to target 

TAMs exploits the fact that classically-activated M1 macrophages have the capacity to kill tumor 

cells163. This last approach is particularly interesting, since it has been shown that M1 macrophages 

are able to enhance anti-tumor effects in response to monoclonal antibody based immunotherapy; 

such as anti-CD20171–173, anti-CD40174, anti-CTLA4175–177, and anti-PD-L1178 therapies.  

Macrophage M1 polarization is mediated in part by pattern recognition receptors (PRRs), including 

nucleotide-binding oligomerization domains (NODs) and Toll-like receptors (TLRs)179 that respond to 

viral and bacterial derivates. Therefore, the use of analogs of viral products such as the synthetic 

dsRNA compound polyinosinic-polycytidylic acid (pIC), comprises an interesting strategy to activate 

macrophages. pIC serves as an agonist for PRRs, TLR3, and cytoplasmic sensors, such as melanoma 

differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene I (RIG-I), through which 

it regulates myeloid dendritic cells (mDCs) and macrophages activation and maturation180,181 (see 

Figure 4). pIC-mediated DC activation leads to improved anti-tumor Natural Killer (NK) cells responses 

and cytotoxic T cell recruitment, resulting in tumor growth-retardation in several cancer models181–

183. Moreover, preclinical models of melanoma, lung and colon cancer show that the combined 

administration of pIC with anti-PD-L1 blocking antibody results in strong tumor growth reduction, in 

some cases leading to complete eradication and long-lasting protection against tumor relapse184. This 

combination has been shown to be effective even in “cold”-melanoma preclinical models185. 

However, during decades, clinical trials using pIC have been discouragingly ineffective, mainly due to 

its high toxicity at therapeutic doses186,187. Some strategies have been proposed to alleviated pIC-

derived side effects, including the use of pIC-based compounds such as pIC-LC (poly-L-lysine and 

methylcellulose)188, or the chimeric molecule phosphorothioate ODN-guided dsRNA (sODN-
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dsRNA)183, still, these alternatives remain essentially unsuccessful. For this reason, an improved 

formulation of pIC is necessary to make it a good candidate for combinatory clinical trials.  

In this regard, in our lab we have previously described a novel pIC cytoplasmic-delivery system that 

results in direct activation of cytoplasmic dsRNA sensors leading to improved anti-tumor efficacy. By 

the co-administration with polyethyleneimine (PEI) as carrier, pIC activity shifts from a transient 

innocuous transcriptional program to persistent cycles of fusion events, leading to melanoma cell 

death by autophagy189. This results in a strong anti-tumor activity, even in immunodefficient mice in 

vivo. Whether pICPEI (BO-110 for simplicity) system could represent an alternative strategy to 

overcome ICB resistance remains to be elucidate.  

 

Figure 4. Cellular sensors for the recognition of dsRNA and pIC.  
dsRNA can be recognized by TLR3 in endosomes, or by cytoplasmic dsRNA sensors. In endosomes, TLR3 
couples with TRIF to activate downstream signaling. In the cytoplasm, both MDA5 and RIG-I serve as 
dsRNA receptors but distinguish their ligands in part by size; MDA5 binds to long dsRNA, whereas RIG-I 
binds short dsRNA. Both MDA-5 and RIG-I couples with the IFN-β promoter stimulator 1 (IPS-1, also known 
as Cardif, MAVS, or VISA). dsRNA recognition activates transcription factors (i.e. IRF3 and NF-κB) which 
results in the expression of type I IFNs, proinflammatory cytokines, and IFN-stimulated genes. Adapted 
from190. 

4. MIDKINE: A LINK BETWEEN MELANOMA AND THE IMMUNE SYSTEM? 

Midkine (MDK), together with pleiotrophin (PTN), are the only two members of a highly-conserved 

family of heparin-binding cytokines. Indeed, human MDK (13 kDa) shares 87% sequence identity with 

mouse MDK; while human and mouse PTN (15.4 kDa) are 97% homologous. Moreover, MDK and 

PTN share 50% identity in amino acid sequence. MDK is mainly expressed during embryogenesis191, 

while its expression in healthy adult tissue is restricted to the kidney192, keratinocytes193, lung194, 

pituitary gland195 and small intestine196. However, MDK expression is typically weak. Interestingly, 

while there might be some MDK gene expression at mRNA level, other adult healthy tissues generally 

lack detectable MDK protein expression197,198, and the vast majority of the circulating MDK protein 
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is synthesized by the kidneys199. Additionally, some studies suggest that PTN could act in 

compensation for MDK loss, but not the other way around200.  

MDK is a pleiotropic protein, and can bind diverse receptors and proteoglycans (see Figure 5), 

through which regulates development201, cell survival202, neural growth203 and inflammation204. Since 

MDK is a heparin-binding protein, heparan sulphate proteoglycans (HSPGs) such as the syndecans 

(syndecan-1, 2, 3 and 4)205–207; and receptor-type protein tyrosine phosphatase beta (RPTP-β), are 

the main MDK-sequestering receptors208. The best-characterized interaction for MDK is with RPTP-β 

receptor. MDK/RPTP-β interactions drive neurite outgrowth and cell survival203,209; via the RPTP-β-

substrate Anaplastic Lymphoma Kinase receptor (ALK). Briefly, in steady state RPTP-β continuously 

dephosphorylates ALK, keeping it inactive. However, upon MDK ligation, RPTP-β phosphatase effect 

is blocked permitting ALK activation210. This promote cell survival of B cells211 and hematopoietic 

stem cells (HSCs)202,212. Non-proteoglycan receptors, such as some integrins and LRP1, can also 

interact with MDK. The interaction between MDK and integrins (α4β1 and α6β1)213 has been 

implicated in endothelial cell migration214 and immune cell trafficking213, while MDK/Lrp1 signaling 

promotes cell survival and haptotaxis in polymorphonuclear cells (PMN)215–217. For all these MDK has 

been implicated in inflammatory and autoimmune diseases196,204.  

 

Figure 5. Signal receptor complex of midkine and pleiotrophin. 
Midkine (MDK) and pleiotrophin (PTN) are pleiotropic proteins modulating diverse biological via their 
interaction with a variety of receptors under different inflammatory and disease settings. Modified from 
196. 
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4.1. Midkine and inflammation 

MDK has been considered a pro-inflammatory cytokine, as its expression is regulated by the 

activation of NF-κB signaling through TNF-α218–220. In particular, it is thought that MDK regulates 

inflammation in two different manners, (i) by promoting the migration and recruitment of 

inflammatory leukocytes into affected tissues and, (ii) by inducing the secretion of pro-inflammatory 

cytokines (such as CCL2 and CXCL2204,221). Regarding its role in immune trafficking, several studies 

have recognized MDK as an important factor regulating the recruitment of macrophages and 

neutrophils into inflamed tissues; such as the kidney during diabetic nephropathy221,222, the synovial 

tissue in joints with rheumatoid arthritis223, the vascular wall of blood vessels with 

atherosclerosis224,225, and in a hind limb ischemia model226. Although the exact mechanism is still 

unknown, previous studies have suggested that MDK seems to support leukocyte adhesion to the 

vascular endothelium by promoting the high affinity conformation of β2 integrins, thereby facilitating 

their trafficking during acute inflammation226.  

Besides its role in cell trafficking, MDK also actively promotes inflammation in various autoimmune 

diseases. In rheumatoid arthritis, MDK enhanced the production of IL-6, IL-8, and CCL2 by rheumatoid 

synovial fibroblasts, heightening the pathology of the disease227. Moreover, in addition to inducing a 

pro-inflammatory cytokine-response, it has been shown that MDK is a critical suppressor of Treg cell 

expansion in a model of autoimmune encephalomyelitis228,229, and could play an indispensable role 

in the NFAT-regulated activation of CD4+ T cells and TH1 cell differentiation in lupus nephritis230. 

Furthermore, MDK expression is induced during microbial infections, as it exerts  bactericidal194 and 

fungicidal properties231,232.  Several inflammatory cells may act as a source of MDK under pathological 

conditions, such as TH1 lymphocytes during HIV infections233, or monocytes in response to LPS229,234. 

Overall, given MDK expression in inflammatory contexts, its properties as an antimicrobial agent and 

modulation of its activities by host and bacterial proteins, MDK emerges as a promising therapeutic 

target for various autoimmune/inflammatory diseases. 

4.2. Midkine and cancer 

In addition to autoimmune diseases, MDK is also overexpressed in tumor tissues and may play a role 

in malignant transformation235–240. Its expression in tumors and its detection in plasma have been 

associated with poor disease outcome in several cancers, such as oral squamous cell carcinoma241,242, 

bladder cancer236 and pancreatic head carcinoma243. Moreover, it has been reported increased levels 

of MDK in metastatic lesions compared to primary tumors, from prostate carcinoma patients244, and 

thyroid papillary carcinoma patients245. Although its role in tumor progression is still unclear, several 
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studies suggest that MDK could modulate angiogenesis217 and drug resistance by inhibiting cancer 

cell apoptosis246,247. However, the mechanisms by which MDK could modulate these processes are 

yet controversial.  

For instance, one study found that MDK could act as a negative modulator of angiogenesis by 

blocking the VEGF-A/VEGFR2 axis signaling in microvascular endothelial cells in vitro248. However, 

strong evidence suggest that MDK is an important pro-angiogenic factor in oral squamous cell 

carcinoma242, bladder cancer249, and breast carcinoma models250. Supporting this, it has been shown 

that hypoxia can induce MDK expression by PMNs, monocytes and vascular endothelial cells, leading 

to increased vascularization and tumor growth217. Moreover, it has been suggested that the 

interaction between progranulin and MDK could exert an important effect on endothelial cell 

proliferation, migration and tubulogenesis251.  

We have recently found that MDK secreted by melanoma cells promotes lymphangiogenesis by 

activating the mTOR signaling pathway in lymphatic endothelial cells38. In addition to its role in 

vascularization, we also found that higher levels of MDK are associated with enhanced 

transmigration of melanoma cells through the lymphatic endothelium which translated into 

increased melanoma metastasis38.  

Furthermore, MDK pro-survival properties have also strong implications in metastasis. Indeed, it has 

been shown that MDK promotes hepatocellular carcinoma metastasis by conferring resistance of 

circulating tumor cells to anoikis. This study found that MDK-activated ALK triggered downstream 

PI3K/Akt/NF-κB/TrkB signaling, leading to anoikis resistance252.  

Despite the strong implication of MDK in inflammatory diseases, not much is known about how MDK 

could regulate anti-tumor immunity. So far, one study has shown that MDK expression by cancer 

cells indirectly suppresses NK cytotoxicity by inducing MICA/B expression and suppressing NKG2D 

expression253. However, in spite of MDK’s reported functions in myeloid cell recruitment in 

inflammatory/autoimmune diseases and the ability of MDSCs and TAMs to support metastasis and 

immune checkpoint resistance, the influence of MDK on myeloid cells in cancer is still unknown. MDK 

might represent a link between immunity and cancer, emerging as an interesting targetable factor 

in order to prevent tumor progression and therapy resistance.  
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Melanoma is a paradigm of cancers with a remarkable metastatic potential. To address melanoma 

progression in vivo, in our lab we developed unique “MetAlert” mouse models that allowed for the 

first time the visualization of pre-metastatic niches associated to lymphovascular areas in melanoma. 

These animals, together with patient biopsies, revealed a novel melanoma-secreted protein, called 

MIDKINE (MDK), with critical roles in lymphangiogenesis and metastasis. A main objective of this 

PhD Thesis was to assess the role of MDK in tumor immunity, and the implications of the expression 

of MDK in the response to immunotherapy.  

 

Regarding our therapeutic objectives, in our laboratory we have previously developed novel pIC 

dsRNA-based nanoparticles called BO-110. BO-110 was found very active in vivo as an inducer of 

melanoma cell death. A broad antitumor efficacy supported the constitution of a spinoff company, 

which has now a derivative in phase I clinical trials in aggressive cancer patients. Preliminary data 

suggest that BO-110 treatment downregulates MDK expression and secretion by melanoma cells, 

adding to its therapeutic effects in vivo. Still, the mechanisms of action and consequences of BO-110 

treatment are yet to be elucidated.   

 

Therefore, the specific aims of this study were as follows: 

 

1. To assess the effect of MDK on the development of antitumor immunity in melanoma. 

2. To define the role of MDK in the establishment of resistance to immunotherapy. 

3. To evaluate the potential of BO-110 as an immunotherapeutic agent in melanoma.
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1. CELL CULTURE 

1.1. Cell lines 

The human melanoma cell lines SK-Mel-28, SK-Mel-103, SK-Mel-147, UACC62 and WM-164, were 

selected for their genetic background, recapitulating the most frequent genetic alterations in this 

disease38,189. The syngeneic mouse melanoma cell lines B16-V5, B16-F1, B16-F10, B16-F10-Ova, B16-

F1-Ova and B16F1-R2L were selected for their differential metastatic potential in immunocompetent 

mice42. The RAW264.7 cells were selected as an in vitro model of murine macrophages. All these 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza, cat. no. BE12-604F/U1) 

supplemented with 10% fetal bovine serum (FBS, Lonza, cat. no. DE14-801F) and 100 μg/mL 

Penicillin/Streptomycin (Invitrogen, cat. no. 15070-063). The human non-adherent cell lines Jurkat 

E6.1, Raji, YT, and U937 were cultured in RPMI 1640 supplemented with 10% fetal bovine serum. 

The dendritic-like MutuDC 1940 cells (D. Sancho, CNIC) were cultured in IMDM with Glutamax 

medium (ThermoFisher Scientific, Cat. Nº 31980030) supplemented with 10% fetal bovine serum 

inactive (HyClone SV 30160); 10 mM Hepes and 50 µM β-Mercaptoethanol.  

1.2. Human and murine macrophages 

Human monocytes were obtained from normal blood donor buffy coats by a gradient centrifugation 

by human Pancoll (Ibian Technologies, P04-60500). Residual T and B cells were removed from 

monocyte fraction by plastic adherence. Human macrophages were obtained by culturing 106/ml 

monocytes for 6 days in DMEM supplemented with 10% human serum (sigma). Murine bone 

marrow-derived macrophages were obtained from the marrow of femurs of healthy B6 mice and 

maturated with murine CSF1 (10 ng/ml, Peprotech) for 6 days. Macrophages were polarized using 

10 ng/mL of murine IFN-γ (PeproTech) and 10 ng/mL of lipopolysaccharide (LPS; Sigma; M1) or 10 

ng/mL IL4 (M2; PeproTech). When indicated, bone marrow-derived macrophages were additionally 

differentiated for 24h with conditioned medium from MDK-WM164 or MDK-B16 melanoma cells.  

2. MICE 

C57BL/6JOlaHsd (B6) mice were purchased from Harlan. The GEMM melanoma Tyr:CreERT2 

immunocompetent  mouse model (BrafV600E; PTENlox/lox) was bred in house. The Vegfr3Luc; 

Tyr:CreERT2;BrafV600E; Ptenflox/flox animals were generated and genotype as previously described in38. 

Melanomas were induced in 14 week-old mice by topical treatment with 5µl of 5mM 4-hydroxy-

tamoxifen as previously described38. B6- PtprcaRag1ko/koTg(TcraTcrb)1100Mjb/J (OT-I mice)254 were 
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kindly provided by D. Sancho (CNIC, Madrid). IPS-1 and MDA-5 knockout animals were maintained 

in an inbreed C57BL/6 background and genotyped as described by the manufactures189. Syngeneic 

mouse tumor model were generated in 8-week old B6 mice by subcutaneous implantation of 0.5 x 

106 corresponding cells. Tumor growth was followed every two days by measuring the two 

orthogonal external diameters using a calliper. Tumor volume was calculated using the formula (a x 

b2 x 0.52)38. Tumors were excised and processed for histological analysis when they reached 1.5 cm3. 

All experiments with mice were performed in accordance with protocols approved by the 

Institutional Ethics Committee of the CNIO and the Instituto de Salud Carlos III.  

3. NON-INVASIVE IMAGING OF TUMOR GROWTH AND NEO-LYMPHANGIOGENESIS IN VIVO 

Non-invasive imaging of luciferase in the Vegfr3Luc GEMM was performed using an IVIS-SPECTRUM 

imaging system (Perkin Helmer, Baesweiler Germany). Animals were anesthetized with isoflurane 

and injected intraperitoneally with 150 mg/kg luciferin (Perkin Helmer). Sequential images were 

obtained after luciferin injection and the maximum light emission was determined for each animal 

as previously described255. Photons emitted from specific regions were quantified using Living Image 

software (Caliper Life Sciences). In vivo luciferase activity is presented in photons per second per 

square centimeter per steradian (radiance). All experiments with mice were performed in 

accordance with protocols approved by the Institutional Ethics Committee of the CNIO and the 

Instituto de Salud Carlos III.  

4. DRUG TREATMENTS 

For the generation of BO-110 (pIC-PEI), pIC (Calbioc, San Diego, CA) a synthetic analog of dsRNA was 

complexed with inVivo-jetPEI (Polyplus-transfection, Ikirch, France), using an N/P ratio (nitrogen 

residues of JetPEI per RNA phosphate) of 1 to 5189, according to the manufacturer’s indications. For 

in vitro studies, human recombinant Midkine was used a 10 ng/ml concentration (Peprotech, Rocky 

Hill, NJ). Pharmacological inhibitors were used at the following concentrations: ALK inhibitor (NVP-

TAE-684, 1 μM); PI3K inhibitor (GDC0941, 500 nM); mTOR inhibitor Torin1 (1 μM), Rapamycin (1 

μM), Vemurafenib (BRAFi, 10 μM), Dabrafenib (BRAFi, 10 μM), and MEKi (U0126, 10 μM). For type I 

interferon blocking assays, human IFN-β blocking antibody (Clone AF814; R&D) and its corresponding 

isotype (Goat IgG, R&D Systems) were used at a concentration of 0.2 µg/ml. Anti-Interferon-α/β 

Receptor Chain 2 Antibody (IFNA2, clone MAB1155; Millipore) and its corresponding isotype (Mouse 

IgG2a, clone GC270; Millipore) were used at 0.1 µg/ml as suggested by the provider. Where 

indicated, these reagents were added simultaneously with BO-110 to the culture media. 



V. Materials and Methods/Materiales y Métodos 

73 

 

For in vivo treatments, indicated doses of BO-110 were injected intravenously every three days (for 

a total of 4 administrations, unless indicated otherwise). Anti-PD-L1 blocking antibody (clone B7-H1, 

BioXcell) or its IgG2b control isotype (LTF-2, BioXcell) were administered intraperitoneally every 

three days at a dose concentration of 10 mg/Kg body weight (BW), except in combinatory treatmets 

with BO-110, were doses of PD-L1 were suboptimal (5 mg/Kg BW). Anti-PD-1 blocking antibody 

(clone RMP-14, BioXcell) was administered intraperitoneally every three days at a dose 

concentration of 10 mg/Kg body weight (BW).  

5. OVALBUMIN IMMUNIZATION 

Mice were subcutaneously injected with 10 μg of chicken ovalbumin (OVA, grade IV, Sigma) antigen 

emulsified in Complete Freund’s Adjuvant (CFA, BD), or only CFA as negative control, at two doses 

25μl per foreleg.  Ten days later, 5×105 B16-F10 OVA/Empty or OVA/MDK tumor cells were 

inoculated s.c. A vaccine boost containing 10 μg lipopolysaccharide (LPS) as a negative control or 10 

μg LPS plus 10 μg OVA, was administered again on day 15-20.  On day 21 post-immunization, mice 

were sacrificed and their serum analyzed by ELISA using Anti-Ovalbumin IgG1 (mouse) ELISA Kit 

(Cayman Chemicals; 500830).  

 

6. RNA EXTRACTION, PCR AND qRT-PCR  

Total RNA was extracted and purified from cell pellets using RNeasy Mini-Kit (QIAGEN) following the 

manufacturer’s instructions. RNA concentration was determined by NanoDrop Spectrophotometer 

ND-100 (NanoDrop Biotechnologies). 1-2μg total RNA was reverse-transcribed into cDNA using the 

high capacity cDNA reverse transcriptase kit (Applied Biosystems), according to manufacturer´s 

protocol. 20 ng of the total cDNA were subjected to real-time quantitative polymerase chain reaction 

(RT-qRT-PCR - 60°C annealing temperature) using Power SYBR® Green PCR Master Mix (Applied 

Biosystems). Assays were run in triplicates on the 7900HT Fast Real-Time PCR system (Applied 

Biosystems) or QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems). The primer 

sequences are listed on Table 3. HPRT and 18s were used as loading control to normalize mRNA 

expression. 
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Table 3. List of primers used in this Thesis. 

Gene Forward Primers (5’-3’) Reverse Primers (5’-3’) 

18s TTGGAGGGCAAGTCTGGTG CCGCTCCCAAGATCCAACTA 

hCCL2 AGTCTCTGCCGCCCTTCT GTGACTGGGGCATTGATTG 

hCCL3 CAGAATCATGCAGGTCTCCAC GCGTGTCAGCAGCAAGTG 

hCCR7 CAGCCTTCCTGTGTGGTT AGGAACCAGGCTTTAAAGT 

hCSF1 AGTCCGAGGGATCCTCCA CGCTCTCTGAGGCTCTTGAT 

hCXCL10 CCAGAATCGAAGGCCATCAA CATTTCCTTGCTAACTGCTTTCAG 

hCXCL11 ATGAGTGTGAAGGGCATGGC TCACTGCTTTTACCCCAGGG 

hCXCL16 GCCCTTTCCTATGTGCTGTG CAGGTATATAATGAACCGGCAGAT 

hFOSL1 CGAAGGCCTTGTGAACAGA GTTCCTTCCTCCGGTTCCT 

hIFNA2 TCCTGCTTGAAGGACAGACA TCCTGCTTGAAGGACAGACA 

hIFNB1 GCTAGAGTGGAAATCCTAAG ACAGCATCTGCTGGTTGAAG 

hIL1B TACCTGTCCTGCGTGTTGAA TCT TTG GGT AAT TTT TGG GAT CT 

hIL6 CCAGGAGCCCAGCTATGAAC CCCAGGGAGAAGGCAACTG 

hLGALS1 CGCCAGCAACCTGAATCT CAGGTTCAGCACGAAGCTCT 

hLIF TGAAGTGCAGCCCATAATGA TTCCAGTGCAGAACCAACAG 

hMDK CCTGCAACTGGAAGAAGGAG CTGGCACTGAGCATTGTAGC 

HPRT CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA 

hRELA CAGGCGAGAGGAGCACAGA TGTGTAGCCATTGATCTTGATGGT 

hRELT AGCCGTACAAAGTGGCTGAA CTCACTTAGCCGGACCACAT 

hS100A6 ACTGCGACACAGCCCATC GAAGATGGCCACGAGGAG 

hS100A9 GTGCGAAAAGATCTGCAAAA TCAGCTGCTTGTCTGCATTT 

hTGFB1 CCCTGGACACCAACTATTGC CTTCCAGCCGAGGTCCTT 

hTNF CGAGTGACAAGCCTGTAGC GGTGTGGGTGAGGAGCACAT 

hWNT5A GCACTGTGGATAACACCTCTG  CGCGTATGTGAAGGCCGTC 

mArg1 GGAATCTGCATGGGCAACCTGTGT AGGGTCTACGTCTCGCAAGCCA 

mCcl13 AACCGCTTTGTTGAGACCAA CTGCTTCTCAGCTGGCTCTT 

mCcl2 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT 

mCcl7 TTCTGTGCCTGCTGCTCATA TTGACATAGCAGCATGTGGAT 

mCcr7 CTCCTTGTCATTTTCCAGGTG TGGTATTCTCGCCGATGTAGT 

mCd274 AAATCGTGGTCCCCAAGC TCCTCATGTTTTGGGAACTATCT 

mCdh1 ATCCTCGCCCTGCTGATT ACCACCGTTCTCCTCCGTA 

mCxcl10 GCTGCCGTCATTTTCTGC TCTCACTGGCCCGTCATC 

mCxcl11 GGCTGCGACAAAGTTGAAGTGA TCCTGGCACAGAGTTCTTATTGGAG 

mIfnα4 TCCATCAGCAGCTCAATGAC AGGAAGAGAGGGCTCTCCAG 

mIfnβ1 CCCTATGGAGATGACGGAGA TCCCACGTCAATCTTTCCTC 

mIl10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT 
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mIl12 p40 GAAGTTCAACATCAAGAGCAGTAG AGGGAGAAGTAGGAATGGGG 

mIl6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA 

mCsf1 GGTGGAACTGCCAGTATAGAAAG TCCCATATGTCTCCTTCCATAAA 

mMdk CAAGGGACCCTGAAGAAGGC CTTTGGTCTTTGACTTGGTCTTGG 

mNos2 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC 

mCd274 (PD-L1) AAATCGTGGTCCCCAAGC TCCTCATGTTTTGGGAACTATCT 

mDdx58 (RIG-I) TGTTCGAAGTCCGGGATG GCAGAACTGGAACAGGTCGT 

mTgfb1 CGA CTA CTA CGC CAA GGA GGT TGC TTG AAC TTG TCA TAG ATT TCG 

mTnf AGGGATGAGAAGTTCCCAAATG GCTTGTCACTCGAATTTTGAGAAG 

mVegfa TTCGGGAACCAGACCTCTC TTCATGTCAGGCTTTCTGCA 

 

7. GENE SILENCING AND OVEREXPRESSION BY LENTIVIRAL TRANSDUCTION  

MDK silencing was performed by lentiviral-driven expression of shRNAs, with pLKO-constructs 

purchased from Sigma (St. Louis, MO) as previously reported38. For human, MDK-sh2 (238s21c1); 

MDK-sh3 (337s21c1); MDK-sh4 (421s21c1); MDK-sh5 (621s21c1) were used. For mouse, MDK-sh5 

(734s1c1) was selected. Non-Target shRNA (CAACAAGATGAAGAGCACCAA) was used as control. 

Infected cells were selected by incubation with puromycin (1µg/mL) and MDK downregulation was 

determined by protein immunoblotting, ELISA or qRT-PCR.  For the overexpression of human MDK, 

ORF lentiviral expression vector pReceiver-Lv105-A0792 (MDK) and the corresponding empty vector 

were purchased from Genecopoeia (Rockville, MD). Viruses were produced in 293FT cells and 

infections were performed as previously described189. When indicated, cells were stably infected 

with mCherry pLV-puro lentiviral vectors as reported before38. B16-OVAGFP cells were generated by 

transfection of a truncated non-secreted ovalbumin (OVA)-GFP fusion protein (bm1 T OVA) 

generously supplied by D. Sancho (CNIC)256.  

8. PROTEIN IMMUNOBLOTTING 

Cells were harvested and total cell lysates were obtained using 1X Laemmli buffer (62.5 mM Tris-HCl 

pH 6.8, 2% SDS, 10% glycerol and 5% β-mercaptoethanol) and boiled at 95°C for 5 minutes, or using 

RIPA buffer supplemented with proteinase/phosphatase inhibitors. Protein concentrations were 

determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories) according to manufacturer’s 

protocol. Total cell lysates were subjected to electrophoresis in 10, 12 or  4-15%  polyacrylamide  

gradient  SDS  gels  under  reducing  conditions,  and  subsequently  transferred  to  Immobilon-P  

membranes  (Millipore,  Bedford,  MA,  USA) using Mini Trans-Blot Cell system (Bio-Rad 

Laboratories).  Transfer was performed at 100V during 1.5 hour at 4°C. Membranes were blocked 
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with 5% milk in tris-buffered saline with 0.05% Tween-20 (TBS-T) for 1 hour at RT. Primary and 

secondary antibodies were diluted in 5% milk TBS-T incubated overnight at 4°C or 1 hour at RT. 

Primary antibodies used were: iNOS (BD Biosciences, 610333); from Santa Cruz Biotechnology ARG1 

(sc-18354), , Midkine (sc-46701) and p65 (sc-372); from Cell Signaling Technology phospho-p65 

ser536 (3033), STAT3 (9139), MDA-5 (5321), p-ERK (9101) and phospho-STAT3 Tyr705 (9145); and 

from Sigma-Aldrich, β-Actin 1:5000 (A5441), Vinculin 1:500 (V9131) and α-Tubulin (9026). HRP-

conjugated secondary antibodies used were anti-mouse and anti-rabbit (GE Healthcare) or anti-goat 

(Jackson Immunoresearch). Protein  bands  were  detected  by  the  ECL  system  (GE  Healthcare,  

Buckighamshire,  UK).   

For Western blotting of secreted factors, supernatants were concentrated by Centricon YM-10 

(Millipore, Billerica, MA, USA). The volume of the concentrated supernatants was adjusted to 70 μl 

for equal loading, and samples were resolved on 4–12% polyacrylamide gradient SDS gels. Protein 

was transferred to Immobilon-P membranes  (Millipore,  Bedford,  MA,  USA), blocked with 5% dry 

milk in TBS-Tween, and blotted with anti-HMGB1 mAb (R&D Systems, MAB1690), or anti-Midkine 

Ab (Santa cruz Biotechnology, sc-46701).  

9. FUNCTIONAL ASSAYS 

9.1. Cytotoxic effect of macrophages on melanoma cells 

PBMCs isolated from healthy human blood donors were cultured in MACS® GMP Cell Differentiation 

Bags (Miltenyi, Cat. Nº 170-076-400) with 10% human serum for 7 days, changing media every 2 

days. On day 7, mature macrophages were counted and seeded in 24-well glass bottom plates (GBO, 

Cat. Nº 662892). Macrophages were then labelled with CellTracker™ Green CMFDA (Life 

Technologies, Cat. Nº C2925) at 1 μM in medium without serum (37ºC for 15 min). mCherry SK-Mel-

28 human melanoma cells were selected for their BRAFV600 mutant background. Both macrophages 

and melanoma cells were treated for 3 hrs with pIC (0.5 μg/mL) or BO-110 (0.5 μg/ml); or overnight 

with 10 μM Vemurafenib (Selleckchem, Cat. Nº S1267) or 5 μM U0126 (Calbiochem, Cat. Nº 662005). 

After treatments, drugs were removed and treated or untreated melanoma cells were resuspended 

and seeded (40.000 cells per cell) with the treated macrophages. Co-cultures were maintained for 

16 hrs, and then cells were fixated with 4% paraformaldehyde solution and analyzed with an OPERA 

Microscope.  
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9.2. In vivo phagocytosis assay  

Pre-treated (BO-110, 0.5 μg/ml, 16h) melanoma mCherry labeled cells were resuspended in PBS, and 

mice were injected i.p. with  1x 106 cells/per mouse. Mice were sacrificed after 30 min and total cells 

were retrieved by peritoneal lavage. Cells were then labeled for F4/80 macrophage marker. 

Phagocytosis was analyzed by flow cytometry gating on F4/80-positive cells and mCherry expression. 

“Phagocytic   index”   was   used   to   estimate   the   total   amount   of apoptotic cells removed by 

calculating (the mean fluorescence intensity of the phagocytosing cells) x  (the percentage of cells 

that had phagocytosed). 

9.3. MDSCs-T Cell cytotoxicity assay 

MDK-conditioned bone marrow derived macrophages were prepared as described above. On day 5, 

MDK-conditioned or control macrophages were co-cultured with B16-F10-OVAGFP target cells in a 

1:10 and 1:4 ratio. After 24 hours, effector activated OT-1 T cells were added to the culture for 

additional 24 hours. Cells were then washed and analyzed by flow cytometry, and cell death was 

determined by DAPI and Anexin V-APC expression in GFP positive melanoma cells.  

9.4. In vivo OVA-specific T cell assay 

Mice were inoculated with the Ova-expressing B16 melanoma cell line (B16-OVA)257 s.c. in the flank 

(105 cells), and tumor growth was monitored for 20–30 days. Mice were treated with pIC, BO-110 

(1.2mg/Kg BW) or Vehicle for 2 weeks (2 doses/week). At day 22, mice were transferred with 5x104 

pre-activated OTI T cells previously FACS-sorted from spleens and draining lymph nodes of OTI mice. 

At day 24, B16-OVA tumors and spleens were analyzed by FCs and total amount of Ova Specific OTI 

T cells were estimated. This assay was performed in collaboration with the group of Dr. David Sancho 

(CNIC). 

10. QUANTIFICATION OF MELANOMA-SECRETED FACTORS BY ELISA 

MDK secretion by melanoma cells was performed using the Human MIDKINE ELISA Development Kit 

(Prepotech; 900-K190) on media collected 24h after cell plating. Readings were obtained for three 

independent biological replicates. Ccl5 secretion by B16-F10 melanoma cells upon BO-110 or pIC 

treatment was determined by murine Ccl5 development Kit (Prepotech; 900-M124) on media 

collected at different time points after treatment.  
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11. TUMOR DIGESTION  

Tumors of ~500 mm3 were dissected from mice and total weight of removed tumor tissue was 

determined. Tumors were then minced using scalpels and digested with 500 U/ml Collagenase IV 

(Sigma),  and 200 mg/ml DNAse I (Roche) per 0.3 grams of tumor weight for 30 minute at 37° C  bath. 

After incubation, tumors were then passed through a 40 μm cell strainer to remove large pieces of 

undigested tissue. Erythrocytes were lysed using Red Blood Cell Lysis Solution (Miltenyi, 130-094-

183).  

12. FLOW CYTOMETRY 

For cell surface staining, 1x106 cells were incubated with anti-Fc receptor blocking antibody (clone 

2.4G2) and stained with indicated antibodies (see table ) in DPBS, 2%  BSA and 5 mM EDTA, for 30 

min on ice. Viability was assessed by staining with 40 ,6-diamidino-2-phenylindole.  FoxP3 staining 

was performed using Foxp3 / Transcription Factor Staining Buffer Set (eBioscience) following the 

manufacturer’s instructions. For intracellular staining of ARG1, cells were first fixed and 

permeabilized using Fixation/Permeabilization Solution Kit (BD, 554714). LIVE/DEAD® Fixable Aqua 

Dead Cell Stain Kit (ThermoFisher Scientific) was used for viability staining of fixed cells. All flow 

cytometry was performed on a BD Fortessa flow cytometer. Analysis of flow cytometry data was 

done using Flowjo (Treestar). The following antibodies were use in this Thesis: 

Table 4. Antibodies used for flow cytometry analysis in this Thesis 

Epitope Fluorosphore Cat number Provider 

ARG1 APC IC5868A R&D systems 

B220 AF700 557957 BD pharmigen 

CD11b PerCPCy5.5 550993 BD pharmigen 

CD11c APC 550261 BD pharmigen 

CD11c AF488 117313 Biolegend 

CD25 PerCPCy5.5 45-0251-82 eBioscience 

CD3 APC Cy7 100221 Biolegend 

CD4 PE 553048 BD Bioscience 

CD4 PeCy7 25-0041-81 BD pharmigen 

CD45 Pe-Texas Red ab51482 Abcam 

CD45 APC Cy7 103115 Biolegend 

CD45 APC 559864 BD pharmigen 

CD8 FITC 553030 BD Bioscience 

F4/80 APCeF780 47-4801-80 ebioscience 



V. Materials and Methods/Materiales y Métodos 

79 

 

FoxP3 PE 72-5775-40 eBioscience 

GR1 PeCy7 552985 eBioscience 

Ly6C PE 560592 BD pharmigen 

Ly6G PeCy7 560601 BD pharmigen 

MHCII APC 107613 Biolegend 

NK1.1 PeCy5 108715 Biolegend 

 

Cells were discriminated using the following combinations of cell markers after gating on single cells 

(discriminated by FSC-A and FSC-H) and excluding non-viable cells.  

CD4+ Th cells: CD45+CD3+CD4+CD8- FoxP3- 

CD8+ T cells: CD45+CD3+CD4-CD8+ 

Treg: CD45+CD3+CD4+ CD8-FoxP3+CD25+ 

TAMs: CD45+CD11b+ Ly6C–Ly6G–F4/80+  

Monocytes and M-MDSCs: CD45+CD11b+Ly6C+Ly6G–  

Neutrophils and GR-MDSCs: CD45+CD11b+Ly6G+Ly6C–  

 

For calreticulin staining (CRT), cells were incubated for 45 min at 4°C with an anti-CRT rabbit 

polyclonal antibody (catalogue number PA3-900, ABR-Affinity BioReagents Inc., Golden, CO), diluted 

1:500 in 100 μL of PBS-BSA. After this time the cells were washed twice with PBS-BSA and incubated 

with 100 μL anti-rabbit fluorescein isothiocyanate (FITC)-conjugated antibody (diluted 1:50 in PBS-

BSA, Sigma Chemical Co.) for 30 min at 4°C in the dark. The samples were then washed twice in PBS-

BSA, fixed with 0.2 mL of 2% w/v paraformaldehyde and re-suspended in 500 μL PBS-BSA. The 

fluorescence of each sample was recorded using a FACS-Calibur system (Becton Dickinson, Bedford, 

MA). For each analysis 10,000 events were collected; the green fluorescence of FITC was detected 

using a 530 nm band pass filter.  

 

13. HISTOLOGICAL ANALYSES  

Tissues were fixed in formalin and embedded in paraffin. Sections were prepared for hematoxylin-

and-eosin (H&E) staining. For immunostaining, 3 µm paraffin sections were deparaffinized and 

antigen retrieval was performed using Tris-EDTA pH 9. Endogenous peroxidase activity was 

quenched with 3% hydrogen peroxide. Ultravision ONE Detection System (RTU, Thermo Scientific, 

Waltham, MA) was used following manufacturer’s protocols. Sections were counterstained with 

hematoxylin (Anatech, Battle Creek, MI) and mounted with permanent mounting medium. For 

immunofluorescence, tissue sections were deparaffinized, incubated overnight with primary 
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antibodies at 4 °C in a humidified chamber and then rinsed and incubated with fluorescent secondary 

antibodies for 1 hour at room temperature. Nuclei were counterstained with Dapi. Negative controls 

were obtained by omitting the primary antibody. Image mosaics were acquired at 40xHCX PL APO 

1.2 N.A. oil immersion objective using a confocal TCS-SP5 (AOBS-UV) confocal microscope and 

“intelligent matrix screening remote control” (iMSRC) tool. Images were subsequently analyzed with 

ImageJ software. The following antibodies were used at indicated dilutions: 

Table 5. Antibodies used for histological analysis in this Thesis. 

Antibody Cat. Number Species Dilution Provider 

mARG1 sc-18354 goat 1:400 Santa Cruz Biotechnology 

mF4/80 MCA497 Rat 1:100 ABD Serotec 

miNOS 610333 Rabbit 1:100 BD Biosciences 

mCD3e sc-1127 Goat 1:100 Santa Cruz Biotechnology 

mFoxP3 AM (221D) Mouse 1:100 Generated by the Monoclonal 
Antibodies Unit from CNIO 

mPD-L1 13684 Rabbit 1:100 Cell signaling technology 

mTRP2 sc-10451 goat 1:200 Santa Cruz Biotechnology 

hMDK sc-46701 mouse 1:25 Santa Cruz Biotechnology 

CD31 ab28364 Rabbit 1:200 Abcam 

 

14. LC-MS/MS ANALYSIS 

For secretome profiling, conditioned media was collected from 6x106 cells, 24h after plating, and 

samples were digested by means of the standard FASP (Filter Aided Sample Preparation) protocol258. 

Briefly, samples were resuspended in UT buffer (8M urea in 100 mM Tris-HCl, pH=8.01). Proteins 

were then reduced with 10 mM DTT, alkylated using 50 mM IAA for 20 min in the dark. Proteins were 

digested with Lys-C (Wako, Neuss, Germany) during 6 hours (1:50). Finally, samples were diluted in 

50 mM ammonium bicarbonate to reduce the urea concentration to 1M, and were subsequently 

digested with Trypsin (Promega, Madison, WI; 1:100 sample concentration, overnight at 37 °C). 

Resulting peptides were desalted and using micro-columns filled with Poros Oligo R3 beads (Life 

Technologies). Samples were dried and dissolved in 30 µL of 0.1% formic acid (FA). Peptides were 

separated by RP chromatography using a nanoLC Ultra system (Eksigent, Dublin, CA), directly 

coupled with a LTQ-Orbitrap Velos instrument (Thermo) via nanoESI (ProxeonBiosystem, Waltham, 

MA). Peptides were loaded onto a Reprosil-Pur C18 column (3 m, 400x0.075 mm; Dr. Maisch, 

Ammerbuch-Entringen Germany), with a trapping column (Prot Trap Column 0.3 x 10 mm, ReproSil 

C18-AQ, 5 µm), for 10 min with a flow rate of 2.5 L/min of loading buffer (0.1% FA). Elution was 
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performed with a 120 min linear gradient (buffer A: 2% ACN, 0.1%FA; buffer B: 100% ACN, 0.1%FA) 

at 300 nL/min. Peptides were directly electrosprayed into the mass spectrometer using a PicoTip 

emitter (360/20 OD/ID µm tip ID 10 µm, New Objective) at 1.4 kV spray voltage with a heated 

capillary temperature of 325°C and S-Lens of 60%. Mass spectra were acquired in a data-dependent 

manner, with an automatic switch between MS and MS/MS scans using a top 10 method. MS spectra 

were acquired with a resolution of 60000 (FWHM) at 400 m/z in the Orbitrap, scanning a mass range 

between 350 and 1500 m/z. Peptide fragmentation was performed using collision-induced 

dissociation (CID), set at 35%. Label-free quantification was performed in MaxQuant (1.5.1.2) using 

default settings and further statistical analysis of the quantitative data was conducted with Perseus 

(1.5.1.6).  

 

15. RNA SEQUENCING  

RNA sequencing was performed by Genomics Unit from CNIO. Integrity of RNA was evaluated by 

Agilent 2100 Bioanalyzer using RNA 6000 Pico kit following manufacturer’s recommendations. An 

estimated mass of 20 ng RNA per sample (1 μg for input samples) was processed with Ribo-Zero Gold 

Kit (Epicentre, cat. no. RZHM11106/RZG1224) for ribosomal RNAs removal. RNAs were randomly 

fragmented, converted to double stranded cDNA and processed through subsequent enzymatic 

treatments of end-repair, dA-tailing, ligation to adapters and amplification by PCR with Illumina PE 

primers. The purified cDNA library was applied to an Illumina flow cell for cluster generation (TruSeq 

cluster generation kit v5) and sequenced on Illumina Genome Analyzer IIx with SBS TruSeq v5 

reagents following manufacturer’s protocols. Fastq333 files with 40-nt single-end sequenced reads 

were quality-checked with FastQC334 and aligned to the human genome (GRCh37/hg19) with TopHat-

2.0.4335, using Bowtie 0.12.7336 and Samtools 0.1.16337, allowing two mismatches. For each read, only 

the alignment with the best score was considered.  

 

16. BIOINFORMATICS ANALYSIS AND STATISTICAL ANALYSIS 

Significantly enriched (p≤0.05) “GO immune system process (ISP)” between the secretome of 

WM164-MDK and WM164-Ctrl melanoma cells were identified by using Cytoscape v3.2.1259 and the 

ClueGO v2.1.7 plug-in260. Gene Set Enrichment Analysis (GSEA) was performed using annotations 

from a broad library of molecular Signature Databases (MSigDB), including Reactome, KEGG, PID, 

BIOCARTA and Hallmarks pathways databases. Genes were ranked using expression levels. After 

Kolmogorov-Smirnoff correction for multiple testing, only those pathways bearing a FDR <0.25 were 

considered significant261. Heatmap and correlation graphs for RNA and protein levels were created 
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by Perseus v1.5.1.6, or Morpheus heatmaps262. Protein networks were created by using Search Tool 

for the Retrieval of Interacting Genes/Proteins (STRING)263. And Venn diagrams were created by 

using online tools Venny v2.0264.  

For assessing MDK relevance in clinical data, first the 15 top and bottom percentile of TCGA 

metastatic melanoma patients were selected on the basis of their Midkine-associated gene 

expression profile (MAGEP). These patients were then interrogated using the Tumor Immune 

Dysfunction and Exclusion (TIDE) online web tool265, for estimation of anti-PD1 responses according 

their gene expression profile.   

Tumor growth curves were analyzed by one way and two-way ANOVA with Dunnett´s multiple 

comparation text (mixed model) considering matching among the measures at different time points. 

P-values were indicated in each figure for statistical significant comparisons (p<0.05). For the analysis 

of proteomic data, LFQ values were log2 transformed and missing data were imputed based on the 

observed normal distributions (width value = 0.3 and down-shift = 2). Then, a two-sample Student’s 

Test was performed using the following settings and filters in the Perseus software. 
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1. AIM 1. IMPLICATIONS OF MIDKINE IN TUMOR IMMUNITY 

We have previously identified the melanoma-secreted protein MIDKINE (MDK), with critical roles 

in lymphangiogenesis and metastasis38. In this Thesis, we further explored the role of MDK in 

melanoma progression and therapy resistance. At the outset, transcriptomic analyses were 

performed from human melanoma cells lines in gain-of function (GoF) and loss-of-function (LoF) 

models to identify the transcriptional programs controlled by MDK. MDK-associated gene 

expression profile was then integrated with transcriptomic data derived from bulk tumor samples 

compiled in TCGA databases. Extensive bioinformatics analyses, mouse models, and in vitro 

functional assays led us to unveil novel implications of MDK in the promotion of tumor 

inflammation and immunotherapy resistance. Moreover, by histological validation in clinical 

biopsies, MDK emerged as a reliable biomarker to predict responses to checkpoint inhibitors. 

1.1. MDK-associated gene expression profile correlates with poor prognosis 

To identify genes that may act downstream of MDK, LoF and GoF assays were performed to 

manipulate the endogenous levels of MDK in melanoma cells. For LoF, we depleted MDK in highly 

metastatic SK-Mel-147 melanoma cells as we have previously reported38. In turn, GoF studies 

were done by restoring MDK expression in otherwise MDK-negative WM164 melanoma cells. 

Transcriptomic and bioinformatics analyses identified a cluster of 1103 genes from the LoF model 

(Supplementary Table 1), and a cluster of 3186 genes from the GoF model (Supplementary Table 

2), that were differentially expressed (p<0.05) upon MDK modulation (Figure 6a).  We defined this 

gene set as MDK-associated gene expression profile (MAGEP). These differentially expressed 

genes were then mined through transcriptomic profiles of a large cohort of SKCM metastatic 

patients (n=368) contained in the TCGA dataset. Single-sample gene set enrichment analysis 

(ssGSEA) was then performed to identify patients whose gene expression profile resembled MDK-

GoF or MDK-LoF signatures (MAGEP). Surprisingly, metastatic melanoma patients showed a 

strong linearity (R2=0.758; p=1.79 x10-146) in the expression of MAGEP. We then selected samples 

within the top (High, n=42) and bottom (Low, n=30) 15 percentile scoring in this analysis (Figure 

6b) to further explore the relevance of MAGEP expression in melanoma patients. Remarkably, 

patients on the top 15 percentile of the MAGEP expression profile presented poorer survival 

probability than those from the lower 15 percentile (Figure 6c, p=0.0146).  

Prompted by these results, we next further exploited the TCGA dataset to define the impact of 

MDK in other tumor types. Indeed, MAGEP expression profile correlated with worse prognosis in 

patients with glioma, glioblastoma, kidney renal clear cell carcinoma, and lung squamous cell 
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carcinoma, which evidence the broad applicability of MAGEP for predicting clinical outcome in 

cancer patients (Figure 6d,e). 

Figure 6. MDK-driven gene expression changes is associated with bad prognosis in melanoma and 
other types of tumor types. 
(a) Heatmap representing differentially expressed genes upon MDK overexpression in WM164 
melanoma cell line (GoF, left panel) vs MDK depletion in SK-Mel-147 melanoma cell line (LoF, right 
panel), integrating MAGEP signature. (b) ssGSEA analysis of MAGEP expression within TCGA datasets 
of metastasis from melanoma patients (n=368). Patients with high MAGEP expression (Red; 15 top 
percentile, n=42) or low MAGEP expression (Blue; 15 bottom percentile, n=30) were selected for 
further analysis. (c) Kaplan-Meier curves of overall survival in TCGA melanoma patients according their 
MAGEP expression. (d) ssGSEA analysis of the correlation between MAGEP expression within TCGA 
datasets of metastasis from glioma, glioblastoma, kidney renal clear cell carcinoma and lung squamous 
cell carcinoma patients. Patients with high MAGEP expression (High; 15 higher percentile) or low 
MAGEP expression (Low; 15 lower percentile) were selected for further analysis. (e) Kaplan-
Meier curves of overall survival in TCGA patients from (d) according their MAGEP expression. 
MAGEP=Midkine Associated Gene Expression Profile. 

To further understand the changes associated with MDK in melanoma, we next interrogate the 

differentially expressed genes associated to MAGEP expression in the 15 top and bottom 

percentile of melanoma metastases samples from the TCGA databases. Interestingly, in high 

MAGEP we identified a significant cluster of genes related to immune system upregulated 

samples (Figure 7a). Additionally, there was a marked upregulation of genes related to ECM 
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remodeling, metabolism, cell signaling, and vasculogenesis (Figure 7a), supporting our previous 

data that MDK acts as a pro-metastatic factor in melanoma38.  

In the light of these results, we took advantage of computational deconvolution techniques to 

extract cell subset-specific information from the TCGA metastatic melanoma (whole-tumor) 

transcriptomic data. Deconvolution by ‘Estimation of STromal and Immune cells in MAlignant 

Tumours using Expression data’ (ESTIMATE) method266, showed that while there was no 

difference in stromal compartment (data not shown), there was a significant increase in immune 

score, in particular associated with an increased leukocyte score, in samples with high MAGEP 

expression (Figure 7b). Together these results suggest a possible role for MDK in modulating tumor 

related inflammation.  

Several tumor-infiltrating inflammatory cells, including TAMs, MDSCs and Tregs, are responsible 

for chronic inflammation in cancer267. Therefore, we set to identify the contribution of different 

immune subsets to MDK-driven inflammation in our bioinformatics analysis. First, we used a 

compendium of macrophage-specific genes155 we observed that, compared to tumors with low 

MAGEP expression, tumors with high MAGEP expression were strongly enriched for the 

macrophage signature (NES= 2.588; P < 0.0001) (Figure 7c). In addition, we performed a GSEA 

analysis using a previously published gene set specific for MDSCs268. Remarkably, high MAGEP 

expression samples showed a significant enrichment in MDSCs signature (Figure 7d). Next, we 

performed a more detailed deconvolution using ‘CIBERSORT’269 –as well as TCGA deconvolution 

data from literature270-. These analyses identified an increased in macrophages and T regulatory 

cells, with no significant differences in other immune cell content (Figure 7e). Finally, we 

determined the orientation of the immune contexture in high MAGEP expression tumors. For this 

we evaluated two representative gene signatures for IFN-γ271 and TGF-β response272, considered 

indicators of anti-tumor immune responses and pro-tumor immune responses, respectively270. 

Remarkably, while there was no significant difference in IFN-γ response, high MAGEP expression 

tumors had increased TGF-β response scores (Figure 7f). Together this data suggests an 

association of MDK expression to an immune suppressive tumor microenvironment in metastatic 

melanoma patients, not previously reported in the literature.  
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Figure 7. MDK-driven gene expression profile is associated with changes in the immune infiltrate 
content.  
(a) Heatmap showing gene expression changes in samples of melanoma metastases from TCGA 
categorized according their Midkine-associated Gene Expression Profile (MAGEP) score (High MAGEP 
n=42; Low MAGEP n=30). Gene clusters identify mayor biological processes relevant in cancer, 
significant at FDR<0.25 level. (b) ImmuneScore (from ESTIMATE deconvolution method) and leukocyte 
infiltration score (estimated by CIBERSORT) for patients in (a). Enrichment score for (c) macrophage-
specific transcriptional signature273, and (d) myeloid derived suppressor cells signature268 in (a). (e) 
Immune cell deconvolution ((estimated by CIBERSORT) for NK cells (NK), dendritic cells (DC), 
monocytes (Mo), macrophages (Mac), and T cells (CD4+, CD8+ or Tregs), and (f) immune contexture 
according the expression of IFN-γ signature or TGF-β signature in TCGA melanoma metastasis samples 
with high versus low MAGEP expression. Statistics= two-tailed T Test.  

To evaluate if genomic changes were responsible for the increased inflammatory state observed 

in high MAGEP expressing tumors, we analyzed the mutational load associated to molecular 

pathways reported to be important for inflammatory processes. However, we could not identify 

any significant difference between tumors with high or low MAGEP expression (Table 6). 

Therefore, suggesting that MDK-driven immunomodulation is independent of genomic changes 

and neoantigen load. 
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Table 6. Differential mutational load in indicated pathways comparing MDK high signature versus MDK 

low patients. 

Mutational load p-value 

KEGG JAK/STAT signaling pathway 0.812 

BIOCARTA inflammation pathway 0.527 

REACTOME MHCII antigen presentation 0.466 

KEGG oxidative phosphorylation 1 

KEGG DNA replication 1 

BIOCARTA NF-κB pathway 0.441 

KEGG WNT signaling pathway 0.315 

 

1.2. MDK favors accumulation of myeloid derived suppressor cells  

To further define the physiological relevance of these results, and to assess the direct contribution 

of MDK expression to tumor-mediated inflammation, we characterized the immunophenotype of 

MDK-GoF and LoF melanoma mouse models. First, MDK overexpressing WM-164 melanoma cells 

were injected subcutaneously into the back of 7-week-old athymic nude (Crl:NU(NCr)-Foxn1nu) 

female mice, and tumors of similar sizes were analyzed when they reached 400 mm3. By 

fluorescence imaging, we observed that MDK overexpression correlated with an accumulation of 

chitinase-like 3 (YM1) and inducible nitric oxide synthase (iNOS) -both immunosuppressive 

markers expressed in myeloid cells (Figure 8).  

 

Figure 8. MDK favors myeloid derived suppressor cells recruitment to the tumor. 
Immunofluorescence microscopy for MDK (green), TAM marker YM1 (red) and iNOS (white) in WM164 
xenografts upon MDK overexpression.  

To further confirm these results, we assessed arginase I (ARG1) expression in MDK-positive and 

negative lesions, as this is a known marker of immunosuppressive myeloid cells. Interestingly, we 

observed a massive accumulation of ARG1-positive cells surrounding intratumoral blood vessels 
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(CD31), and in inner areas of WM164-MDK overexpressing xenografts (Figure 9a). Interestingly, 

this ARG1+ cells often co-localized with areas of MDK accumulation. Confirming these results in a 

syngeneic B16-F10 melanoma mouse model implanted in immunocompetent mice (C57BL6/J), 

ARG1+ cells infiltration was enhanced two- to threefold upon MDK overexpression, as assessed 

by flow cytometry analysis (Figure 9b). Important to note, as we have previously described, MDK 

expression did not affect tumor growth38, which allowed us to compare cell composition within 

samples of equivalent tumor size. To assess the direct effect of MDK expression in myeloid tumor 

infiltration, we set a GoF assay using the low MDK-expressing B16-F1 melanoma cells, and 

analogously, a LoF assay using the high MDK-expressing B16R2L melanoma cells42 (Figure 9 c-f). 

MDK overexpression in B16-F1 xenografts was accompanied by a significantly increased of 

myeloid cell intratumoral content (CD11b+, Figure 9c), in particular, of MDSCs identified by GR1 

expression (Figure 9d). Consistent with this data, MDK depletion in B16R2L melanoma cells 

correlated with a significant decreased in the tumor myeloid (Figure 9e) and MDSCs content (Figure 

9f).  

Next, we further analyzed the origin of the MDSC in MDK expressing tumors. To this end we used 

a specific panel of markers (see Introduction section 2.2) to differentiate monocytic-MDSCs 

(CD11b+Ly6C+Ly6G-), from PMN-MDSCs (CD11b+Ly6C+Ly6G+), and TAMs (CD11b+F4/80+). Our flow 

cytometry analysis showed that monocytic-MDSCs (M-MDSCs) with increased expression of 

ARG1, comprised the majority of the myeloid cells infiltrating MDK-expressing tumors (Figure 9g). 

Of note, TAMs, although not necessarily more abundant than M-MDSCs, also expressed higher 

levels of ARG1 in MDK-expressing tumors (Figure 9h), indicating an additional effect of MDK in 

myeloid cell polarization in vivo. To validate these results, we compared ARG1 mRNA levels in 

different preparations of myeloid cells exposed to MDK. As shown in Figure 9i, incubation of bone 

marrow-derived macrophages (cultured with GMCSF or CSF1), or RAW264.7 murine macrophages 

with conditioned medium from WM164-MDK melanoma cells, led to a significantly ARG1 

upregulation, as assess by qRT-PCR analysis (Figure 9 i-k). Moreover, bone-marrow derived 

macrophages increased ARG1 expression in response to treatment with recombinant MDK, both 

at mRNA and protein level (Figure 9 l-m). These results indicate that MDK is not only an active 

recruiter factor that mobilizes macrophages and MDCS into tumors, but more important, it also 

acts as a modulator of the immune suppressive functions of these cells, as measured by ARG1 

expression. 
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Figure 9. MDK favors intratumoral recruitment and accumulation of myeloid derived suppressor 
cells.  
(a) Immunofluorescence microscopy for MDK (green), Arg1 (red) and endothelial cell marker CD31 
(white) in WM164 xenografts upon MDK overexpression. (b) Representative histogram (left panel), 
and quantification (right panel) of intratumoral ARG1-expressing cells in B16-F10 tumors upon MDK 
overexpression, as measured by flow cytometry (FC). (c) Representative histogram (left) and 
quantification by FC (right) of intratumoral myeloid cell content (CD11b+), and (d) MDSC populations 
(CD11b+GR-1+) in B16-F1 tumors upon MDK overexpression. (e) Representative histogram (left) and 
quantification (right) of intratumoral myeloid cell content and (f) MDSC populations in B16-R2L tumors 
upon MDK depletion (sh2), by FC. (g) Quantification of PMN-MDSCs (CD11b+Ly6G+Ly6C-), M-MDSCs 
(CD11b+Ly6G+Ly6C+) and TAMs (CD11b+F4/80+) in B16-F10 tumors upon MDK overexpression, and (h) 
quantification of ARG1-expressing cells in these immune populations, as measured by FC. Statistical 
analysis: Two-tailed T-test. (i) qRT-PCR analysis of Arg1 expression in BMDM differentiated for 5 days 
with GM-CSF, (j) RAW264.7 macrophages, or (k) MCSF derived-BMDMs after treatment for 2 days with 
conditioned media from WM164-empty or WM164-MDK melanoma cells. (l) qRT-PCR analysis of Arg1 
in MCSF derived-BMDMs treated with indicated doses of recombinant MDK for 48 hrs. (m) Western 
blot analysis of ARG1 in BMDM upon treatment with recombinant MDK (10 ng/ml) for 2 days. 
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1.3. NF-κB as a main driver of MDK immune modulation 

Several tumor-secreted proteins, including CCL2, CCL5, IL-8 (CXCL8) and CSF1, have been 

previously associated with increased myeloid cells infiltration267. To determine whether autocrine 

binding of MDK in melanoma cell could promote the secretion of these and other chemotactic 

factors, we performed a proteomic analysis of the secretome of WM164 melanoma cells upon 

MDK overexpression. Remarkably, MDK overexpression resulted in the enhanced secretion of up 

to 587 proteins, and decreased secretion of 94 proteins (Figure 10a). Out of the up-regulated 

genes, almost 1/5 of all secreted proteins are known regulators of immune cell trafficking, as 

identify by Ingenuity Pathway Analysis analysis (Figure 10b).  

Figure 10. Proteomic analysis of melanoma secretome 
identifies an inflammatory program modulated by MDK 
expression. 
(a) Volcano plot showing proteins differentially secreted in 
WM164 melanoma cells upon MDK overexpression. (b) 
Heatmap representing main proteins identified from (a).  

 

 

 

 

Cytoscape Gene Ontology analysis -performed to identify Immune System processes in MDK-

associated secretome- showed two main enriched clusters of interaction networks related to 

“leukocyte activation involved in immune response” and “regulation of the innate immune 

system”, as identified by ClueGo tool (Figure 11). 
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Figure 11. Melanoma MDK-associated secretome is enriched in myeloid cells-modulating factors. 
Interaction networks of proteins enriched in the secretome of WM-164 melanoma cells upon MDK up-
regulation. The networks were identified using Cytoscape and ClueGo, by GO Immune functions 
analysis. Size of the nodes indicate statistical significance of the terms as indicated: pV<0.001, pV<0.01, 
and pV<0.05. 

These results suggest an activation of a pro-inflammatory program mediated by the expression 

of MDK in melanoma cells. Inflammation has been recognized as a hallmark of cancer274. Gene 

set enrichment analysis (GSEA) of the transcriptomic data of MDK-expressing WM164 cells 

compared to control cells was then used to define a possible downstream effector of MDK. The 

“TNF-α signaling via NF-κB” pathway as the most significantly enriched biological process in MDK-

expressing melanoma cells (Figure 12a). Consistently, the main proteins found in the secretome 

of MDK-expressing melanoma cells are strongly associated with the TNF-α and NF-κB pathways, 

as showed by STRING network analysis (Figure 12b). According with these results, MDK expression 

in WM164 melanoma cells also increased a NF-κB related pro-inflammatory transcriptional 

signature, including the expression of known NF-κB transcription factors FOSL1, RELA (p65) and 

RELT, as assessed by qRT-PCR analysis (Figure 12c). Other inflammation-related processes, such as 

“Inflammatory response”, “TGF-β signaling”, “IL2-STAT5 signaling”, and “IL6-JAK-STAT3 signaling” 

pathways were also significantly enriched. In contrast, IFN-α and IFN-γ signaling pathways were 

significantly repressed in MDK-expressing melanoma cells (Figure 12a), which could have further 

implications in the establishment of tumor immune surveillance275. These results suggest that 

MDK expression activates pathways related to suppression of anti-tumor immune responses via 

the activation of NF-κB signaling.  
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Figure 12. MDK overexpression is associated with increased NF-κB signaling factors. 
(a) Enrichment analysis (GSEA) of ’Hallmark’ gene sets enriched in the RNAseq expression analysis of 
WM164-MDK vs WM164-Empty melanoma cells. (b) String network analysis of immune relate proteins 
in MDK-driven secretome suggest a correlation with TNF and NF-κB signalling pathways. Indicated are 
fold induction values for each protein. (c) qRT-PCR analysis of NF-kB related genes significantly 
(p<0.05) upregulated in WM164-MDK melanoma cells (dotted line indicates WM164-Empty levels). 

We then focused on p65 phosphorylation as a redout of NF-κB pathway. In cancer cells, ser-536 

of endogenous p65 is rapidly phosphorylated in response to a wide variety of NF-κB stimulants 

such as TNF-α in the cytoplasm and rapidly dephosphorylated in the nucleus276. To validate that 

MDK drives NF-κB activation in melanoma cells, we treated WM164 melanoma cells with 10 ng/ml 

of recombinant MDK, or TNF-α as a positive control, and assessed NF-κB phosphorylation by 

Western blot analysis. Interestingly, while TNF-α treatment led to a rapid phosphorylation-

dephosphorylation of p65, MDK treatment induced a more sustained phosphorylation of p65 

(Figure 13a). This suggest a different dynamic of MDK-induced NF-κB activation.  
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Figure 13. MDK induces p65 phosphorylation in melanoma cells in an ALK-dependent manner. 
(a) Western blot analysis of NF-kB p65 (ser536) phosphorylation in starved WM164 melanoma cells 
upon treatment with recombinant MDK or TNF (10 ng/ml) at the indicated time points. (b) Cell viability 
and (c) MDK secretion by WM164-MDK and WM164-Empty melanoma cells upon treatment with ALK 
inhibitor (NVP-TAE684, 500 nM), PI3K inhibitor (GDC0941, 500 nM), mTOR inhibitor (Torin1, 1 µM), 
and NF-κB (IKK-2) inhibitor (TPCA-1, 1 µM) for 3 days. (d) qRT-PCR analysis of MDK mRNA levels in 
WM164-MDK vs WM164-Empty melanoma cells upon treatment with the inhibitors for ALK, PI3K, and 
NF-κB, for 24 hours. (e) Western blot analysis of NF-kB p65 (ser536) phosphorylation in starved 
WM164 (top) and SK-Mel-29 melanoma cells (bottom) upon treatment with PI3K inhibitor, mTOR 
inhibitor, ALK inhibitor, and NF-κB inhibitor for 2 hours, and then treated with recombinant MDK (10 
ng/ml) for 30 min.  (f) qRT-PCR analysis of IL6 and TNF mRNA levels in WM164-MDK vs WM164-Empty 
melanoma cells upon treatment with ALK inhibitor, NF-κB inhibitor, and PI3K inhibitor, for 24 hours.  

 

We then questioned the mechanism by which MDK may activate NF-κB signaling in melanoma 

cells. Previous studies have shown that MDK binds to ALK receptor, and subsequently activates 

the PI3 kinase (PI3K) and MAP kinase pathways, which induce cell proliferation and enhance 

angiogenic and anti-apoptotic activities in multiple cell types277.  Moreover, we have previously 

shown that MDK activates the mTOR pathway in lymphatic endothelial cells38. There is evidence 

to support a crosstalk between Akt/PI3K signaling pathway and NF-κB278, and it has been shown 

that mTOR downstream from Akt controls NF-κB activity in cancer cells279. Therefore, we tested 

the effect of pharmacological inhibition of ALK (NVP-TAE684), PI3K (GDC0941) NF-κB (IKK-2, TPCA-
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1) or mTOR inhibition (Torin1) (Figure 13b). Our results showed that mTOR inhibition reduced MDK 

secretion, but significantly impaired cell proliferation, thus preventing further considerations 

(¡Error! No se encuentra el origen de la referencia.c). However, inhibition of either ALK, PI3K or 

IKK-2 reduced the impact of MDK on p65 phosphorylation without affecting proliferation, or MDK 

secretion significantly (Figure 13c-e).  Moreover, none of these treatments altered MDK mRNA 

expression in WM164-MDK melanoma cells (Figure 13d), suggesting that these inhibitors block 

downstream effectors of MDK. Indeed, inhibition of ALK, IKK-2 or PI3K significantly decreased the 

expression of NF-κB-related inflammatory proteins, such as IL6 and TNF-α, which are up-regulated 

upon MDK overexpression (Figure 13f). Overall, these results suggest that MDK promotes an 

alternative activation of the NF-kB via an ALK/PI3K/IKK2 signaling pathway in melanoma cells. This 

in turn leads to a chronic activation of a pro-inflammatory secretory program involved in the 

recruitment and polarization of immunosuppressive myeloid cells. 

1.4. MDK-induced secretome activates STAT3 in myeloid cells. 

An enhanced secretion of chemotactic factors via NF-kB activation in melanoma cells could 

explain the increased infiltration of myeloid cells in MDK expressing tumors; however, it does not 

explain how MDK promotes immune suppression.  Therefore, we questioned what other signaling 

pathways were being activated by MDK expression in tumors. Intriguingly, MDK expression 

correlated with an enrichment in the IL-6-JAK-STAT3 signaling score in GSEA analysis from both 

TCGA patient data (Figure 14a), and in the gain-of-function melanoma model (Figure 12a). Indeed, 

histological analysis of melanoma xenografts showed an increased phosphorylation of STAT3 in 

the stroma of MDK expressing tumors (Figure 14b).  This was interesting, since it is known that the 

interaction between STAT3 and NF-κB is key for the communication between cancer cells and 

inflammatory cells280. In fact, NF-kB-related cytokines are able to activate STAT3 in both cancer 

and immune cells, and it has been suggested that STAT3 activation in myeloid cells modulates 

multiple aspects of MDSC physiology, including their expansion and activity281. Moreover, STAT3 

activation modulates the suppressive functions of ARG1 in both infiltrating and circulating 

MDSCs281. To define the possible contribution of MDK to the activation of STAT3 in myeloid cells, 

bone marrow-derived macrophages were cultured with conditioned medium from MDK 

expressing melanoma cells. Indeed, MDK-educated macrophages showed an increased STAT3 

phosphorylation compared to those cultured with MDK-negative melanoma medium, as assess 

by Western Blot analysis (Figure 14c). Moreover, MDK-conditioned media induced an 

immunosuppressive program in bone marrow-derived macrophages by upregulating the 

expression of cytokines and growth factors related with angiogenesis, tumor-progression, 

immunotherapy resistance and metastasis (Figure 14d). However, this effect was abrogated when 

bone marrow-derived macrophages were cultured with conditioned medium from WM164-MDK 
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melanoma cells pre-treated with ALK, IKK-2 or PI3K inhibitors (Figure 14e). Therefore, these data 

further support the hypoThesis that autocrine modulation of MDK in melanoma cells induces a 

NF-κB-derived inflammatory secretome able to polarize myeloid cells by the paracrine activation 

of STAT3. 

 
Figure 14. MDK activates the JAK-STAT3 signaling pathway in myeloid cells and promotes their 
immunosuppressive polarization. 
(a) Enrichment score for the Hallmark Gene set IL6-JAK-STAT3 signaling in TCGA melanoma patients 
with High MDK signature vs Low MDK signature (NES= normalized enrichment score). (b) 
Immunohistochemical staining for phosphorylated STAT3 Tyr705 (Brown) in WM164 xenografts upon 
MDK overexpression. (c) Western blot analysis of total STAT3, pSTAT3 and ARG1 in bone marrow-
derived macrophages (BMDM) upon treatment with MDK overexpressed or control WM164 (top), or 
SK-MEL-29 (bottom) melanoma conditioned medium for 5 days. (d) qRT-PCR analysis of 
immunosuppressive markers in bone marrow derived macrophages (BMDM) upon treatment with 
WM164-empty or WM164-MDK melanoma conditioned medium for 5 days. Statistical analysis, One-
way Anova with Dunnet post-Test. (e) qRT-PCR analysis of immunosuppressive markers in BMDM upon 
culture for 4 days with WM164-empty (dashed line) or WM164-MDK melanoma conditioned medium 
pre-treated with ALK inhibitor (NVP-TAE684, 500 nM), NF-κB (IKK-2) inhibitor (TPCA-1, 1 µM), and PI3K 
inhibitor (GDC0941, 500 nM), for 24 hours. Statistical analysis: one-way Anova with Dunnet post-Test. 
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STAT3 signaling in tumor-associated macrophages and MDSC has been associated with reduced 

cytotoxic T cell responses and tumor-immune tolerance282. Thus, next we assessed the effect of 

MDK-conditioned macrophages on T cell cytotoxicity. As effector cells, we used OT-1 transgenic 

CD8+ T cells recognizing the chicken OVA–derived peptide SIINFEKL in the context of H-2Kb. B16-

F10-OVA target cells were co-cultured with bone marrow-derived macrophages differentiated in 

vitro with MDK- or Empty-melanoma conditioned medium and CSF1 (10 ng/ml), or only CSF1 as 

control. As shown in Figure 15a, co-culture with MDK-conditioned macrophages significantly (p < 

0.001) reduced the ability of OT-1 T cells to kill the target cells at 1:4 ratio, compared to co-

cultures with control counterparts (empty), as measured by flow cytometry analysis. 

Moreover, by GSEA analysis we found that High MAGEP expressing patients (TCGA) were 

significantly enriched of a specific T cell dysfunction signature (TIDE283, Figure 15b). This is 

interesting as this signature identify dysfunctional T cells in late stages, which are resistant to ICB 

reprogramming, thus showing high score of this signature predicts resistance to ICB therapy151. 

Overall, these results evidence additional roles of MDK in tumor immune evasion, and suggest a 

possible correlation of MDK with ICB responses in melanoma patients.  

 
Figure 15. MDK is associated with impaired T cell function in vitro and in vivo.  
(a) OT-I T cell killing of antigen bearing B16-OVA-Empty or B16-OVA-MDK target tumor cells in the 
presence of BMDM at indicated ratios (BMDM:OT1). Dashed line indicates basal death levels. 
Statistical analysis, Two-way Anova. (b) ) Enrichment score for the “T cell dysfunction Signature” 
(TIDE)151 in TCGA melanoma patients with High MDK signature vs Low MDK signature (NES= 
normalized enrichment score). 
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2. AIM 2. ROLE OF MDK IN THE RESISTANCE TO IMMUNOTHERAPY 

2.1. MDK expression overcomes preexisting vaccine-induced immunity  

All our previous results suggest that MDK is a novel tumor-secreted factor able to promote an 

immunosuppressive microenvironment which as such, may favor tumor immune evasion. To 

address the implication of MDK expression in pre-existing tumor immunity, we used a classical 

tumor vaccination assay. To this end, MDK was expressed along the putative antigen chicken 

ovoalbumin (OVA) in B16-F10 mouse melanoma cells, and implanted in immune competent, 

syngenic C57BL/6 mice (Figure 16a). These mice were previously vaccinated against OVA, thus, 

under normal conditions; OVA-expressing melanoma cells are unable to grow due to 

immunological pressure. There was not differences in anti-OVA IgG1 production between MDK 

and Control mice, which suggest that MDK expression does not alter humoral immunity (Figure 

16b). However, MDK-expressing B16-OVA cells were able to grow regardless previous OVA 

vaccination (Figure 16c), in contrast with control counterparts. Once more, we found that MDK 

expressing tumors had increased levels of ARG1+ cells (Figure 16d) consistent with an increased 

myeloid cells infiltration, including macrophages (MФ), MDSCs (Ms) and CD11c+ cells (Figure 16e). 

Moreover, there was a remarkable blunt in T cell infiltration (CD3+), which additionally shifted 

from T cytotoxic cells (CD8+) to T helper (CD4+) and Treg cells (FoxP3+CD4+CD25+) in MDK 

expressing tumors (Figure 16f). Interestingly, this phenotype was emphasized in MDK expressing 

vaccinated mice, which could explain the inefficiency of the vaccination in these mice.  
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Figure 16. MDK induces resistance to pre-established anti-tumor immunity.  
(a) Experimental setup for the OVA-vaccination assay using C57BL6/J mice immunized (Imz) with CFA 
+ 10 ng of chicken ovoalbumin (OVA) per mice. Control mice received a placebo vaccine of CFA. A 
rechallenge vaccine was administered on indicated day using LPS (10 ng per mice) and OVA (10 ng per 
mice), or only LPS in control mice. (b) Quatification of anti-OVA IgG1 levels in blood after OVA 
vaccination, as measured by ELISA. (c) Growth curves of control (Empty) and MDK B16-OVA tumors 
after OVA vaccination. Graph shows tumor volume in mm3 at the indicated time point. Statistical 
analysis: Two-way Anova. (d) Immunohistochemical staining for MDK (Red, top panels) and ARG1 
(Pink, bottom panels) in B16-OVA-Empty vs B16-OVA-MDK xenografts OVA upon vaccination. (e) 
Analysis of the percentage of infiltrating myeloid cells (CD11b+) in B16-MDK vs Empty B16 tumors. 
Data shows mean ± SEM.  Right: Heatmap representing the three sub-populations of myeloid cells in 
each group, identified as macrophages (Mφ, F4/80+), Myeloid derived suppressor cells (GR-1+) and DCs 
(CD11c+). (f) Analysis of the percentage of CD3e+ infiltrating cells in B16-MDK vs Empty B16 tumors by 
flow cytometry. Data shows mean ± SEM. Right panel: Heatmap representing the three sub-
populations of T cells in each group, identified as cytotoxic T cells (CD8+), T helper cells (CD4+FoxPE3-) 
and Tregs (CD4+CD25+FoxP3+) by FC.  

2.2. MDK as a marker of resistance to immune checkpoint blockade  

Taken together, these results prompted us to investigate whether MDK expression may limit 

melanoma response to immune checkpoint blockade (ICB). We use the B16-OVA model for its 

high immunogenicity and strong response to ICB. Remarkably, we found that in contrast with the 
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significant therapeutic effect seen in control tumors, treatment of MDK-expressing B16-OVA 

tumors with αPD-L1 blocking antibody (10 gr/Kg body weight) did not significantly impaired tumor 

growth (Figure 17a). Flow cytometry analysis showed a significant increase in Treg circulating cells 

(FoxP3+CD4+CD25+)(Figure 17b), a marked reduction in activated CD8+PD-1+ T cells (Figure 17c), and 

an overall reduction in the CD8/Treg cells ratio in blood of MDK-tumor bearing mice upon αPD-

L1 treatment (Figure 17d). These results, therefore may explain the lack of therapeutic responses.  

For independent confirmation, tumor-bearing mice were treated with αPD-1 blocking antibody. 

This treatment also resulted significantly less efficient in MDK-expressing tumors (Figure 17e), 

correlating with increased tumor accumulation of Tregs (Figure 17f) and impaired infiltration of 

CD8+ T cell (Figure 17g), and a reduction of the intratumoral CD8/Treg ratio (Figure 17h).  

 

Figure 17. Midkine induces resistance to immune checkpoint blockade in mice. 
(a) Growth curves of control and MDK B16-Ova tumors treated with IgG2b isotype control (10 gr/Kg) 
or anti-PD-L1 blocking monoclonal antibody (clone 10F.9G2, 10 gr/Kg) on indicated days (arrows). (b) 
Total Treg (c), CD8+PD-1+ T cells (d), and CD8/Treg ratio quantification in blood from (a), at end point. 
(e) Growth curves of control and MDK B16-Ova tumors treated with IgG2a isotype control (10 gr/Kg) 
or anti-PD-L1 blocking monoclonal antibody (clone RMP1-14, 10 gr/Kg) on indicated days (arrows). (f) 
Percentage of intratumoral Treg, (g) CD8+PD1+ T cells, and (h) CD8/Treg ratio quantification from (e), 
at end point, as assessed by FC.  Statistical analysis: Two-way Anova.  

To explore the clinical relevance of MDK-driven tumor immune tolerance in the response to 

immune checkpoint blockade, we interrogated the Midkine-associated gene expression profile 

(MAGEP) with several published signatures of resistance (Figure 18a). Interestingly, we found that 

MAGEP integrates numerous resistance-related genes contained in all sets of published 

signatures, even if these do not overlap (Figure 18a). Furthermore, we examined the expression 

of MAGEP in transcriptomic data from tumor of metastatic melanoma patients stratified into 
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responders (complete) and non-responders (progressive) after αPD-1 therapy136. Interestingly, 

progressive tumors showed significantly higher scores of MAGEP expression compared to 

responder tumors (Figure 18b). This prompted us to interrogate the potential clinical response to 

ICB of the metastatic melanoma patients from the TCGA dataset, and to contrast it with their 

MAGEP expression profile. For this we took advantage of the computational framework TIDE151,265 

a gene expression biomarker able to confidently predict ICB clinical responses using bulk tumors 

gene expression profiles. Remarkably, High MAGEP expression concurred with non-responders to 

ICB, while Low MAGEP expression positively identified potential good responders to ICB (Figure 

18c). All these supports the clinical relevance of MAGEP, not only for its prognostic value in 

melanoma progression (Figure 6c), but also as a powerful tool to predict resistance to 

immunomodulatory agents.  

 
Figure 18. MAGEP levels of expression correlates with immunotherapy resistance in humans. 
(a) ICB resistance gene expression signatures in different studies. Highlighted in red are genes found 
in our MAGEP signature (b) MAGEP score in complete responders (n = 4) and progressive (n = 13) 
melanomas to anti-PD-1 therapy, obtained from 136. Statistical analysis= two-tailed T-test. (c) 
Prediction of clinical response to ICB in High MAGEP vs Low MAGEP expressing patients from the TCGA 
metastatic melanoma patients using the TIDE gene expression biomarker from 151,265. 

Overall, in this first part of this Thesis, we have described novel mechanisms –mediated by MDK- 

driving immune checkpoint blockade resistance in melanoma. These mechanisms have important 

clinical relevance, as MDK not only emerges as an attractive target, but also serves as a predictive 

biomarker for the identification of resistant patients that will need additional therapeutic 
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interventions. In the next section, we explore the therapeutic potential of one alternative strategy 

to turn “cold” unresponsive tumors, into good ICB therapy candidates. 

3. AIM 3. THERAPEUTIC POTENTIAL OF dsRNA-BASED NANOPLEXES AS A STRATEGY TO 

OVERCOME ICB RESISTANCE IN MELANOMA.  

During our early studies characterizing the pro-lymphangiogenic/metastatic roles of MDK, we 

screened for drugs that could antagonize its effect for therapeutic applications, using for this 

purpose our lymphoreporter Vegfr3Luc;Tyr:CreERT2;BrafV600E;Ptenflox/flox (MetAlert) mouse model. 

Within our screenings, our property compound BO-110 (Figure 19a), constituted by long dsRNA 

(pIC) and a carrier (polyethylenimine, PEI), emerged as a powerful agent able to completely inhibit 

Vegfr3-associated lymphangiogenesis, translating into a potent therapeutic benefit (Figure 19b). 

Moreover, BO-110 treatment significantly blunted MDK mRNA expression (Figure 19c) and 

secretion by melanoma cells, both in vitro (Figure 19d) and in vivo (Figure 19e), accounting for its 

anti-lymphangiogenic effect. To identify the mechanisms by which BO-110 inhibits MDK 

expression, we then performed proteomic (ITRAQ) analysis of melanoma cells SK-MEL-28 and SK-

MEL-147 upon BO-110 treatment. Bioinformatic analysis of this data identified Type I IFN signaling 

as the main up-regulated pathway by BO-110 treatment (Figure 19f). Indeed, BO-110 treatment –

but interestingly not its naked counterpart pIC-, achieved a 8000 times fold induction of IFN- 

expression by melanoma cells (Figure 19g). Moreover, this IFN upregulation was functionally 

relevant, as blocking antibodies against IFN-β or against IFNα/β Receptor Chain 2 (IFNA2) 

counteracted the impact of BO-110 on MDK expression (Figure 19h).  
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Figure 19. Inhibitory effects of BO-110 on MDK is mediated by the activation of a potent Type I IFN 
response. 

(a) Schematic representation of BO-110 formulation. (b) BO-110 treatment impact on Tyr:CreERT2; 
BRAFV600E;Ptenflox/flox; Vegfr3Luc mice. Upper panels correspond optical photographs of animals treated 
with vehicle or with 6 doses of BO-110 (0.8 mg/kg, twice a week, 3 weeks), and depilated to ease in 
the imaging. These same animals are shown in the bottom panels for luciferase emission centering on 
the tumor or on sentinel lymph node. Scale, p/s/cm2/sr (x106). (c) Inhibitory effect of the indicated 
doses of BO-110 (in µg/ml) on MDK mRNA expression in SK-Mel-147 melanoma cells, determined by 
qRT-PCR. Data correspond to average mRNA levels of three experiments normalized to vehicle control 
± SD. (d) Quantification of MDK secretion over time in SK-Mel-147 melanoma cells treated with 0.5 
µg/ml BO-110, as assessed by ELISA. Data correspond to mean ± SD of 3 biological replicates. (e) 
Immunohistochemical analysis of MDK repression (red staining) in SK-Mel-147 xenografts after 
treatment with BO-110 (0.8 mg/kg, 2 doses/week). Histological staining in tumors extracted from 
animals treated with vehicle control (V) are included as a reference. Nuclei were counterstained with 
hematoxylin. (f) Heatmap graphs showing a Hallmark and Reactome Geneset Enrichment Analysis of 
pathways enriched in an ITRAQ proteomic analysis of SK-Mel-28 and SK-Mel-147 melanoma cells 

treated with BO-110 (1g/ml, 16 hours) normalized to vehicle. Notice that IFN type I signaling is highly 
upregulated. (g) Relative levels INFβ1 in UACC62 melanoma cells treated with pIC or BO-110 (0.5 

g/ml, 24h), qRT-PCR analysis. (h) Quantification of the impact of BO-110 treatment alone or in the 
presence of the indicated blocking antibodies for type I IFN (IFN-β or IFNA2) on MDK mRNA expression 
in SK-Mel-147 melanoma cells.  

In the light of these results, and given MDK’s immunosuppressive effects describe before, next 

we set to characterize the potential of BO-110 as an immunotherapeutic agent for treating 

melanoma patients, especially in the context of ICB resistance. 
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3.1. BO-110 induces an immunological cell death of melanoma cells 

Previous studies carried in our laboratory demonstrated that BO-110 is able to induce apoptosis 

and autophagy of melanoma cells, by activating the endolysosomal machinery and the caspase 

cascade189,284,285. In contrast with naked-pIC, BO-110 have a strong cytotoxic effect in melanoma 

cells, however, cell viability of hematological cancer cell lines remained unaffected upon 

treatment (Figure 20a). Depending on the triggering stimulus, cell death can be either 

immunogenic or non-immunogenic286. Non-immunogenic cell death is a silent death that 

generally promotes tolerance, thus, when it comes to anti-cancer therapies, inducers of 

immunogenic cell death (ICD) are preferable287. Analogous to BO-110 effects, ICD is always 

preceded by autophagy288,289. Moreover, in models of ovarian290 and pancreatic cancer291, 

cytosolic delivery of pIC led to a strong ICD. To test if BO-110 could be inducing a similar 

mechanism of cell death in melanoma cells, we evaluated the expression and secretion of known 

ICD markers: high-mobility group box 1 protein (HMGB1) and calreticulin, at different time points 

after treatment. Indeed, BO-110 -but not pIC-induced the secretion of soluble HMGB1 -a damage-

associated molecular pattern that acts as a pro-inflammatory mediator292- by melanoma cells as 

soon as 16 hour post treatment (Figure 20b), while intracellular levels of this protein remained 

stable (Figure 20b). Additionally, BO-110 treatment induced the expression of calreticulin on 

melanoma plasmatic membranes (Figure 20c), which make them susceptible to phagocytes 

recognition288,293. Moreover, as mentioned above, BO-110 treatment is dominated by a strong 

induction of type I IFN response (Figure 19f-g), which is known to mediate a wide range of immune-

stimulatory activities291. Thus the release of type I IFN, together with tumor cell death, can 

synergistically induce a strong therapeutic anti-tumor immunity160. Additionally, type I IFNs have 

shown to up-regulate major histocompatibility (MHC) class I molecules, an event that leads to 

improved T cell recognition and destruction of melanoma cells291. Consistent with this, 

transcriptomic analysis of human melanoma cells at 4 hours and 10 hours after pIC or BO-110 

treatment showed that BO-110 induces the expression of all genes encoding for MHC class I 

molecules (Figure 20d). Altogether, these results indicate that BO-110 induces a strong ICD, which 

could have important repercussions in in vivo tumor cell recognition. 
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Figure 20. BO-110 induces a strong immunogenic cell death of melanoma cells. 
(a) Cell viability of melanoma cells (SK-Mel-103), NK-like cells (YT), T cells (Jurkat E6.1) and B cell lines 
(U266 and Raji), upon pIC or BO-110 treatment (0.5 μg/ml, 24h) as measured by CellTiter assay. (b) 
Protein blot showing expression of soluble HMGB1 (sHMGB1) and endogenous HMGB1 (eHMGB1) by 

B16-F10 cells upon pIC and BO-110 treatments (0.5 g/ml) during the course of 24h. (c) Representative 
histograms (left) and quantification (right) of the expression of calreticulin in SK-Mel-103 cells upon 

pIC or BO-110 treatment (0.5 g/ml, 24h), as assess by FC. (d) Heatmap showing expression of HLA-

related genes by SK-Mel-103 melanoma cell upon pIC or BO-110 treatment (0.5 g/ml), as assess at 
mRNA level by transcriptomics analysis.  

3.2. BO-110 induces a massive mobilization of immune cells and tumor growth retardation 

Previous studies with pIC have shown therapeutic benefits in several cancer models181–183. 

However, in these studies, the therapeutic effects of pIC treatment was independent of MHC class 

I expression or tumor cell death, but was rather an adjuvant effect in NK cells182. Similarly, in a 

lymphoma model, pIC treatment induced a mild tumor growth retardation due to its adjuvant 

properties, however, when administer in combination with tumor antigens, pIC anti-tumor 

immune effect was enhanced183. Thus, traditionally pIC has been used as a means to potentiate 

other therapeutic strategies. To assess and characterize the therapeutic potential of BO-110, we 

systemically treated B16-F10 tumor-bearing C57BL/6 mice with pIC or BO-110 (0.8 mg/Kg BW), 

over the course of 2 weeks, two administrations per week. We observed that while pIC have a 

mild therapeutic effect in vivo, treatment with BO-110 strongly inhibited tumor growth (Figure 

21a). Both pIC and BO-110 treatment produced a strong mobilization of myeloid cells in blood. 

However, BO-110 was significantly stronger at mobilizing neutrophils and CD11c+ activated 

myeloid cells (Figure 21b). In contrast, characterization of tumor infiltrating cells by flow cytometry 

showed that BO-110 treatment, but not pIC, had a significant impact in the tumor-immune 

content (Figure 21c), in particular, on the infiltration of CD11b+ myeloid cells (Figure 21d). Of these, 

GR-1+ myeloid cells, which includes inflammatory monocytes/macrophages and granulocytes, 
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were the main population of cells enriched by BO-110 treatment (Figure 21e). While regarding T 

cells infiltrates, BO-110 treatment significantly increased cytotoxic T cell tumor-infiltration, but 

not CD4+ T cells or B cells (Figure 21f). 

 

Figure 21. Therapeutic effect of BO-110 in vivo is associated with a systemic mobilization and 
accumulation of myeloid cells.  
(a) Tumor growth of B16-F10 transplants from mice i.v. treated with pIC or BO-110 (0.8 mg/Kg) versus 
vehicle (control) after 2 weeks of treatment. Arrows indicate time points of treatment. (b) Percentages 
(mean ± SD) of the indicated hematopoietic populations in the blood of C57BL6/J mice after BO-110 
or pIC treatment (0.2 mg/Kg) compare to control mice, as determine by FC.  Percentage (mean ± SEM) 
of tumor infiltrating (c) CD45+ immune cells, (d) myeloid cells from, (e) different populations of 
lymphocytes or (f) different tumor infiltrating myeloid populations of from (a), as determine by FC. 

To further define the myeloid cells recruited by BO-110 in tumors, we next evaluated the 

expression of Ly6C, F4/80 and Ly6G antigens, which discern monocytes, macrophages, and 

neutrophils, respectively (Figure 22a), all of which were found significantly accumulated upon BO-

110 treatment, but not pIC. Moreover, macrophages were also found accumulated in other 

lymphoid organs, such as the spleen (Figure 22b, c) and liver (Figure 22c) upon BO-110 treatment. 

All these results show that, in contrast with its naked counterpart, BO-110 treatment have an 

active effect in immune cell modulation in cancer.  
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Figure 22. BO-110 induces a 
systemic mobilization and 
recruitment of myeloid 
cells. 
(a) Percentage (mean ± 
SEM) of neutrophils 
(Ly6G+Ly6C+, left panel), 
inflammatory macrophages 
(F4/80+Ly6C+, center panel) 
and monocytes (F4/80-

Ly6C+, right panel) in B16-
F10 transplants from mice 
i.v. treated with pIC or BO-
110 (0.8 mg/Kg) versus 
vehicle (control) after 2 
weeks of treatment, as 
determine by FC. (b) Total 
(mean ± SEM) macrophage-
infiltration in spleens of 
tumor-bearing mice from 
(a), as determine by FC. (c) 
Histology analysis of 
macrophage infiltration 
(CSF1) in spleens (top 
panels) and livers (bottom 
panels) from (a). 
 
 

3.3. BO-110 treatment confers tumor-suppressive functions on macrophages 

Given pIC known properties as an innate immunity activator, the strong effect of BO-110 in 

macrophage recruitment/mobilization, and the dual roles that these cells exert in tumors, we 

next evaluated the effect of BO-110 on the functional state of macrophages. First, we compared 

the recognition capability of different myeloid cells to both pIC and BO-110. Interestingly, the 

activation of dsRNA sensor MDA-5 was better achieved by BO-110 than pIC treatment both in 

murine melanoma cells B16-V5 and in RAW264.7 macrophages, while in MutuDC1940 murine 

dendritic cells both pIC and BO-110 treatment mildly activated this sensor (Figure 23a). Similarly, 

BO-110 proved to be a better activator than pIC on murine macrophage-like cell line RAW264.7 

as shown by the up-regulation of dsRNA sensor RIG-I by qRT-PCR analysis (Figure 23b), and the 

expression of CD11c marker by flow cytometry analysis (Figure 23c). Our next question was 

whether BO-110 and pIC could be activating different dsRNA sensors in macrophages. To test this, 

we isolated mouse bone marrow-derived macrophages (mBMDMs) from genetically-engineered 

mouse models, knockout for either MDA5-/- or its downstream signaling protein, IPS1, and 

analyzed the type I IFN response upon pIC or BO-110 treatment (Figure 23d). Our results show 

that while pIC seems to be dependent on both MDA-5 and IPS-1 to induce a proper type I IFN 

response; BO-110 effect was not impaired in MDA5-/- macrophages, but it still needed IPS1 
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signaling, suggesting that BO-110 may preferentially be identified by RIG-I sensor in macrophages 

(Figure 23d).  

Figure 23. BO-110 induces M1 
polarization of macrophages via 
activation of cytoplasmic dsRNA 
sensors RIG-I and MDA-5, on a IPS-
1 dependent manner. 
(a) Protein blot showing dsRNA 
cytoplasmic MDA-5 activation 
upon BO-110 or pIC treatment (0.5 
μg/ml) of mouse melanoma cells 
(B16-V5), mouse dendritic cells 
(MutuDC1940) and mouse 
macrophages (RAW264.7). (b) 
Activation of dsRNA sensor RIG-I 
(Ddx58) by pIC or BO-110 
treatment (0.5 μg/ml) in mouse 
macrophages as measured by qRT-

PCR. (c) Fold induction of activation marker CD11c of mouse macrophages after treatment in vitro with 
pIC or BO-110 (0.5 μg/ml, 24 h) as measured by FC. (d) Fold induction of IFN-β in bone marrow-derived 
macrophages from MDA5-/- or IPS1-/- mice after treatment with pIC or BO-110 (0.5 μg/ml, 16h). 

Next, as previous studies have shown that pIC can activate macrophages in vitro180, and as BO-

110 is therapeutically more potent than naked pIC, we questioned whether it was also more 

efficient on anti-tumoricidal macrophage activation. To this end, mBMDMs (Figure 24a) or human 

peripheral blood mononuclear cells-derived macrophages (PBMCMs; Figure 24b) were treated 

with BO-110 or naked pIC to assess changes in M1/M2 polarization markers. Analysis by qRT-PCR 

indicated a marked increase in M1 markers by BO-110 and even a reversion in the polarization of 

macrophages from a “M2” to a “M1” phenotype, while changes in M1 or M2 markers by pIC were 

comparatively minor (Figure 24a). This effect was also confirmed in human peripheral blood 

macrophages (Figure 24b). This polarization swift of macrophages upon BO-110 treatment was 

correlated with functional changes, as shown by nitric oxide production measured by Griess assay 

(Figure 24c). Furthermore, type I IFN response was as well significantly stronger on BO-110 

treatment than naked pIC, both in BMDMs (Figure 24d) and human macrophages (Figure 24b). 

Currently, many clinical trials are searching for the best candidates for combinations for anti-PD-

1/PD-L1 based treatments. Among these candidates are oncogenic targeting strategies as BRAF 

inhibition with Dabrafenib and Vemurafenib, and MEK inhibition with U0126. Indeed, it has been 

shown that BRAF inhibitors may modify the immune landscape of tumors106,114. For this reason, 

we next compared the effect of BO-110, pIC and BRAF/MEK inhibitors on macrophage activation. 

As shown in Figure 24e, Dabrafenib and Vemurafenib induced a detectable activation 

(phosphorylation) of ERK, likely as result of paradoxical activation of the pathway by BRAF 

inhibition as described in other systems before294. However, BO-110 was the only drug able to 
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induce a “M1” polarization of macrophages, measured by the activation of iNOS and the 

repression of ARG-1 in BMDM (Figure 24e). Functional assays also proved that BO-110 treatment, 

either to melanoma cells, macrophages or in both compartments, was sufficient to induce a 

strong and efficient elimination of the melanoma cells by the macrophages (Figure 24f). We them 

perform a similar setting to compare the functional activation of macrophages upon treatment 

with clinical relevant drugs. For this, we pre-treated human PBMCMs with BO-110 (0.5 μg/ml), 

pIC (0.5 μg/ml), Vemurafenib (10 μM) or MEK-inhibitor U0126 (10 μM) for 3 h. After treatment 

cells were intensively washed to make sure no drug-residues were left, and then equal number 

of mCherry-labelled SK-Mel-103 melanoma cells were seeded with pre-treated macrophages for 

a 16 h co-culture. Our results show that BO-110 pre-treatment of macrophages resulted in an 

enhanced cytotoxicity against melanoma cells, measured by a decreased number of malignant 

cells after only 16 hours of co-cultured. Surprisingly, pre-treatment with either Vemurafenib, 

U0126 or pIC, not only did not increase macrophage cytotoxicity against melanoma, but instead 

enhanced melanoma proliferation as shown by a greater number of melanoma cells after co-

culture, compared to control (Figure 24g). Moreover, as BO-110 induces melanoma cell death, this 

treatment also translated into a greater capability of macrophages to recognized malignant cells 

and phagocyte them, as shown by an in vivo phagocytic assay (Figure 24h). All these results show 

that BO-110 is potent and efficient activator of the innate immunity, which could account for the 

overall positive response seen in vivo with this drug. This may also have important clinical 

implications for current immunotherapies, especially as a therapeutic alternative for patients with 

high infiltration of TAMs in which ICB-based treatments may have failed.   



VI. Results/Resultados 

111 

 

Figure 24. BO-110 treatment polarizes macrophages into an anti-tumoral state. 
(a) Relative levels of M1 and M2 polarization markers expressed by BMDM from WT B6 after in vitro 
treatment with pIC or BO-110 (24 h, 0.5 ug/ml), as measured by qRT-PCR.  (b)  Relative levels of M1 
polarization markers expressed by human PBMC-derived macrophages after in vitro treatment with 
pIC or BO-110 (24 h, 0.5 ug/ml), as measured by qRT-PCR.  (c) Nitric oxide production by bone marrow 
derived macrophages after treatment with pIC or BO-110 (BO) as measured by Griess Assay. (d) 
Relative levels of type I IFN genes expressed by BMDM from WT B6 after treatment in vitro with pIC 
or BO-110 (BO, 24 h, 0.5 μg/ml), as measured by qRT-PCR. (e) Protein blot showing dsRNA cytoplasmic 
MDA5 activation, iNOS and ARG1 expression, and ERK phosphorylation, in BMDMs treated with BO-
110 (0.5 μg/ml), Dabrafenib (Dabra., 10 μM),  Vemurafenib (Vemur., 10 μM) or MEK-inhibitor U0126 
(10 μM) for 16h. (f) Microscopy images of PBMCs-macrophages (green) cytoxicity against melanoma 
SK-MEL-103 cells (red) after treatment with BO-110; Ctrl=co-culture no treated, MφBO-110=melanoma 
co-culture with macrophages pre-treated with BO-110; MelBO-110=melanoma pre-treated with BO-110 
and co-culture with macrophages; BO-110= co-culture treated with BO-110 (0.5 ug/ml, 16 hr). Red 
arrows indicate dead melanoma cells. (g) Relative number of SK-Mel-103 mCherry melanoma cells 
after 16h in co-culture with human PBMC-derived macrophages that were pre-treated with 
Vemurafenib (Vem. 10 μM), MEK-inhibitor U0126 (10 μM), pIC (0.5 μg/ml), or BO-110 (0.5 μg/ml). 
Control= melanoma cells without co-culture (dashed line). (h) Melanoma recognition by phagocytes 
upon pIC or BO-110 treatment. Pre-treated B16-V5 mCherry melanoma cells were injected 
peritoneally in WT B6 mice; after 45 min. cells were collected from peritoneum and stained for F4/80 
macrophages. Phagocytic cells were observed as double positive for mCherry and F4/80 and the 
phagocytic index was calculated as:  % of double positive cells x MFI of mCherry in macrophages (Right 
panel). Statistical analysis= one-way Anova with Dunnet post-test. P-value; * =p<0.05; ** = p<0.005; 
***=p<0.001.  
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3.4. Macrophages are necessary for the therapeutic benefits of BO-110 treatment 

Regarding ICB immunotherapies, in particular anti-PD-1 treatments, it has been reported that 

macrophages mediate important mechanisms of resistance155,295. One recent study have shown 

that the expression by melanoma cells of colony-stimulating factor 1 (CSF1), a key regulator of 

monocyte/macrophage differentiation, was associated with non-responsiveness to anti-PD-1 

immunotherapy. Intriguingly, CSF1 expression correlated with the abundance of not only TAMs, 

but also of CD8+ T cells in tumors155. Moreover, currently one strategy to overcome ICB resistance 

is to block CSF1 using monoclonal antibodies, which prevents monocyte/macrophage migration 

and recruitment into tumors, without affecting other population of cells296,297. As shown above, 

BO-110 treatment is characterized by the accumulation of macrophages in tumors; moreover, we 

have seen that melanoma cells increased CSF1 expression upon BO-110 treatment (Figure 25b). 

This prompted us to investigate whether macrophages may limit or may favor BO-110 efficacy in 

melanoma mouse models. To assess this, we treated B16-F10 tumor bearing mice with either pIC 

or BO-110, upon the simultaneous depletion of macrophages by anti-CSF1 blocking antibody 5A1 

(Figure 25a). Immunophenotyping characterization of tumors showed that treatment with 5A1 

antibody effectively impaired macrophage accumulation in tumors (Figure 25c), while it did not 

altered macrophages in other organs (i.e. spleen and liver, Figure 25d). Furthermore, 5A1 

treatment did not affect the proportion of circulating myeloid cells, nor NK cells, except for a mild 

-but significant- decrease in the monocyte population in blood (Figure 25e). Overall, 5A1 

treatment resulted in a specific depletion of tumor-associated macrophages, which allowed us to 

identify the contribution of these cells to BO-110 treatment.  
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Figure 25. Inhibition of CSF1 with 5A1 blocking antibody specifically targets TAMs. 
(a) Experimental procedure for the depletion of TAMs using 5A1 anti-CSF1 blocking antibody (0.5 
mg/dose) during the treatment with 0.4 mg/Kg BW of either BO-110 or pIC on indicated days. (b) CSF1 
expression in B16-V5 melanoma cells treated with pIC or BO-110 (0.5ug/ml, 16h) as measured by qRT-
PCR. (c) Tumor infiltrating macrophages in B16-OVA tumors from (a) , as measured by FC. (d) Histology 
analysis of macrophage infiltration (CSF1) in spleens (top panels) and liver (bottom panels) from (a). 
(e) Percentages of indicated immune cells in circulating blood from (a), as measured by FC. Statistical 
analysis= Two-way Anova. P-value; * =p<0.05; ** = p<0.005; ***=p<0.001.  

Surprisingly, we found that both pIC, and especially BO-110 therapeutic effect was diminished 

upon macrophage-depletion (Figure 26a), as shown by tumor growth of melanoma transplants. 

Remarkably, macrophage depletion significantly inhibited BO-110-mediated recruitment of 

CD8+PD-1+ T cells in tumors (Figure 26b), and blood (Figure 26c); and consequently, reduced the 

circulating CD8/Treg cellular ratio (Figure 26d), a sign of decreased anti-tumor immunity. Of note, 

despite some therapeutic effect, in contrast with BO-110, pIC treatment was unable to increase 

CD8+PD-1+ T cell recruitment. As PD-1 expression in CD8+ T cells identifies the neoantigen-specific 

lymphocytes in tumors and circulating blood147,298, lack of these cells upon macrophage depletion 

suggest that BO-110 mediates a tumor-specific adaptive immunity, that is dependent on the 

presence of intra-tumoral macrophages. This observation was only seen in in vivo models, as in 
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vitro treatment of Jurkat T cells with BO-110 did not increased PD-1 expression (Figure 26e), 

indicating a tumor-dependent mechanism of action. All these results suggest that the combined 

action of BO-110 as a tumor ICD- inducer and as an innate immunity modulator, is ultimately able 

to stablish a macrophage-dependent tumor-specific adaptive immunity.  

 
Figure 26. BO-110 induces an adaptive anti-tumor immunity that it is partially dependent on the 
presence of intra-tumoral macrophages. 
(a) Tumor growth of B16-OVA implants from mice treated with pIC or BO-110 (0.4 mg/Kg) upon 
simultaneous depletion of tumor infiltrating macrophages (grey dashed lines), or without macrophage 
depletion (solid lines). (b) Tumor infiltrating CD8+ PD-1+ T cells in B16-OVA tumors from (a), as 
measured by FC. (c) Total number of CD8+ PD-1+ T cells in blood from mice treated with pIC or BO-110 
(0.4 mg/Kg) upon simultaneous depletion of tumor infiltrating macrophages as measured by FC. (d) 
CD8/Treg ratio in blood from mice treated with pIC or BO-110 (0.4 mg/Kg) upon simultaneous 
depletion of tumor infiltrating macrophages as measured by FC. Statistical analysis= Two-way Anova. 
P-value; * =p<0.05; ** = p<0.005; ***=p<0.001.  (e)  PDCD1 (PD-1) expression in Jurkat E6.1 T cells 
treated with pIC or BO-110 (0.5ug/ml, 16h) as measured by qRT-PCR. Data correspond to average 
mRNA levels of three experiments normalized to vehicle control ± SD. 

3.5. BO-110 treatment potentiates an anti-tumor specific immunity and restores pre-

stablished immunity in MDK-expressing tumors 

To determine the priming cabability of BO-110, and to asses if BO-110 was indeed inducing a 

tumor-specific immunity, we set in collaboration with the group of Dr. David Sancho (CNIC) a B16-

F10 Ova-OTI model in vivo assay (Figure 27a). This assay allows for the quantification of tumor 

antigen-specific CD8+ T cells that express the epitope for the putative tumor antigen OVA 

(SIINFEKL). Consistent with our previous results, BO-110 treatment resulted in the inhibition of 

tumor growth, significantly stronger than with pIC treatment (Figure 27b). This correlated with an 

increased tumor-specific OTI T cells recruitment in tumors (Figure 27c) and spleens (Figure 27e). 

More important, CD8+ T cells proved to be more efficiently activated by BO-110 treatment as 
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shown by their capability of producing IFN-γ (Figure 27d). Thus we next wondered if BO-110 

treatment was able to restore the pre-established tumor immunity in MDK-expressing tumors 

from Figure 16c. For this, after re-challenging B16-OVA-MDK bearing mice with a boosting Ova-

vaccine, we treated with 4 doses of BO-110 (1.2 mg/Kg) for 2 weeks (Figure 27f). Indeed, BO-110 

treatment was able to prevent B16-Ova-MDK tumor growth, counteracting MDK 

immunosuppressive activity (Figure 27g). These results remark the unique capability of BO-110 to 

induce a long-term tumor specific immunity, even in MDK expressing tumors, a feature strongly 

pursue in clinics with the new immunotherapies for melanoma. 

 

Figure 27. BO-110 treatment generates and restores anti-tumor specific immunity.  
(a) Experimental procedure for the assessment of anti-tumor adaptive immunity using the ovalbumin-
specific TCR transgenic line OT-I and OVA-expressing B16-F10 melanoma cells in a syngenic C57BL6/J 
mouse model. Treatment was done using 1.2 mg/Kg BW of either BO-110 or pIC on indicated days. (b) 
Tumor size at end point of B16-F10-OVA tumors from (a).(c)Total OVA specific OTI-CD8 T cells in B16-
F10-OVA tumors  from (a), as determine by FC. (d) Percentage of IFN-γ+CD8+ T cells in B16-F10-OVA 

tumors from (a), as determine by FC. (e) Total OVA specific OTI-CD8 T cells in spleens from B16-F10-

OVA tumor bearing mice from (a), as determine by FC.(f) Experiment setup for the OVA-vaccination 
assay using C57BL6/J mice immunized (Imz) with CFA + 10 ng of chicken ovoalbumin (OVA) per mice. 
Control mice received a placebo vaccine of CFA. A rechallenge vaccine was administered on indicated 
day using LPS (10 ng per mice) and OVA (10 ng per mice), or only LPS in control mice. After rechallenge, 
MDK-expressing tumors were treated with 1.2 mg/Kg BW on indicated days. 

3.6. BO-110 treatment enhances ICB responses in refractory tumors. 

When it comes to immunotherapy responses, it has been shown that patients who benefit the 

most are typically characterized by an inflammatory gene signature associated with increased 

interferon response137,154. Moreover, a common mechanism of ICB resistance consist in lack of 

IFN responses due to JAK1/2 mutations in cancer cells138. Interestingly, as BO-110 treatment 

drives a strong type I IFN response in melanoma cells, many of the genes up-regulated by BO-110 
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are comprised within published signatures of response to ICB (Figure 28a). Of note, these 

signatures were obtained from bulk tumors analyses of ICB responder patients, and they include 

several cell-specific genes associated to T cell infiltrates, which –as shown before- are also 

enriched upon BO-110 treatment (Figure 21f, Figure 26b). Moreover, IFN plays a crucial role on the 

response to anti-PD-1/PD-L1 therapy, because it regulates PD-L1 expression in cells, and several 

studies suggest that high expression of PD-L1 correlates with increased response rate and survival 

rates to anti-PD-1 treatment148,149. Indeed, BO-110 treatment induced the expression in 

melanoma cells of both PD-1 ligands PD-L1/PD-L2 and important chemokines implicated in T cell 

modulation, CXCL10 and CXCL11, as measured by qRT-PCR (Figure 28b). Furthermore, PD-L1 

expression was validated by FC analysis in the cell surface of melanoma cells upon treatment with 

BO-110 or pIC (Figure 28c). Moreover, BO-110 treatment rapidly induced a strong secretion of 

CCL5, a chemokine associated to ICB responses that is involved in CD8+ T cell recruitment and 

activation, as measured by ELISA (Figure 28d).  

 

Figure 28. BO-110 treatment increases the expression of ICB “good response” markers in melanoma. 
(a) Overlap in ICB “good response” gene expression signatures found in the literature137,152,299,300. 
Highlighted are genes up regulated in melanoma cells by BO-110 treatment. PD-1 expression is up 
regulated in infiltrating T cells in vivo upon BO-110 treatment. (b) mRNA levels of PDL1, PDL2, CXCL10 
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and CXCL11 genes in SK-MEL-103 melanoma cells treated with pIC or BO-110 (0.5 g/ml, 16h) as 
measured by qRT-PCR. (c) PD-L1 expression in B16-V5 melanoma cells treated with pIC or BO-110 
(0.5ug/ml, 16h) as measured by FCs. (d) Time lapse showing Ccl5 secretion by B16-F10 melanoma cells 
upon pIC or BO-110 treatment (0.5 μg/ml, 24h). Statistical analysis= One-way Anova. P-value; * 
=p<0.05; ** = p<0.005; ***=p<0.001.  

In light of these results, we next wonder if BO-110 could represent an alternative for improving 

anti-PD-L1 immunotherapy in refractory tumors. First, we tested if BO-110 and PD-L1 blocking 

have a synergistic effect against refractory melanoma cells B16-V5, which normally are poorly 

responder to ICB therapy. For 3 weeks, B16-V5 xenograft-bearing mice were treated twice a week 

with 0.2mg/kg dose of BO-110 and 100 μg of a blocking antibody against PD-L1 (Figure 29a). 

Toxicology tests were performed every other day to evaluate potential adverse effect of these 

treatments. No measurable side effects –i.e. fever, loss of body weight- were observed during 

treatment, except for a marked but tolerable leukopenia in the combination group (Figure 29b). 

Interestingly, while both blocking of PD-L1 and BO-110 treatment had similar effect on tumor 

growth, the combination of BO-110 and PD-L1 blocking showed an additive response, improving 

mice survival, even after finalizing treatments (Figure 29c). Similarly, in refractory 

Tyr::CreER(T2)PTEN(F-/-)BRAF(F-V600E/+) inducible melanoma mice, only BO-110/anti-PD-L1  

combinatory treatment had a significant effect on melanocytic lesions area (Figure 29d), and as 

shown on stainings of melanoma marker TRP2 (Figure 29e). By IHC and IF stainings we saw that 

treatment with the combination also increased CD3e+ tumor-infiltrating lymphocytes, decreased 

FoxP3+ Tregs infiltration, strongly induced F4/80+ macrophages recruitment and completely 

inhibited immunosuppressive ARG1 expression in melanoma lesions (Figure 29e).  All these results 

indicate that BO-110 could improve PD-L1 blocking treatment by generating a more immunogenic 

tumor microenvironment, turning “cold” tumors into proper ICB candidates. Moreover, as BO-

110 inhibits MDK expression in melanoma cells, and re-educates macrophages into tumoricidal 

cells, BO-110 represents an ideal alternative for treating highly MDK-expressing melanoma 

patients.  
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Figure 29. BO-110 potentiates anti-PD-L1 treatment in refractory tumors. 
(a) Experimental procedure for the combinatory treatment of BO-110 and α-PD-L1 blocking antibody 
in B16-v5 refractory melanoma cells in a syngenic C57BL6/J mouse model. Treatment was done using 
sub-optimal doses of either BO-110 (0.2 mg/Kg BW), and/or α-PD-L1 Mo Ab (4 mg/Kg BW) on indicated 
days. (b) Total number of leukocytes in blood of B16-v5 tumor bearing mice from (a). (c) Tumor growth 
of B16-v5 transplants treated with BO-110, α-PD-L1 or combinatory therapy from (a). (d) Tumor 
growth of melanoma refractory lesions from BRAF-PTEN mice treated with two i.v. doses per week of 
BO-110 (0.2 mg/kg) and/or 4 mg/Kg of α-PD-L1 blocking antibody. (e) Representative pictures and 
immunohistochemistry images of melanoma refractory lesions from BRAF-PTEN mice from (d). Lesions 
were stained by immunohistochemistry for melanoma marker TRP2, infiltrating lymphocytes CD3e, 
FoxP3 T regulatory cells and F4/80 macrophages. The immunosuppression marker arginase I was 
stained by immunofluorescence (Red). 
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Metastatic cutaneous melanoma represents a socioeconomic and health challenge of the XXI 

century, due to the increasing incidence worldwide and its great potential to metastasize. 

Fortunately, over the past few years, immunotherapy using immune checkpoint blockers (ICB) has 

dramatically changed the landscape of melanoma treatment. Due to its inherent immunogenic 

nature and its tight interplay with the immune system, it seemed that melanoma represented an 

ideal cancer model for the application of modern immunotherapies. However, metastatic melanoma 

patients often develop resistance to immune checkpoint blockers, thus a substantial unmet need 

remains for new therapeutic strategies in patients with this disease. In this sense, this PhD Thesis 

aimed to address a fundamental question in melanoma, namely, the mechanisms underlying the 

ability of this tumor type to bypass immune surveillance, and ultimately, develop resistance to 

immunotherapy. Herein we explored this issue adopting two different angles. In the first half of the 

Thesis, we unveiled previously unknown resistance mechanisms to ICB therapy (mediated by 

Midkine) that could be harnessed for therapeutical intervention or alternatively could be used as a 

platform to identify and classify patients for personalized immunotherapy. In the second section of 

this Thesis, we examined the therapeutic potential of dsRNA nanocomplexes -previously developed 

in our laboratory- to revert the MDK-induced immunosuppressive phenotype, and as an alternative 

immunotherapy for refractory melanoma patients. Altogether, this is a markedly translational 

Thesis, aimed to identify therapeutic targets in melanoma, which can ultimately contribute to 

improving the average life of these patients. 

1. MIDKINE: FROM METASTASIS TO TUMOR IMMUNE MODULATION. 

The starting point of this PhD Thesis was our previous finding that the small heparin-binding protein 

midkine (MDK) is a determinant factor mediating melanoma-driven lymphangiogenesis and distal 

metastasis38. In the light of these results, we next sought to determine physiologic and clinical 

relevance of melanoma-derived MDK in prognosis and therapy response. The first issue we had to 

face was the fact that MDK is a secreted factor which protein expression and mRNA levels often 

differ38,301,making it impossible to use MDK mRNA information to find clinical correlations in public 

databases. However, the strong functional changes driven by MDK in melanoma cells observed in 

our previous studies prompted us to define a MDK-associated gene expression profile (MAGEP), 

comprised by genes altered by MDK expression in gain-of-function and loss-of-function assays in 

melanoma cells. Next, we applied this MAGEP signature as a fingerprint for the stratification of 

patients in a large cohort of metastatic melanoma patients from the TCGA dataset. Surprisingly, not 

only MAGEP expression showed a strong fitted distribution within melanoma and other cancer 

patients, but also high expression of this signature had significant implications in prognosis in several 

cancer types, evidencing the applicability of this tool for predicting cancer patient survival. 
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Moreover, discriminating metastatic melanoma patients according their MAGEP levels allowed us to 

identify tumor-stroma and microenvironment cues associated to MDK expression. Our results 

suggest that the endogenous expression of MDK could modulate proximal signal transduction 

mechanisms involved in relevant pathways such as; immune responses, EMT, vasculogenesis, 

protein secretion and drug resistance. While most of these findings are consistent with our previous 

observations38, one remarkable observation was the strong predominance of immune system 

signaling pathways altered in patients with high MAGEP expression.  

This was of interest as some studies have implied MDK in different inflammatory conditions, such as 

cardiovascular diseases225 and autoimmunity302,303. Yet, until now few reports linked MDK expression 

and function in cancer immunity. Indeed, by applying sophisticated bioinformatic and statistical 

procedures, we found that patients with high MDK signature were particularly enriched of 

inflammatory and immunosuppressive cells, specifically of tumor-associated macrophages, myeloid-

derived suppressor cells and T regulatory cells. Additionally, the immunosuppressiveness of MDK-

associated tumor microenvironment was further suggested by a significant enrichment in the TGF-β 

score. Taken together, these data prompted us to hypothesize that MDK expression could be 

associated with an increased cancer-related inflammation, dictated by the infiltration of 

immunosuppressive leukocytes.  

2. THE WHATS, THE WHYS AND THE HOWS OF MDK-MEDIATED ANTI-TUMOR IMMUNITY 

Validating this hypothesis, first we found that MDK expression was indeed correlated with an 

increased tumor leukocyte infiltration in our immunodeficient mice models. Indeed, MDK 

overexpression was enough to induce a massive infiltration of ARG1+ myeloid cells, which later we 

identified as M-MDSCs and TAMs. Thus, in the first instance MDK immunomodulation properties are 

directly dependent on the innate immunity. While MDK role in inflammatory conditions has been 

often reiterated, previous studies have failed to determine to what extent -and how- MDK 

modulates immune responses. Mechanistically, the best description of MDK immune activity 

implicates it in the traffic and recruitment of inflammatory leukocytes through the endothelium226. 

However, until now, there has not been relevant reports of the activity of MDK in anti-tumor 

immunity. Here, we found that MDK regulates tumor inflammation in two different manners; (i) by 

promoting the migration and recruitment of inflammatory myeloid cells into malignant lesions, and 

(ii) by inducing the secretion of pro-inflammatory cytokines that in turn polarize these myeloid cells 

into tumor-supportive states.  

In brief, we found that melanoma-secreted MDK induces the chronic activation of a pro-

inflammatory NF-B-mediated program, through the autocrine activation of ALK receptor. This leads 
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to the production and secretion of a plethora of inflammatory mediators, specially enriched of 

classical modulators of the innate immune system. These mediators in turn could simultaneously act 

as chemotactic and activating factors for myeloid cells, while potentiating the pro-inflammatory 

cascade by positive feedback loop in melanoma cells (Figure 30).  

 

Figure 30. Proposed model of the signaling pathways mediated by MDK in melanoma and myeloid 
cells.  

MDK binds to its receptor RPTP-, disabling its phosphatase activity, and indirectly activating ALK receptor. 
ALK phosphorylation leads to the activation of the PI3K/AKT pathway which have been shown to regulate 
the transcriptional activity of NF-κB by inducing phosphorylation and subsequent degradation of inhibitor 
of κB (IκB). This allows for the nuclear translocation of NF-κB and the activation of a transcriptional program 
leading to the secretion of a plethora of pro-inflammatory mediators. These proteins then simultaneously 
act as chemoattractants and activators of the innate immune system, while enhancing the pro-
inflammatory cascade by autocrine signaling in melanoma cells. In myeloid cells (MDSCs and TAMs), MDK-
induced secretome induces the activation of the JAK/STAT3 signaling pathway, leading to an alternative 
reprograming, and the expression of suppressive signals such as ARG1.  

However, there are still pending questions regarding MDK signaling in melanoma. Previous reports 

have suggested that in fact RPTP-β, rather than ALK, is the direct receptor of MDK in cells, but ALK is 

necessary for the downstream signaling of this interaction 210. Indeed, we proved that MDK functions 

both in melanoma cells and myeloid cells were ALK-dependent, but whether RPTP- is the binding 

receptor of MDK in melanoma cells remains unknown. Moreover, we showed that pharmacological 

blocking of PI3K, ALK or IKK-2 did not significantly interfered with MDK secretion by melanoma cells, 

however it did prevent its effects in myeloid cells. This suggests that MDK secretion is not enough to 

re-program immune cells; instead, an unknown MDK-induced secreted factor might be responsible 

for this modulation. Thus, if MDK could be acting both as an activator and an enhancer of this 

immunosuppressive signaling in melanoma microenvironment remains to be elucidated.  
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Furthermore, the role of mTOR pathway in MDK-mediated anti-tumor immunity deserves further 

attention, as we have previously shown that MDK promotes lymphatic cells proliferation and 

migration by the activation of mTOR signaling38. Indeed, mTOR controls immune cell biology and 

maintains proper immune function304, thus, MDK could have additional roles in immunity by the 

modulation of this signaling pathway in the tumor microenvironment.  

As we mentioned in the introduction, MDK shares 46% of amino acid identity with the other protein 

in its family: PTN. Both proteins also share receptors and some biological functions196. As our 

previous studies pointed at MDK as the main driver of melanoma-induced distal lymphangiogenesis 

and metastasis38, in this Thesis we were careful to evaluate the effect of MDK in cells that lack PTN 

expression. However, it would be interesting to address if PTN could play a similar role as MDK in 

the modulation of tumor immunity and ICB resistance in melanoma patients.  

Moreover, the role of MDK in the modulation of alternative immune cells, such as dendritic cells, T 

cells and NK cells deserves further consideration. Certainly, the effect of MDK in immune cells 

appears controversial, as in contrast with our observations, previous studies have shown that MDK 

produced in inflammatory conditions suppresses the development of tolerogenic dendritic cells and 

T regulatory cells305. It seems that in autoimmune diseases MDK prevents the establishment of self-

tolerance worsening the pathology, while in cancer, MDK acts as a promoter of tumor-immune 

tolerance. This paradoxical behaviour of MDK is not unknown to other cytokines and chemokines. 

As occurs with MDK, IL-6 and TNF- are pleiotropic cytokines that exert either pro-inflammatory or 

anti-inflammatory effects under different conditions306–308. Indeed, the biological function of pro- 

and anti-inflammatory cytokines depends on three key parameters: (i) the local concentration of a 

given cytokine, (ii) the nature and degree of the pathology, and its combination with other 

cytokines307. As we have shown here, MDK, TNF- and IL-6 are tightly regulated and, given the right 

conditions, together they could modulate a tumor-supportive program involving important 

processes in cancer, such as cell survival, metastasis, angiogenesis, lymphangiogenesis and immune 

evasion. Identifying the factor/factors that tilt the scales between tolerance and immunity should be 

now a priority. Nevertheless, the findings depicted in this Thesis have attributed to MDK a previously 

unknown role in tumor-immune evasion, and therefore opens the opportunity to develop new 

targeted therapies for melanoma treatment. 

3. MDK AS A DRIVER AND INDICATOR OF ICB RESISTANCE IN MELANOMA PATIENTS 

Certainly, one of the most significant contribution of this Thesis is the implication of MDK in the 

development of immune checkpoint blockade (ICB) resistance in melanoma. Indeed, In vivo mouse 

models revealed a clear therapeutic impairment to anti-PD-1 immunotherapy in MDK-expressing 
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tumors. The strong effect of MDK expression in the recruitment and re-programming of myeloid cells 

leads to a highly immune suppressive microenvironment that favors the accumulation of Treg cells, 

and impairs the entry and function of effector CD8+PD-1+ cytotoxic T cells. Supporting this, previous 

studies have reiterated the key role of myeloid cells in the resistance to immunotherapy, mainly due 

to their potent capability to inhibit T cell activity71,155,297. Indeed, we have proved that MDK-educated 

MDSCs and TAMs are able to inhibit T cell function. Moreover, patients in TCGA expressing high 

levels of MAGEP, are significantly enriched of dysfunctional T cells. Thus, while MDK modulates the 

innate immunity, the downstream effects of this reprogramming leads to a defective anti-tumor 

adaptive immunity. As a consequence, MDK expression is enough to impair pre-established anti-

tumor immunity, and prevent the reactivation of the adaptive immune system through the means 

of anti-PD-1 immunotherapy. All the more, MDK represents an attractive target for the development 

of drugs that could enhance ICB responses in resistant patients. 

Another important aspect with strong translational impact is the identification of reliable biomarkers 

for ICB response in the clinics. Certainly, while several studies have attempted to define the genetic 

and environmental characteristics driving ICB response, the lack of common markers of resistance 

evidence the complexity of this process. Remarkably, we found that MAGEP signature encompasses 

a great proportion of the published gene expression biomarkers in the clinics, thus MAGEP could 

represent a more comprehensive approach for the determination of ICB resistance in melanoma 

patients (Figure 31). Therefore, MAGEP gene expression biomarker offers a powerful tool for the 

stratification of patients who will benefit more from these kinds of therapies.  

It is important to note that the mechanisms that define ICB resistance in melanoma are 

multifactorial, and genetic, epigenetic or genomic alterations could simultaneously impact the tumor 

biology and immunity. While the immunogenicity of a tumor is often dictated by the neoantigen 

load, in our study we could not find any differences in mutational or neoantigen tumor burden that 

could explain the immunological changes driven by MDK expression. Moreover, MDK is associated 

with an inflammatory tumor microenvironment, enriched in leukocytes infiltration that, despite 

being immunosuppressive, greatly differs from the biology of other type of “cold” tumors in which 

there is a completely absence of immune cell infiltration. Thus, the mechanisms of resistance to ICB 

described here account only for a subset of cancer patients, either melanoma or other cancer types 

that may share biological characteristics with cutaneous melanoma. Additional studies are necessary 

to elucidate alternative resistance mechanisms to ICB in cancer patients.  
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Figure 31. MDK associated genes are included in all published ICB resistance gene expression 
signatures.151,136,154,155.  
Highlighted in red are genes found overexpressed in high MAGEP expressing patients.  

Furthermore, as our previous results showed that MDK induces neo-lymphangiogenesis 

preferentially in distant organs38, another interesting question would be the implication of MDK in 

the local immunity in pre-metastatic niches. If proven a role in systemic tumor immunity, 

MDK/MAGEP could represent a biomarker of response not only for anti-PD-1 blocking therapy, but 

also to other immunotherapies approaches, such as CAR T cells, adoptive T cells therapy, etc. 

Moreover, not only MDK represent an attractive target, as one interesting prospect that emerges 

from this Thesis is the possibility of ALK receptor as a drugable target for melanoma treatment. While 

previous studies have reported the expression of ALK in cutaneous melanoma310, this is the first time 

ALK inhibition have shown a possible therapeutic potential through the inactivation of MDK 

autocrine and paracrine effects. Thus, this Thesis not only provides insight on long-pursued 

mechanisms of tumor-immune evasion in melanoma, but also identifies potential therapeutic 

targets for clinical interventions. In Figure 32 are summarized the main findings of the first part of 

this Thesis:  
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Figure 32. Schematic summary of the roles of MDK in tumor immunity, melanoma prognosis and 
immunotherapy resistance. 
Melanoma-secreted MDK activates a pro-inflammatory secretory program by autocrine binding in cancer 
cells. This secretory program is highly enriched of innate immunity modulators that attracts and reprograms 
myeloid cells in the tumor. This builds up a deeply immunosuppressive microenvironment that favors the 
accumulation of Tregs and prevents the entry and function of T effector cells. All these have strong 
implications in melanoma patient’s prognosis and in their capability to respond to ICB-based 
immunotherapy. 
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4. HARNESSING THE POWER OF VIRUSES TO FIGHT MDK 

The second part of this Thesis stems from our early screenings in the search for drugs able to 

antagonize MDK pro-metastatic effects in melanoma. Previous results from our laboratory using the 

MetAlert model, have shown that the metastatic potential of melanoma cells and the 

lymphangiogenesis induction -both at the primary tumor and sentinel/distal lymph nodes- are 

intrinsically related38. This mouse model, which allowed us to identify MDK as a novel pro-

lymphangiogenic factor in the first place, served as a platform for the identification of compounds 

able to inhibit MDK-driven lymphangiogenesis and metastasis in melanoma. We interrogated several 

clinically relevant drugs, including DTIC, BRAF inhibitors, MEK inhibitors, and anti-PD-L1 blocking 

antibodies (data not shown), however, only BO.-110 treatment showed a significant therapeutic 

benefit. BO-110 mimics a viral infection, inducing a potent anti-viral response program characterized 

by the activation of Type I IFN and other immune response genes in the melanoma cells. 

Interestingly, we found that BO-110 treatment not only completely inhibited Vegfr3-associated 

lymphangiogenesis in vivo, but also was specifically able to blunt MDK secretion by melanoma cells 

in vitro. We attributed to Type I IFNs as the mechanism by which BO-110 inhibits MDK expression, 

secretion and function in melanoma. Additionally, the induction of IFN by BO-110 is relevant as this 

signaling cascade can exert multiple systemic effects with direct clinical benefits in cancer 

patients311,312. Indeed, pre-clinical studies support the use of synthetic dsRNA-based compounds as 

potent therapeutic agents for their ability to prevent tumor growth189,313,314. Thus, given BO-110 

potential to counteract MDK-induced pro-metastatic effects, and the known roles of IFN in the 

innate immune system313, we considered BO-110 as an attractive immunotherapeutic agent, in 

particular for ICB resistant patients. Thus, characterizing the effect of BO-110 in anti-tumor immunity 

became a priority, especially in the light of the recent trials being developed for BO-110 derivates in 

the clinics315. 

5. CANCER CELLS, IMMUNE SYSTEM AND STROMA: A HOLISTIC APPROACH  

We have previously reported that BO-110 have a direct -IFN-independent- cytotoxic effect in 

melanoma cells through the activation of apoptosis and autophagy, independently of their 

mutational status of BRAF, NRAS and other melanoma drivers189,316. However, apoptosis and 

autophagy, together with other types of cell death such as mitotic catastrophe and senescence, are 

considered immunologically silent, leading to tolerance rather than immunity286,290. Here we have 

described that BO-110, rather than inducing a silent cell death, activates danger-associated 

molecular patterns (DAMPs) in the melanoma cells, leading to a strong immunogenic cell death and 

tumor-directed immunity. This confirms previous observation using dsRNA-based compounds in 

other tumor types290,291. Interestingly, for this immunogenic cell death to occur, is necessary the 
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direct activation of RIG-I helicases291, which is only achieve when dsRNA is deliver to the cytoplasm. 

For this reason, treatment with naked-pIC failed to induce melanoma cell death. This could be key 

for the differential therapeutic responses that BO-110 and pIC exert in our melanoma mouse models.  

As a whole, the intrinsic principle that rules BO-110 efficiency relays on the concept that the natural 

anti-tumor immunity is based on the evolutionary mechanisms that humans have developed to fight 

intracellular pathogens, i.e. mycobacteria and viruses317. For years, multiple attempts to treat cancer 

have been done based on this concept. However, traditionally most of these strategies have been 

used as means of adjuvancy in the form of in situ vaccination or local adjuvant therapy. These 

strategies seek to elicit anti-tumor immunity by intratumoral delivery of bacteria and virus-based 

agents. Intratumoral injections are key, as this allows for a vaccination-like response, while avoiding 

unwanted side effects, such as the “cytokine storm” in which the immune system goes awry and the 

inflammatory response flares out of control318. However, while these approaches might achieve 

relatively good results locally, they rarely show efficacy on metastatic sites317. The reason for this is 

that the immune responses tend to be dominated by the viral antigens, and anti-tumor immunity -

which is dictated by the microenvironment and specific tumor antigens- becomes diluted or loss 

along the treatment. Additionally, intratumoral injections are not always possible as the tumors 

might not be easily accessible. In this sense, the strategy we presented here is advantageous. For 

one hand, thanks to the low IC50 of this drug, the therapeutic dosing allows for systemic 

administration without the undesirable side effects. On the other hand, melanoma cells possess a 

remarkable capability for up-taking extracellular particles due to their over-activated 

macropinocytosis machinery189,285, which translates into a greater susceptibility of these cancer cells 

to BO-110 treatment. Thus, by systemic administration of BO-110 we are able to simultaneously 

tackle multiple fronts, such as the stroma (lymphatic and blood vasculature), the melanoma cells (by 

immunogenic cell death) and the immune system. More importantly, we do this not only at the 

primary tumor, but also in potential metastatic sites. 

6. TUMOR INFILTRATING MACROPHAGES: FRIENDS OR FOES 

Regarding immune cell modulation, we have shown here that systemic BO-110 treatment of tumor-

bearing mice leads to a massive mobilization and accumulation of activated innate immune cells 

intratumorally and in lymphoid organs. We were particularly intrigued by the effect of BO-110 in 

tumor infiltrating macrophages for several reasons: (i) Since macrophages are the front line of 

defense against viruses, they are especially responsive to BO-110 treatment; (ii) tumor infiltrating 

macrophages represented the dominant population of tumor infiltrating immune cells in our 

melanoma models, and (iii) the remarkable capability of macrophages to suppress anti-tumor 

immunity (as we have previously explored with MDK). Indeed, it has been stablished that increased 
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numbers of tumor-infiltrating macrophages correlates with poor disease outcome and therapy 

resistance in patients affected by several types of cancer155,319–321, thus they represent and attractive 

target. Traditionally, the most common approach to overcome this issue involves strategies for 

macrophage-depletion. It could seem counterintuitive that a treatment that involves an increased 

tumor-macrophage infiltration, such as BO-110, could be therapeutically beneficial. However, it is 

now clear that, under the right stimuli, macrophages and other myeloid cells can exert potent anti-

tumor effects. For example, it has been shown that M1 macrophages are able to enhance anti-tumor 

effects in response to monoclonal antibody based immunotherapy; such as anti-CD20171–173, anti-

CD40174, anti-CTLA4175–177, and anti-PD-L1178 therapies.  

Regarding dsRNA-based strategies, it has been shown that intra-tumoral neutrophils322, MDSCs323 

and macrophages180, develop tumoricidal properties upon pIC treatment. While most studies 

attribute pIC anti-tumor effect to an enhanced NK-mediated anti-tumor cytotoxicity323, others have 

implied that the whole therapeutic potential of pIC relays on the cytotoxic effect of myeloid cells, as 

depletion of CD8α+CD103+ DCs, and CTLs did not affect its effectiveness322. In general, it has been 

stablished that pIC treatment enhances innate immunity, however does not significantly improve 

anti-tumor adaptive immunity. 

Comparing it to pIC alone, here we have shown that indeed BO-110 treatment confers potent 

tumoricidal properties to macrophages, enhancing both their phagocytic properties and increasing 

the secretion of soluble cytotoxic factors, significantly more efficiently than pIC treatment at the 

same doses. More importantly, we showed that in vivo therapeutic effect of BO-110 is significantly 

dependent on these macrophages. However, the greatest relevance of our observation was the 

unexpected capacity of BO-110 to induced potent anti-tumor adaptive immunity. Indeed, in contrast 

with pIC, we observed that, in the presence of macrophages, BO-110 treatment is able to induce the 

development, mobilization, and intra-tumoral accumulation of CD8+PD-1+  T cells. This is important, 

as it has been shown that PD-1 expression identifies tumor-reactive T cells in melanoma 

patients147,298, and in fact, PD-1 levels is proportional to the strength of TCR signaling324. Thus, these 

results indicate that BO-110 is able to generate an efficient macrophage-dependent tumor-specific 

T cell immunity, a feature no shared by pIC treatment. Furthermore, these results suggest that 

intratumoral macrophages (as anti-CSF1 only depleted these type of macrophages), become 

important antigen presenting cells upon BO-110 treatment. This idea has been previously addressed 

by Zhu et al., in 2014. Indeed, they showed that intratumorally, TAMs and lymphoid-like DCs are the 

main population of cells up-taking tumor-derived antigens, and that, under the right conditions, 

these TAMs have a remarkable priming capacity to activate CD8+ T cells. Furthermore, they also 

showed that anti-CSF1 treatment abrogates almost completely TAMs, but interestingly, increased 

the number and activation state of lymphoid-like DCs169. This goes along our findings, as anti-CSF1 
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treatment did not decreased the amount of CD11c+ DCs in our model. Thus confirming that are in 

fact intratumoral macrophages the ones priming and promoting the development of tumor-specific 

CD8+ T cells in response to BO-110 treatment.  

We further validate the priming capability of BO-110 using a classical tumor OVA-OTI T cells in vivo 

model. Indeed, we observed that BO-110 treatment increased the infiltration of tumor OVA-specific 

cytotoxic T cells. However, as PD-1 expression in CD8+ cytotoxic T cells illustrates their maturation 

state, from activation to exhaustion, one could argue that BO-110 treatment might favor T cell 

exhaustion because it behaves as a chronic viral infection325. Yet, we observed that actually BO-110 

treatment enhanced the production of IFN-γ by CD8+ T cells, evidencing their strong cytotoxic 

activity. Moreover, BO-110 treatment is able to reinvigorate dysfunctional cytotoxic T cells, as we 

have shown in our Ova-vaccination in vivo assay. In this model, we first proved that pre-established 

immunity can be overcome by the expression of MDK, as the potent immunosuppressive 

environment created by MDK leads to T cell dysfunction. However, BO-110 treatment is able to 

restore T cell activity and prevent the immunosuppression effects of MDK, most probably by the 

combined action on melanoma cells, innate immunity and MDK-secretion itself.  

Overall, these results have further translational implications, especially concerning strategies that 

attempt to completely eliminate TAMs for therapeutic purposes. TAMs should not be considered 

liabilities. Under this perspective, intratumoral macrophages could be exploited for melanoma 

immunotherapy, a strategy particularly attractive for patients with highly macrophage- enriched 

tumors -such as those expressing high levels of MDK- and that may be resistant to other types of 

therapies. 

7. COMBINING IMMUNOTHERAPEUTIC FORCES TO TREAT RESISTANT TUMORS 

A major therapeutic barrier for cancer immunotherapy remains for the patients showing a non–T 

cell–infiltrated tumor microenvironment phenotype, or non-immunogenic tumor types. It has not 

yet been well defined whether currently available immunotherapies may help to modulate favorably 

the completely non-inflamed tumor sites. These tumors appear to lack a type I interferon signature, 

chemokines for recruitment of T cells and evidence for T cells per se. The vasculature may be non-

permissive for entry by T cells, and the composition of stromal elements may prevent trafficking 

and/or function of T cells326. Thus, therapeutic interventions for this subset of tumors may need to 

focus on strategies to induce appropriate tissue-based inflammation. It is reasonable to consider 

that combination regimens consisting of strategies to improve innate immune system activation and 

T cell trafficking into the tumor microenvironment, and blockade of immune inhibitory pathways, 

may be necessary to achieve clinical benefit in patients with the non-inflamed tumor phenotype326. 
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In this sense, the strategy presented here represents an ideal alternative, as we have shown that 

BO-110 not only is able to induce a massive intratumoral accumulation of immune cells, but also 

leads to the up-regulation of known markers of ICB response –including PD-1/PD-L1 molecules- 

creating an appropriate tumor microenvironment for immunotherapy treatment. Indeed, we have 

shown that BO-110 could be effectively used as a combinatory therapy to enhance anti-PD-L1 

response in refractory tumors, an approach that is being currently tested using the BO-110-derivate, 

BO-112,in patients with aggressive solid tumors327. Thus BO-110 could represent an alternative, not 

only to tackle MDK-driven ICB resistance, but also to treat “cold” tumors driven by other mechanisms 

of resistance. In Figure 33 we summarized the results describe in the second part of this Thesis:  

Figure 33. Proposed model of action of 
BO-110 in melanoma. 
(1) BO-110 induces melanoma-
immunogenic cell death, (2) which 
promotes the mobilization of immune 
cells, and increases the recruitment of 
monocytes/macrophages into tumors. 
(3) Once in the tumor micro-
environment, BO-110 induces the 
polarization and activation of myeloid 
cells into tumoricidal effectors. (4) In 
parallel, BO-110 improves macrophage 
recognition of tumor cells, and (5) 
generates tumor-specific CD8+ T cells 
with increased IFN-γ production and PD-
1 expression. Of note, this process is 
dependent on the presence of 
intratumoral macrophages. (6) BO-110 
also induces melanoma-PD-L1 expression 
in an IFN-dependent manner. (7) 
Combinatory treatment of BO-110 with 
anti-PD-L1 blocking antibodies further 
enhanced anti-tumor responses.
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In light of the results presented here, the conclusions drawn from this Thesis are: 

1. Bioinformatics analysis identified a MDK-associated gene expression profile (MAGEP) that 

correlates with poor patient prognosis in melanoma and other cancer types.  

2. MDK expression was associated with an immunosuppressive tumor microenvironment, 

dictated by the accumulation of MDSCs, TAMs and Tregs cells, and a TGF-β-skewed 

immune contexture.  

3. Mechanistically, the increased mobilization of innate immune cells was found associated 

with a MDK-autocrine effect on melanoma cells, leading to the non-canonical activation of 

the NF-κB signaling pathway via ALK receptor activation. MDK/ALK interaction in 

melanoma cells triggers a strong pro-inflammatory secretory program, particularly 

enriched of chemokines and innate immune-modulators. 

4. MDK-induced secretome activates the IL-6/STAT3 signaling pathway in tumor-infiltrating 

MDSCs and TAMs, enhancing their immunosuppressive properties. This hinders cytotoxic 

T cells activity and prevents the establishment of anti-tumor immunity. 

5. MDK-expressing tumors are resistant to immune checkpoint blockers, as seen in mouse 

melanoma models. Therefore, MAGEP expression represents a reliable indicator to predict 

immunotherapy responses in the clinics. 

6. Drug screenings using the MetAlert mouse model, identified dsRNA-based nanoplexes as 

potent inhibitors of MDK secretion and functions in aggressive tumors, via a Type I IFNs 

dependent manner. 

7. Cytoplasmic delivery of dsRNA-based nanoplexes, by means of BO-110 treatment, 

simultaneously induces immunogenic cell death of melanoma cells, inhibits pre-metastatic 

niches by blunting tumor-associated vasculature, and activates the innate immune system. 

All this translates into potent clinical benefits.  

8. BO-110 treatment leads to the recruitment and activation of the tumoricidal properties of 

macrophages, which become potent tumor antigen presenting cells and ultimately elicit an 

effective tumor-specific adaptive immunity. 

9. BO-110 treatment turns “cold” resistant tumors into proper ICB candidates and improves 

PD-L1 blocking therapy by generating a more immunogenic tumor microenvironment.  
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A raíz de los resultados presentados en la presente Tesis Doctoral, concluimos los siguiente: 

1. Análisis bioinformáticos identificaron un perfil de expresión génica asociado a MDK 

(MAGEP) que se correlaciona con mal pronóstico en los pacientes con melanoma y otros 

tipos de cáncer. 

2. La expresión de MDK se encontró asociada a un microambiente tumoral inmunosupresor, 

caracterizado por la acumulación de células mieloides supresoras, macrófagos y células T 

reguladoras, además de una contextura inmune orientada a la señalización por TGF-β. 

3. El aumento de la movilización de células inmunes innatas se asoció a un efecto autocrino 

de MIDKINE sobre las células de melanoma, lo que lleva a la activación no canónica de la 

vía de señalización de NF-κB a través de la activación del receptor ALK. La interacción 

MDK/ALK en células de melanoma desencadena un potente programa secretor pro-

inflamatorio, particularmente enriquecido con quimiocinas y factores moduladores del 

sistema inmune innato. 

4. El secretoma inducido por MDK activa la vía de señalización de IL-6/STAT3 en las células 

mieloides infiltrantes de tumores, aumentando sus propiedades inmunosupresoras. Esto 

bloquea la actividad de las células T citotóxicas y previene el establecimiento de una 

inmunidad anti-tumoral. 

5. La expresión de MDK confiere al melanoma resistencia a los bloqueadores del punto de 

control inmunitario, como pudo observarse en modelos de ratón. Por lo tanto, el perfil de 

expresión génica asociado a MDK podría ser una herramienta útil para predecir la 

resistencia a la inmunoterapia en pacientes con melanoma. 

6. Mediante un sondeo de drogas utilizando el modelo de ratón MetAlert, se identificó que 

los nano-complejos basados en ARN de doble cadena son potentes inhibidores de la 

secreción de MDK y de sus funciones en tumores agresivos, mediante la secreción de IFN 

de tipo I. 

7. Los nano-complexos basados en ARN de doble cadena, en particular la droga BO-110, activa 

simultáneamente el sistema inmunológico, induce la muerte celular inmunogénica de las 

células cancerosas e inhibe los nichos pre-metastásicos por la normalización de la 

vasculatura asociada al tumor. Todo esto se traduce en potentes beneficios clínicos. 

8. El tratamiento con BO-110 conduce al reclutamiento y potenciación de las propiedades 

tumoricidas de los macrófagos, los cuales se convierten en potentes células presentadoras 



 

 

de antígenos tumorales y, en última instancia, generan una eficaz inmunidad adaptativa 

específica contra el tumor. 

9. BO-110 convierte los tumores “fríos” refractarios en candidatos adecuados para la 

inmunoterapia y mejora el tratamiento con anticuerpos anti-PD-L1 al generar un 

microambiente tumoral más inmunogénico. 
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