
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Molecular characterization of the immune microenvironment in melanoma

Cabrita, Rita

2020

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Cabrita, R. (2020). Molecular characterization of the immune microenvironment in melanoma. [Doctoral Thesis
(compilation), Department of Clinical Sciences, Lund]. Lund University, Faculty of Medicine.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/c6d85ed2-8408-43ec-859f-8b68b1eb72d8


Molecular characterization of the 
immune microenvironment in melanoma
RITA CABRITA  

DEPARTMENT OF CLINICAL SCIENCES | LUND UNIVERSITY



Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2020:77 

ISBN 978-91-7619-939-8 
ISSN 1652-8220 9

7
8
9
1
7
6

1
9
9
3
9
8

About the Author
Rita started her studies in Health Sciences 
at the University of Lisbon, Portugal, 
where she completed her Master’s in 
Molecular Biology and Genetics, in 2015. 
She spent the last year of the Master’s in 
Rome, Italy, developing her thesis at the 
European Molecular Biology Laboratory 
(EMBL). Soon after, she was selected for 
a Marie Skłodowska-Curie fellowship, to 
be part of MELGEN European Training 
Network and thus, join a PhD position 

at Lund University, under the supervision of Göran Jönsson. Her PhD projects, 
now included in this thesis, involved the characterisation of different aspects 
of the tumour immune microenvironment in melanoma, representing a 
knowledge contribution that, in the future, might help improve the clinical 
management of patients in advanced stages of the disease.

In her spare time, Rita is passionate about cooking, travelling and spending 
time with her loved ones.



Molecular characterization of the immune 
microenvironment in melanoma 

Rita Cabrita 

DOCTORAL DISSERTATION 
by due permission of the Faculty of Medicine, Lund University, Sweden. 

To be defended at Medicon Village, building 404, room E24. 
Wednesday, 10th June 2020 at 9:30 AM. 

Faculty opponent 
Professor Eduardo Nagore 

Valencia Catholic University 
Dermatology Unit, Valencian Oncology Institute 

Spain 



Organization 
LUND UNIVERSITY 

Document name 
Doctoral dissertation 

Faculty of Medicine 
Division of Oncology and Pathology 

Date of issue 
10th June, 2020 

Author: Rita Cabrita Sponsoring organization: European Union’s Horizon 2020 research and 
innovation program under the Marie Skłodowska-Curie Innovative Training 
Networks - H2020-MSCA-ITN-2014, Grant Agreement No. 641458. 

Title and subtitle 
Molecular characterization of the immune microenvironment in melanoma 
Abstract 
Malignant melanoma is the most lethal form of skin cancer and its incidence has increased drastically, with its 
clinical management lacking efficient options until recent years. The scenario changed dramatically in the last 
decade with the introduction of immunotherapy agents in the treatment of advanced melanoma, particularly 
immune checkpoint inhibitors. Antibodies inhibiting CTLA-4 and PD-1/PD-L1 signalling have been approved, as 
monotherapies or in combination, after showing great improvement in patient survival. Nevertheless, the response 
rates are still insufficient, with a high fraction of the patients showing resistance or developing severe immune 
adverse effects.  
Due to the fact that melanoma is a highly immunogenic disease, it has been under the scope of research studies 
on the tumour immune microenvironment in order to discover predictive biomarkers for therapeutic agents. 
Despite these efforts, the mechanisms of sensitivity and resistance to treatment remain poorly understood. 
The work included in this thesis explored some aspects of the tumour microenvironment and made important 
discoveries that could potentially be applied in the future to efficiently help predict responses to immune 
checkpoint inhibitors. 
A specific type of lymphoid aggregates, tertiary lymphoid structures, known to play an important role in chronic 
inflammation, was documented to develop in several types of human tumours, including melanoma. In Paper I, we 
show that the presence of TLSs in the tumours, improves not only the patient survival and outcome, but it also 
confers better responses to immune checkpoint inhibitors. 
Resistance to immunotherapy is developed due to the activation of mechanisms of immune evasion by the 
tumour. Loss of PTEN and low expression of MITF in melanoma tumours have a role in the initiation of these 
mechanisms. In Paper II, we show that the concomitant loss of PTEN and MITF, leads to a worse patient survival 
and development of resistance to therapy. 
The immune landscape of a tumour is a fingerprint of its immune microenvironment. Thus, more effective methods 
to characterize it are currently being studied. In Papers III and IV, we show that two not extensively explored 
methods, are effective in distinguishing different tumour microenvironments. We were able to group tumours 
according to their level of DNA methylation and this grouping was differentially associated with the level of immune 
infiltration, activation of immune evasion mechanisms and prognosis. We also show that immune cell signatures 
derived based on single-cell RNA-seq data, have a prognostic value, both alone and when coupled with TMB, in 
treatment naïve and treated melanoma cohorts, showing their potential to be used as biomarkers. 
Overall, our data represents a knowledge contribution that in the future, could allow the discovery of new 
biomarkers for the treatment of melanoma. This, combined with the discovery of technological tools, might 
improve the clinical management of patients in advanced stages, and allow an implementation of an optimized 
personalized medicine. 
Key words 
Melanoma, immune microenvironment, tertiary lymphoid structures, immunotherapy, immune evasion, 
methylation, immune gene signatures. 
Classification system and/or index terms (if any): NA 

Supplementary bibliographical information: NA Language: English 

ISSN and key title: 1652-8220 
Lund University, Faculty of Medicine Doctoral Dissertation Series 2020:77 

ISBN 978-91-7619-939-8 

Recipient’s notes: NA Number of pages 86 Price: NA 

Security classification: NA 

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all 
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation. 

Signature  Date: 5th May, 2020 



Molecular characterization of the immune 
microenvironment in melanoma 

Rita Cabrita 



Coverphoto by Laura Mielgo 

Copyright Rita Cabrita 

Paper 1 © Nature 

Paper 2 © Cancers 

Paper 3 © Molecular Oncology 

Paper 4 © by the Authors (Manuscript unpublished) 

Faculty of Medicine 
Department of Clinical Sciences 
ISBN 978-91-7619-939-8 
ISSN 1652-8220 
Printed in Sweden by Media-Tryck, Lund University 
Lund 2020  



To my magic three: Ilda, Francisco and Frederico 

“If I have seen further, it is by standing upon the shoulders of giants.” 
Isaac Newton 

“É o tempo da travessia: 
E, se não ousarmos fazê-la, 

teremos ficado, 
para sempre, 

à margem de nós mesmos.” 
Fernando Pessoa 



Table of Contents

List of papers included in the thesis ...................................................................... 9 
List of papers not included in the thesis ............................................................. 11 
Abbreviations ........................................................................................................ 13 
Acknowledgements ............................................................................................... 17 
Popular science summary .................................................................................... 19 
Resumo em Português .......................................................................................... 21 
Abstract ................................................................................................................. 23 
The history of cancer ............................................................................................ 25 
Melanocytes ........................................................................................................... 27 

Development ................................................................................................ 27 
Function........................................................................................................ 27 

Melanoma .............................................................................................................. 29 
Development ................................................................................................ 29 

Initiation .............................................................................................. 29 
Progression .......................................................................................... 30 

Epidemiology ............................................................................................... 31 
Staging of the disease ................................................................................... 32 

Localized Melanoma (Stage I and II) .................................................. 32 
Regional Melanoma (Stage III) ........................................................... 33 
Metastatic Melanoma (Stage IV) ......................................................... 34 

Treatment modalities in melanoma .................................................................... 35 
Targeted therapy ........................................................................................... 35 
Immunotherapy ............................................................................................ 36 

The tumour immune microenvironment ............................................................ 39 



The immune system .............................................................................................. 41 
T-cells ........................................................................................................... 42 
B-cells .......................................................................................................... 42 
Tertiary lymphoid structures (TLS) ............................................................. 43 
Immune Evasion ........................................................................................... 45 

Main Methods ....................................................................................................... 47 
Population-based retrospective melanoma cohort ........................................ 47 
Microarray – Global GEX and TMA ........................................................... 48 

Global Gene Expression (GEX) .......................................................... 48 
Tissue Microarrays (TMA) .................................................................. 49 

Immunohistochemistry (IHC) ...................................................................... 49 
Immunofluorescence (IF) ............................................................................. 50 
High-plex proteomic analysis ....................................................................... 51 
Data analyses ................................................................................................ 52 

Gene expression analysis of Lund cohort ............................................ 52 
Analyses of public gene expression datasets ....................................... 52 
Gene signatures ................................................................................... 54 

Statistical analyses ....................................................................................... 57 
Present Investigation ............................................................................................ 59 

Paper I .......................................................................................................... 59 
Paper II ......................................................................................................... 63 
Paper III ........................................................................................................ 66 
Paper IV ....................................................................................................... 69 

Conclusions and future perspectives ................................................................... 71 
References ............................................................................................................. 75 





9 

List of papers included in the thesis 

I. Tertiary lymphoid structures improve immunotherapy and survival in 
melanoma. 

Cabrita R, Lauss M, Sanna A, Donia M, Larsen MS, Mitra S, 
Johansson I, Phung B, Harbst K, Vallon-Christersson J, van Schoiack 
A, Lövgren K, Warren S, Jirström K, Olsson H, Pietras K, Ingvar C, 
Isaksson K, Schadendorf D, Schmidt H, Bastholt L, Carneiro A, Wargo 
JA, Svane IM and Jönsson G. 

Nature. 2020, 577(561–565). 

II. The role of PTEN loss in immune escape, melanoma prognosis and 
therapy response. 

Cabrita R, Mitra S, Sanna A, Ekedahl H, Lövgren K, Olsson H, Ingvar 
C, Isaksson K, Lauss M, Carneiro A and Jönsson G. 

Cancers. 2020, 12(3), 742. 

III. Analysis of DNA methylation-based tumour immune 
microenvironment patterns in metastatic melanoma. 

Mitra S, Lauss M, Cabrita R, Choi J, Zhang T, Isaksson K, Olsson H, 
Ingvar C, Carneiro A, Staaf J, Ringnér M, Nielsen K, Brown KM and 
Jönsson G. 

Molecular Oncology. 2020, doi: 10.1002/1878-0261.12663 (Published 
online). 

IV. Distinct transcriptional signatures derived from single-cell RNA 
sequencing data predict patient prognosis and response to immune 
checkpoint blockade in melanoma. 

Mitra S, Cabrita R, Harbst K, Lauss M and Jönsson G. 

Manuscript. 





11 

List of papers not included in the 
thesis 

I. The X-linked DDX3X RNA helicase dictates translation 
reprogramming and metastasis in melanoma. 

Phung B, Ciesla M, Sanna A, Guzzi N, Beneventi G, Cao Thi Ngoc P, 
Lauss M, Cabrita R, Cordero E, Bosch A, Rosengren F, Häkkinen J, 
Griewank K, Paschen A, Harbst K, Olsson H, Ingvar C, Carneiro A, 
Tsao H, Schadendorf D, Pietras K, Bellodi C and Jönsson G. 

Cell Reports. 2019, 27(12), p. 3573-3586.e7. 

II. Effects of promoter hypermethylation of melanocyte lineage genes on 
melanoma phenotype. 

Sanna A, Mitra S, Phung B, Lauss M, Choi J, Zhang T, Njauw C, 
Cordero E, Harbst H, Rosengren F, Cabrita R, Johansson J, Isaksson 
K, Olsson H, Ingvar C, Carneiro A, Andersson M, Tsao H, Brown K, 
Pietras K and Jönsson G. 

Manuscript. 

  





13 

Abbreviations 

ACT Adoptive cell transfer 
AJCC American Joint Committee on Cancer 
ANOVA Analysis of variance 
APC Antigen-presenting cells 
AKT AKT serine/threonine kinase 1 
BC Before Christ 
BRAFi BRAF inhibitor 
B2M Beta-2-Microglobulin 
CD Cluster of differentiation 
CDK Cyclin-dependent kinase 
CDKN2A CDK inhibitor 2A 
cDNA Complementary DNA 
CNS Central nervous system 
CpG 5'—C—phosphate—G—3' (cytosine-guanine) 
cRNA Complementary RNA 
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 
CTNNB1 Catenin beta 1 
CXCL13 C-X-C motif chemokine ligand 13 
CXCR5 C-X-C motif chemokine receptor 5 
DC Dendritic cells 
DC-LAMP Dendritic cell lysosomal associated membrane glycoprotein 
DMFS Disease metastatic free survival 
DNA Deoxyribonucleic acid 
EDNRB Endothelin receptor type B 
FDA Food and Drug Administration 



14 

FDR False Discovery Rate 
FPKM Fragments per kilobase of transcript per million mapped reads 
GC Germinal centre 
GEO Gene Expression Omnibus 
GEX Gene expression 
HISAT Hierarchical Indexing for Spliced Alignment of Transcripts 
HLA-DR Human leukocyte antigen – DR isotype 
ICI Immune checkpoint inhibitor 
IGLL1/5 Immunoglobulin lambda like polypeptide 1/5 
IHC Immunohistochemistry 
IL-2 Interleukin-2 
IF Immunofluorescence 
IFN Interferon 
KIT Receptor tyrosine kinase 
MAPK Mitogen-activated protein kinase 
MPC Microenvironment Cell Populations 
MEK Mitogen-activated protein kinase kinase 
MEKi MEK inhibitor 
MHC Major histocompatibility complex 
MITF Microphthalmia-associated transcription factor 
mRNA Messenger RNA 
mTOR Mammalian target of rapamycin 
MYC Master Regulator of Cell Cycle Entry and Proliferative Metabolism 
NCBI National Center for Biotechnology Information 
NK Natural killer 
PD-1 Programmed cell death protein 1 
PD-L1 Programmed death-ligand 1 
PFS Progression free survival 
PI3K Phosphoinositide 3-kinase 
PTEN Phosphatase and tensin homolog 
RB Retinoblastoma 



15 

RNA Ribonucleic acid 
RNA-seq RNA-sequencing 
ROI Region of interest 
RPKM Reads per kilobase of transcript per million mapped reads 
SAM Significant analysis for microarray 
SCNA Somatic copy number aberration 
SOX10 Sry-related HMg-Box gene 10 
TCGA The Cancer Genome Atlas 
TCR T-cell receptor 
TERT Telomerase reverse transcriptase 
TIL Tumour infiltrating lymphocyte 
TLS Tertiary lymphoid structure 
TMA Tissue microarray 
TMB  Tumour mutational burden 
TME Tumour microenvironment 
TIME Tumour immune microenvironment 
TPM Transcripts per million 
TP53 Tumour protein 53 
Treg Regulatory T-cells 
SLN Sentinel lymph node 
UV Ultraviolet 
VST Variance stabilizing transformation 

  





17 

Acknowledgements 

Every adventure begins with a big step. Sometimes it is not easy to take those steps 
with certainty. Four years ago, it took me some time to decide whether a PhD was 
the right step for me to take. When I got to know you, Göran, and the group you 
had built here in Lund, the certainty I lacked finally arrived and I knew I had to go 
for it and embrace this adventure. Thank you for believing in me (among so many 
other people), for teaching me so much and always being there for me. 

Thank you to the rest of the group without whom writing this book would have been 
completely impossible. Thank you, Bengt and Katja for all the guidance and help 
with the little things in the lab. Thank you, Martin for even from far away always 
being such a nice workmate. And great work on the B-cell study! Frida, you have 
always been so available and kind to me. Thank you for all the patience. Shamik 
and Adriana, I feel like I could never thank you enough – for all the help, 
companionship and good moments spent together, both in and outside the lab. I wish 
you both a brilliant and prosperous future, just as you deserve. 

A big thank you to everyone in the Oncology Division, with a special heads up to 
Iva Johansson for all her support with the IHC staining. Carina, Kamila and 
Maria, for the good chats and laughs in the lab. And Kristina Lövgren and Anna 
Ebbeson for all their patience in the staining lab. 

Thank you to everyone in the TCR department as well, for all the scientific/lab help, 
and also for the pleasant lunch breaks. 

Thank you to all the people involved in the GenoMEL Consorcium and the 
MELGEN European Training Network. It is impossible to put in words how much 
I learned with all of you during our meetings/trainings all over Europe. And how 
much fun I had! It was a privilege to be part of these groups. 

To all the special people this journey put on my way, who since the beginning made 
me feel at home away from home, and for that reason I will forever keep with me: 

Carla, o mérito começou por ser meu no dia em que te descobri, mas passou a ser 
todo teu ao longo desta bonita amizade que criámos. Obrigada por tudo! 



18 

Vale and Vitto, grazie a voi for all the good and cosy moments we spent together, 
just enjoying each other’s company. In my heart, I know I can always count on you 
for anything. Isn’t that what they call vera amicizia? 

Matteo, thank you for being a lively inspiration every day and such a good friend. 
You and your beautiful family are to keep. 

To a friend that is neither on one side, nor on the other, but always finds a way to 
be there: Cat. Obrigada por nunca deixares que a distância se interponha entre nós. 

To all my people at home, who never stop waiting for me. You always make me 
anxious to go back and are the responsible ones for those (already) characteristic 
and indescribable stomach butterflies when landing in Lisbon. 

Marta Sofia, pode faltar-me tudo na vida, o teu abraço sei que está sempre pronto 
para mim. 

Marta e Té, é impossível não ficar orgulhosa de ainda ter amigas de infância. O 
passado já é nosso, o futuro espera-nos. 

Lu, Joana, Inês e Sofia, meses e meses sem estarmos juntas (culpa das emigrantes!) 
e sempre que estamos é como se o tempo não tivesse passado – that says it all. 

To my absolutely incredible family. Without them I would never be where I am, I 
would never be who I am. As much as I go around in this world or any other, the 
only certainty I have in life is that I will love you unconditionally until my last 
breath. / À minha absolutamente incrível família. Sem eles nunca estaria onde estou, 
nunca seria quem sou. Por mais voltas que dê neste mundo ou outro qualquer, a 
única certeza que tenho na vida é que vou amar-vos incondicionalmente até ao meu 
último suspiro. 

Last, but definitely not least, the best thing this adventure gave me: Iñigo. El día 
que realmente te conocí, supe de inmediato que tenía que quedarme contigo. Gracias 
por amarme siempre como soy, todos los días, sin pedir nada a cambio. ¡El futuro 
es nuestro, mi amor! 



19 

Popular science summary 

Melanoma is, as any type of cancer, a complex disease in which different types of 
cells interact with each other to promote the growth of a tumour originated from the 
transformation of normal cells. Together with the cancer cells, non-transformed 
cells, such as immune cells, blood and lymphatic vessels and fibroblasts, are the 
main components of the tumour microenvironment. Among the many interactions 
that take place in this tumour microenvironment, the crosstalk between cancer and 
immune cells has been one of the main focuses of the scientific community for many 
years.  

Melanoma is particularly rich in events involving the interaction of tumour and 
immune cells, meaning it is a highly “immunogenic” disease, and thus a good source 
for studying this topic. For this reason, melanoma is one of the types of cancer that 
responds positively to therapeutic strategies involving the empowerment of a 
patient’s immune system, the so-called immunotherapy. Up to date, advanced 
melanoma had no treatment and patients would succumb shortly after diagnosis. 
Although immunotherapy treatment has been revolutionary in the field of cancer 
treatment and, as mentioned, in advanced melanoma, and it has shown great 
improvement and outcome in some of the patients, many others still suffer either 
from severe side effects or from resistance to the treatment. As such, there is a 
compelling need to develop tools to effectively identify and select the patients who 
may benefit from the different available immunotherapy treatment options. 

A detailed knowledge about the mechanisms taking place at the tumour immune 
microenvironment will, in the future, open possibilities for the development of such 
tools. 

This thesis explored some aspects and made some important discoveries related to 
the tumour microenvironment in melanoma. 

Herein, it is shown that specific aggregates of immune cells which form in chronic 
inflammation sites in the body, and that have also been documented to develop in 
human cancer, are present in melanoma. More importantly, the presence of these 
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aggregates, called tertiary lymphoid structures, in the tumour is beneficial, since it 
improves not only the patient survival and outcome, but also confers better 
responses to immunotherapy agents. As such, the enhancement of TLS formation 
and function could be considered as a therapeutic approach in melanoma patients in 
the future. 

During the crosstalk between cancer and immune cells, cancer cells have different 
strategies to evade the immune responses activated against them. These strategies 
are also partly responsible for the resistance to immunotherapy observed in a 
fraction of the patients. The loss of different genes, such as the PTEN gene, is known 
to be responsible for the initiation of these mechanisms of evasion and consequent 
resistance to therapy. Moreover, a decrease of MITF expression, an important gene 
for melanoma development, has also been shown to be initiating mechanisms of 
evasion of the immune system. In this work it is shown that the loss of PTEN and 
MITF proteins in combination leads to a worse patient survival and to the 
development of resistance to therapy. This stands for the possibility of including the 
reactivation of MITF in therapeutic approaches involving PTEN. 

Having a detailed knowledge about the specific immune cells present in a tumour 
could help understand the crosstalk mechanisms happening in the tumour 
microenvironment. Herein, it is shown that two methods to distinguish different 
tumour microenvironments which have not been extensively studied could be used 
for this purpose. These methods were effective in both defining tumour groups with 
different immune characteristics and in predicting the prognosis of patients before 
and after being treated with immunotherapy agents. 

Taken together, the work included in this thesis addresses some aspects of the 
tumour immune microenvironment in melanoma. Our data can then represent a 
knowledge contribution that in the future, combined with technological 
advancement, might improve the clinical management of patients in advanced 
stages of the disease, and reach an optimized personalized medicine. 
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Resumo em Português 

O melanoma, tal como qualquer outro tipo de cancro, é uma doença complexa, na 
qual diferentes tipos de células interagem entre si. Esta interação tem como objetivo 
promover o crescimento de um tumor resultante da transformação de células do 
organismo. Em conjunto com as células cancerígenas, células não transformadas, 
tais como células do sistema imunitário, fibroblastos e vasos sanguíneos e linfáticos 
são os principais componentes do microambiente tumoral. Entre as muitas 
interações que ocorrem neste ambiente, a relação entre células tumorais e células 
imunes tem vindo a ser um dos maiores tópicos de investigação por parte da 
comunidade científica nos últimos anos. 

O melanoma é particularmente rico em eventos que envolvem a interação entre 
células tumorais e células imunes, sendo por isso extremamente “imunogénico”. Daí 
que os tumores de melanoma representem uma boa ferramenta para o estudo deste 
tópico. Por ter estas características, o melanoma é um dos tipos de cancro que 
responde de forma positiva a estratégias terapêuticas que têm como base o 
fortalecimento do sistema imunitário dos doentes, a já conhecida imunoterapia. 
Anteriormente, o melanoma em estadio avançado não tinha qualquer possibilidade 
de tratamento e os doentes sucumbiam pouco depois do diagnóstico. 

Apesar de a imunoterapia ter sido revolucionária na área do tratamento de cancro, e 
em particular no tratamento do melanoma avançado, e de ter levado a uma melhoria 
considerável em muitos doentes, muitos outros ainda desenvolvem efeitos 
secundários severos ou mesmo resistência aos tratamentos, nunca chegando a 
responder aos mesmos. Como tal, há uma necessidade urgente de desenvolver 
ferramentas eficazes na identificação e seleção de doentes que beneficiem das 
diferentes opções terapêuticas disponíveis. No futuro, um conhecimento 
aprofundado sobre os mecanismos que ocorrem ao nível do microambiente tumoral 
poderá aumentar as possibilidades de um desenvolvimento dessas mesmas 
ferramentas.  

Esta tese explora alguns aspetos relacionados com o microambiente tumoral em 
melanoma e fez descobertas que podem ser consideradas importantes nesta área. 
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Com este trabalho demonstra-se que agregados de células imunes que habitualmente 
se formam em locais de inflamação no organismo, e que ocorrem em diversos 
tumores humanos, estão presentes também no melanoma. A presença destes 
agregados, denominados estruturas linfóides terciárias, no tumor, é benéfica, uma 
vez que representa não só uma melhoria da sobrevivência e prognóstico do doente, 
mas também melhores respostas a agentes imunoterapêuticos. Como tal, 
futuramente, um aumento da formação de estruturas linfóides terciárias funcionais 
poderá ser considerado como uma abordagem terapêutica em doentes com 
melanoma. 

Durante a interação entre células tumorais e células imunes, as células tumorais têm 
a capacidade de escapar às respostas imunes que são despoletadas contra si. Esta 
capacidade pode ocorrer de diversas formas e é responsável pela resistência aos 
agentes terapêuticos observada em muitos doentes. A perda de genes específicos, 
tal como o gene PTEN, é muitas vezes responsável pelo desencadeamento destes 
mecanismos de evasão do sistema imunitário e consequente resistência à 
terapêutica. Além disso, sabe-se que a diminuição da expressão de MITF, um 
importante gene no desenvolvimento de melanoma, também é responsável pelo 
despoletar desses mesmos mecanismos. Neste trabalho constata-se que a perda 
concomitante das proteínas PTEN e MITF representa um pior prognóstico e 
sobrevivência do doente, bem como um desenvolvimento da resistência à 
imunoterapia. Como tal, a reativação de MITF em abordagens terapêuticas que 
envolvem PTEN poderá constituir uma possibilidade futura. 

Um conhecimento detalhado sobre o tipo de células imunes que estão presentes num 
tumor pode auxiliar no entendimento dos mecanismos de interação que ocorrem no 
microambiente tumoral. Neste trabalho comprova-se que dois métodos para 
distinguir diferentes microambientes tumorais, que até hoje não foram 
particularmente aprofundados, poderiam ser usados para este efeito. Estes métodos 
demonstraram ser eficazes na definição de grupos de tumores com diferentes 
características imunes, e também no prognóstico de doentes antes e depois de 
receberem tratamento com agentes imunoterapêuticos. 

Genericamente, o trabalho incluído nesta tese explora alguns aspetos relativos ao 
microambiente tumoral. Os dados aqui apresentados representam um conhecimento 
que, no futuro, em conjunto com avanços ao nível tecnológico, pode contribuir para 
aperfeiçoar a gestão clínica de doentes em estadios avançados da doença, e 
conseguir uma medicina personalizada. 
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Abstract 

Malignant melanoma is the most lethal form of skin cancer and its incidence has 
increased drastically, with its clinical management lacking efficient options until 
recent years. The scenario changed dramatically in the last decade with the 
introduction of immunotherapy agents in the treatment of advanced melanoma, 
particularly immune checkpoint inhibitors. Antibodies inhibiting CTLA-4 and PD-
1/PD-L1 signalling have been approved, as monotherapies or in combination, after 
showing great improvement in patient survival. Nevertheless, the response rates are 
still insufficient, with a high fraction of the patients showing resistance or 
developing severe immune adverse effects.  

Due to the fact that melanoma is a highly immunogenic disease, it has been under 
the scope of research studies on the tumour immune microenvironment in order to 
discover predictive biomarkers for therapeutic agents. Despite these efforts, the 
mechanisms of sensitivity and resistance to treatment remain poorly understood. 

The work included in this thesis explored some aspects of the tumour 
microenvironment and made important discoveries that could potentially be applied 
in the future to efficiently help predict responses to immune checkpoint inhibitors. 

A specific type of lymphoid aggregates, tertiary lymphoid structures, known to play 
an important role in chronic inflammation, was documented to develop in several 
types of human tumours, including melanoma. In Paper I, we show that the presence 
of TLSs in the tumours, improves not only the patient survival and outcome, but it 
also confers better responses to immune checkpoint inhibitors. 

Resistance to immunotherapy is developed due to the activation of mechanisms of 
immune evasion by the tumour. Loss of PTEN and low expression of MITF in 
melanoma tumours have a role in the initiation of these mechanisms. In Paper II, we 
show that the concomitant loss of PTEN and MITF, leads to a worse patient survival 
and development of resistance to therapy. 

The immune landscape of a tumour is a fingerprint of its immune 
microenvironment. Thus, more effective methods to characterize it are currently 
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being studied. In Papers III and IV, we show that two not extensively explored 
methods, are effective in distinguishing different tumour microenvironments. We 
were able to group tumours according to their level of DNA methylation and this 
grouping was differentially associated with the level of immune infiltration, 
activation of immune evasion mechanisms and prognosis. We also show that 
immune cell signatures derived based on single-cell RNA-seq data, have a 
prognostic value, both alone and when coupled with TMB, in treatment naïve and 
treated melanoma cohorts, showing their potential to be used as biomarkers. 

Overall, our data represents a knowledge contribution that in the future, could allow 
the discovery of new biomarkers for the treatment of melanoma. This, combined 
with the discovery of technological tools, might improve the clinical management 
of patients in advanced stages, and allow an implementation of an optimized 
personalized medicine. 
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The history of cancer 

Cancer has afflicted humanity since pre-historic times. The oldest evidence of 
cancer in mammals consists of tumours found in fossils of dinosaurs and human 
bones. Human cancer was described for the first time in Egyptian manuscripts 
written between 1500 and 1600 BC and discovered in the 19th century. The Edwin 
Smith papyrus, as it was called later in time, is today thought to have been written 
by Imhotep, a physician-architect. This manuscript describes cases of breast 
neoplasms, mentioning that when such tumours had spread over the breast, no 
treatment could succeed. The earliest cancer cases in humans were found in 
Egyptian and Peruvian mummies dating back to 1500 BC. 

Following the decline of the Egyptian and Greek empires, Roman medicine became 
dominant, especially with Hippocrates (460-370 BC), the well-known “Father of 
Medicine”. Until today, he is credited with the origin of the word “cancer”, by using 
the terms carcinos and carcinoma (in Greek, referring to crab) to describe different 
forms of tumours (non-ulcer or ulcer forms, respectively). The term cancer was 
established later on when the Roman physician Celsus (50-28 BC), an avid 
successor of Hippocrates, translated the word “crab” to Latin. 

One of the first theories about the cause of cancer was proposed by Hippocrates. He 
believed health or disease were determined by the balance or imbalance of the four 
body fluids or humours (blood, black bile, yellow bile and phlegm) linked to 
different organs. The imbalance of these humours dictated a propensity towards 
certain diseases. He defended that for instance, cancer was a consequence of an 
imbalance and excess of black bile in the body. 

Only in the 16th century did Hippocrates’ black bile theory start to be questioned 
and new hypotheses were created. This happened as a consequence of a more 
extensive knowledge of the physical attributes of cancer, namely the distinction 
between benign and malignant tumours. With that, the era of cancer pathology had 
started. Giovanni Morgagni di Padua was the first one using autopsies to correlate 
patients’ illness to pathological findings after death. Later on, the famous Scottish 
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surgeon John Hunter (1728-1793) defended that tumours that had not spread to 
nearby tissues, could be surgically removed. 

The discovery of anaesthesia in 1842 by Crawford W. Long, together with 
refinements in surgical techniques and the development of antibiotics and 
anaesthetic agents, made surgery the early-stage cancer management primary choice 
and greatly increased the cure rates. The discovery of X-rays, and of chemical atoms 
like radium and polonium, by Pierre and Marie Curie, marked the era of modern 
diagnostic, therapeutic radiology and nuclear medicine, raising expectations that 
cancer treatment was soon to be achieved. 

In the beginning of the 20th century, the establishment of innovative research tools 
enabled medical researchers to explore more efficiently the origin of cancer. This 
allowed, among other discoveries, the emergence of the connection between 
environmental agents, industrial products and consumer products, such as radon, 
asbestos and tobacco, respectively, and cancer. These started later being called 
carcinogenic agents. 

During World War II, a compound called nitrogen mustard, commonly known as 
mustard gas, used during military actions, was by chance found to work against 
lymphoma. This agent served then as the model for alkylating agents that killed 
rapidly growing cancer cells by damaging their DNA. Not long after the discovery 
of nitrogen mustard, a paediatric pathologist in Sidney demonstrated that an agent 
called aminopterin produced remissions in acute leukaemia. This was then the 
predecessor of methotrexate, a cancer treatment drug commonly used today. Since 
then, other researchers developed many drugs specialized in blocking different 
functions in cell growth and replication. The era of chemotherapy had begun.Fel! Hittar 

inte referenskälla.
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Melanocytes 

Development 
Melanocytes are specialized cells responsible for the production of the human 
organism’s pigment - the melanin. These pigment producing cells originate from 
embryonic cells named neural crest cells. Melanocytes do not exist only in the outer 
layer of the skin, known as epidermis, in the hair and iris, but also in more unlikely 
locations, such as the inner ear, the nervous system and the heart2,3. Initially, 
melanocyte precursor cells, the melanoblasts, proliferate and migrate over large 
distances through the embryo. Simultaneously, these cells begin to express specific 
melanocytic markers, such as receptor tyrosine kinase (KIT), endothelin receptor 
type B (EDNRB) and the transcription factors Sry-related HMg-Box gene 10 (SOX-
10) and microphthalmia-associated transcription factor (MITF). The expression of 
these markers dictates not only the survival, proliferation and migration of the 
embryonic melanoblasts, but more importantly their cell fate into mature 
melanocytes4. 

Function 
Melanocytes reside in the deepest layer of the epidermis, the basal layer, in a 
symbiotic relationship with a pool of associated keratinocytes, the predominant type 
of cell in the epidermis. This symbiosis represents structures called epidermal-
melanin units represented in Figure 1. These structures are responsible for the 
transfer of melanin into the keratinocytes, allowing them to perform two of their 
principal functions: thermoregulation and photoprotection5. The melanin is 
transported in organelles called melanosomes via the elongated dendrites of the 
melanocytes6 and functions as a protective barrier against the harmful ultraviolet 
(UV) radiation, ultimately avoiding DNA damage7. Upon UV radiation exposure, a 
sequential response is activated in the keratinocytes in which several transcriptional 
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factors participate, stimulating the melanocytes to produce melanin and leading to 
the commonly known tanning8. 

Figure 1. Schematic representation of an epidermal-melanin unit. 
Original image courtesy of OpenStax, Rice University - licensed under the Creative Commons 
Attribution 4.0 International License and modified by the author of this thesis. 
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Melanoma 

Melanoma is a cancer arising from the malignant transformation of 
melanocytes. The majority of the cases derive from melanocytes localized in the 
skin. Behind the development of this cancer there are genetic factors, such as the 
presence of dysplastic nevi, familiar history of melanoma and skin phenotype, and 
environmental factors, such as UV exposure9. Regarding environmental factors, a 
higher risk is associated with intense intermittent ultraviolet radiation exposure, 
severe sunburns during the childhood10,11 and the use of artificial tanning devices, 
such as sunbeds12. 

Melanoma is one of the most aggressive cancers, accounting for only 4% of all skin 
cancers, but being responsible for 75% of deaths caused by these malignancies13. 
This aggressiveness is due to a high invasive and metastatic potential. 

Development 

Initiation 
Different genes and pathways involved in the regulation of melanocyte proliferation 
and differentiation are subverted, originating an over proliferation of these cells and 
resulting in the development of melanoma. For instance, MITF has been identified as 
a melanoma oncogene, and amplifications in this gene are present in metastasis, as 
well as in primary tumours14. Also, it seems like an optimal level of expression of this 
gene is essential for the proliferation and survival of melanoma cells, since a too low 
level leads to growth suppression, while a too high level induces differentiation15,16,17. 

However, the majority of the causes of the dysregulation of melanocyte proliferation 
and differentiation are linked to genetic factors originated in somatic mutations18. 
About 60% of melanomas have somatic mutations in B-Raf proto oncogene 
(BRAF), causing its overexpression. N-ras proto-oncogene (NRAS), on the other 
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hand, is mutated in 15% of the cases19,20. KIT proto-oncogene receptor tyrosine 
kinase (c-KIT) is also one of the most commonly mutated genes in melanoma15. 
These three genes share the characteristic of being involved in the mitogen-activated 
protein kinase (MAPK) pathway. Dysregulation of this pathway is the main source 
of the proliferation signal in melanoma initiation21. Activation of the pathway where 
BRAF is involved, results in the phosphorylation of the MAPK pathway, which 
phosphorylates and regulates the activities of transcription factors and kinases 
involved in the regulation of important cellular processes, such as cell survival, 
proliferation, differentiation and motility22. BRAF has been implicated in the 
development of melanoma, especially its most commonly mutant form, BRAFV600E. 
This mutation causes the overactivation of BRAF kinase activity, promoting the 
oncogenic activation of downstream proliferative signalling pathways in melanoma 
cells23,24. Mutations is the NRAS gene have similar effects25,26,21. However, the fact 
that the frequency of these mutations in melanoma is similar to the one found in 
benign melanocytic lesions, shows that the activation of oncogenes is not sufficient 
to complete the transformation process27,28. This is when additional genetic changes 
take place. In the case of melanoma, the most common one is a mutation in the 
promoter of the telomerase reverse transcriptase (TERT) gene. TERT is responsible 
for maintaining telomere ends and preventing senescence of cancer cells. This 
mutation is present in approximately 70% of sporadic melanoma cases29. 

However, it is not only proliferation pathways that dictate the fate of the process. 
Mutations in tumour suppressor genes are also involved in malignant 
transformation. 

Progression 
Two closely related tumour suppressor genes take part in the progression of 
melanoma: retinoblastoma (RB) and tumour protein 53 (TP53). RB is a well-known 
negative regulator of the cell cycle and its impaired activity leads to dysregulated 
cell divisions. This tumour suppressor gene has as its activator protein p16, which 
is coded by the cyclin-dependent kinase inhibitor 2A (CDKN2A) gene, mutated in 
40-50% melanomas30. CDKN2A encodes for two important proteins: INK4A and
ARF, both known to be CDK4 inhibitors. While ARF acts as a stabiliser of p53,
INK4a directly inhibits CDK4 and CDK6, responsible for the phosphorylation of
RB and consequent inactivation of the cell cycle progression. Therefore, upon loss
of the CDKN2A gene in melanoma, there is no counterbalancing mechanism active
and an over proliferation of melanoma cells occurs31.
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Simultaneously with these processes, the activation of the phosphoinositide 3-
kinase-protein kinase B (PI3K/AKT) pathway also plays a role in the development 
and progression of melanoma. This pathway and associated components have been 
frequently observed to be deregulated in diverse cancers, including melanoma32,33. 
The two most common and studied events responsible for the activation of this 
pathway are activating mutations in the oncogene NRAS (15–20%) and loss of 
expression or function of the tumour suppressor PTEN (20–30%)34. These events 
are largely mutually exclusive. Nevertheless, additional genetic events can activate 
this pathway in melanoma, such as point mutations in the PIK3CA, which are 
detected in 2-6% of melanomas35,36. 

The concomitant activation of these pathways, MAPK and PI3K/AKT, ultimately 
guarantees uncontrolled cell divisions and immortality, two crucial features of the 
malignant cells37. 

Epidemiology 
The scenario changed dramatically during the last 50 years. Melanoma went from 
being a rare type of cancer to having its incidence rising faster than almost any other 
cancer38,39. Current reports state melanoma as the 19th most common cancer 
worldwide40. The incidence rates vary drastically among countries, generally with 
higher rates seen in geographic areas closer to the equator and higher in altitude. 
The highest rates were reported in Australia (37 per 100,000) and the lowest in 
South-Central Asia (0.2 per 100,000)41. Within Europe incidence rates also vary 
widely, with Switzerland registering the highest rates and Greece the lowest. The 
Netherlands (19.4:100,000 cases per year), and Scandinavian countries, such as 
Denmark (19.2:100,000 cases per year), Norway (18.8:100,000 cases per year), and 
Sweden (18.0:100,000 cases per year) rated as having a high incidence42. 

The marked differences in the incidence rates are attributed to different 
pigmentation characteristics that predominate in the populations of different 
regions, but also to the discrepancy in frequency of recreational sun exposure among 
countries39. 

The incidence of cutaneous melanoma has been rising annually, at a rate faster than 
that of any other cancer. This is worrying, given that unlike other solid malignancies, 
in which the average age of diagnosis is around 65, melanoma affects a high 
proportion of younger patients, with a median age of diagnosis of 57. Regarding 
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gender, usually more women are diagnosed at a younger age, but the scenario 
drastically changes from the age of 55 onwards, with more men being diagnosed at 
that age range42. Overall, mortality rates are higher amongst men than women44, 
probably because of a later presentation of the disease to dermatologists and 
consequent diagnosis45. 

Staging of the disease 
Staging of cancer is fundamental to provide clinicians with prognostic information, 
help them define treatment strategies for the patients and evaluate survival statistics. 
This is of great importance, particularly in melanoma, due to the fairly different 
prognosis registered at different stages of the disease. Since 1998, the American 
Joint Committee on Cancer (AJCC) developed a melanoma staging system (TNM 
system) that has been the base for clinical classifications ever since, even after being 
refined throughout the years, as the biological understanding of the disease 
improved46,47. 

Localized Melanoma (Stage I and II) 
Tumours at both these stages are exclusively described by tumour characteristics 
(T) in the TNM staging system. Currently, those characteristics divide in tumour
Breslow thickness and level of ulceration. Both features, together with mitotic rate,
have previously been associated with survival outcome47,48. However, in the latest
update of the melanoma staging system of the AJCC, mitotic rate was discontinued
and is no longer a T category criterion49,57. Localized tumours are categorized as T1,
T2 or T3, according to whether their Breslow thickness falls into 1.0, 2.0 or 4.0-
mm measurements, respectively. There is a significant decrease in survival as
primary tumour thickness increases47. Ulceration has also been linked to a more
aggressive disease and significant reduction of patient survival50,51 and it has been,
since then, considered as an adverse prognostic factor47,52,53. The absence or
presence of ulceration is designated “a” or “b”, respectively, in each T subcategory
(e.g. T2a and T2b correspond to non-ulcerated and ulcerated stage II melanomas,
respectively)49.

At these two stages, the tumour is localized but invasive, since there is no 
dissemination of tumour cells to surrounding tissues (such as nearby lymph nodes 
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or distant parts of the body) but the tumour has penetrated beneath the epidermis 
into the dermis. In stage I, the tumour is smaller than 1 mm in Breslow thickness 
and may or may not be ulcerated. In stage II, tumours are deeper than 1 mm and as 
in stage I, may or may not be ulcerated. Although they are still localized, the risk of 
spreading is higher than in stage I, and physicians may recommend sentinel lymph 
node (SLN) biopsy, to assess whether melanoma cells have spread to local lymph 
nodes53. The prognosis for this type of patients is generally favourable, with a 5-
year survival rate of 98.4%47,48. 

Regional Melanoma (Stage III) 
The lymph nodes are the most common first site of metastasis in melanoma 
patients55. At this stage, the tumour has either spread to nearby lymph nodes, being 
classified as regional metastatic, or has not spread to nearby lymph nodes and 
classifies as non-nodal regional metastases, which can be satellite, microsatellite or 
in-transit metastases. Satellite metastases have been defined as clinically evident 
cutaneous and/or subcutaneous metastases occurring within 2 cm of the primary 
melanoma56,57. Microsatellites have been defined as microscopic cutaneous and/or 
subcutaneous metastases found adjacent or deep into a primary melanoma on a 
pathological examination. In-transit metastases have been defined as clinically 
evident cutaneous and/or subcutaneous metastases identified at a distance of more 
than 2 cm from the primary melanoma in the region between the primary and the 
nearest regional lymph nodes56. 

In stage III, Breslow thickness no longer plays a role in staging and the degree of 
disease advancement depends on whether the tumour has reached the nodes, the 
number of nodes involved, the number of cancer cells found in them and whether 
they are micro or macroscopic. If local lymph nodes are clinically evident, they are 
usually removed. However, melanoma cells can be present in not palpable lymph 
nodes, something that SLN biopsy can determine53. 

There is a large spectrum of prognosis for patients with stage III disease and resulting 
from the combination of the T and N categories, in the launching of the 8th Edition 
of the AJCC Staging System, four groups were recently created: stage IIIA-D.  

The 5-year survival rate for stage III patients ranges from 93% in patients with stage 
IIIA disease to 32% for those with stage IIID disease47,49. These differences have 
implications for clinical decision making, particularly for patients with stage IIIA 
disease, since they can be eligible for adjuvant therapy immunotherapy49. 
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Metastatic Melanoma (Stage IV) 
At this stage, the disease has spread beyond the regional tissues through the form of 
metastases, and has reached distant sites, such as distant lymph nodes or organs. 
These tumours are then classifiable according to the formation of metastases (M). 
There are four M subcategories (a-d), depending on the anatomic site(s) of 
metastasis. In the 8th Edition of the AJCC Staging System, a new M subcategory 
(“d”) was created, which considers patients with metastases in the central nervous 
system (CNS)49. Another adverse predictor of survival is the level of serum LDH in 
patients with stage IV disease58. This level can be classified as either “0” for not 
elevated and “1” for elevated for each M1 subcategory49. The most important 
prognostic factor is still the site of metastasis, with patients with metastases on 
distant skin (or distant lymph nodes or subcutaneous tissue) having the best survival 
rate, in contrast with patients with pulmonary metastases, with an intermediate 
survival and non-pulmonary visceral metastases and CNS metastases, having the 
worst survival47,59. The 5-year survival rate at this stage used to be less than 10%60 
but with the introduction of immunotherapy agents in the treatment of advanced 
melanoma, this number increased to 15-20%61,62. 

Figure 2. Five stages of malignant melanoma evolution process. 
Image courtesy of Joana Jaworek-Korjakowska and Pawel Kleczek63. 
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Treatment modalities in melanoma 

Chemotherapy was the earliest treatment option for advanced-stage melanoma. Yet, 
it has proven to be insufficient to improve the overall survival of patients, even when 
administered in combination with other drugs64. Nowadays, for patients with stage 
I-IIIb melanoma, the primary treatment option is surgical resection65. However, 
surgical procedures differ according to the features of the tumour, namely the safety 
margins with which the tumour should be excised66 and whether SLN biopsy is 
recommended53. Despite surgical resection being the primary treatment option in 
most malignant melanoma tumours, it is not always enough to reduce the risk of 
resistance and improve survival. Thus, administering adjuvant therapies, such as 
targeted therapy or immunotherapy, particularly in some stage III cases is usually 
an option, in order to reduce the risk of recurrence and consequently improve 
prognosis67. 

Targeted therapy 
The development of targeted therapies was a big step in the field, since melanoma 
treatment went from attacking all dividing cells, with standard chemotherapy 
regimens, to being directed against specific molecular alterations. This type of 
therapy works particularly well in melanoma because about 70% of the patients 
harbour mutations in genes of key signalling pathways, such as MAPK, crucial for 
melanoma proliferation68. In 2011 and 2013, vemurafenib and dabrafenib, 
respectively, were approved by the U.S Food and Drug Administration (FDA) for 
the treatment of unresectable or metastatic melanomas harbouring 
activating BRAFV600E mutations. At the time, studies reported that 90% of the 
patients treated with these agents showed tumour regression and improved 
survival69,70. Most of the clinical trials with both vemurafenib and dabrafenib in 
monotherapy are now completed71. 
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Despite bringing great advances to the treatment of the disease, the clinical benefit 
of these therapies was limited due to the rapid development of multiple mechanisms 
of resistance. Thus, there was the need to develop alternative drugs to BRAFi. As a 
result of the complexity of the MAPK pathway, several proteins could be targeted, 
and the mitogen-activated protein kinase kinase (MEK) was a candidate. In addition 
to BRAFi, in 2013 and 2015, two MEK inhibitors (MEKi) were approved by the 
FDA: trametinib and cobimetinib, respectively. These were approved for the 
treatment of advanced melanomas with a BRAFV600E or a BRAFV600K mutation73,74. 

Although single therapy of BRAFi and MEKi showed fairly good results in patients, 
the improvement in survival was still not satisfactory. Combination treatment of 
BRAFi with MEKi started then being used, having resulted in a much better patient 
outcome, conferring an improvement of from 3 to 6 months progression free 
survival (PFS) when compared with single therapy with BRAFi. Nowadays, the 
combination of BRAFi/MEKi is commonly used in the clinic to treat two specific 
types of tumours: stage III and stage IV BRAF mutated melanomas75. 

Nevertheless, the development of resistance is still the main obstacle to overcome 
when it comes to administration of targeted therapies. One of the common strategies 
of the tumours to develop resistance is to activate the parallel signalling pathway 
PI3K-AKT-mTOR by activating mutations in PI3KCA or loss of PTEN76. Another 
downside of these therapies is the fact that they can only be used in tumours that 
harbour the specific mutations to be targeted. To overcome these challenges, 
targeting distinct pathways by combining treatment of chemotherapy, targeted 
therapy and, more recently, immunotherapy, seems to be the most efficient option70 

and trials are ongoing71. 

Immunotherapy 
Cancer and the immune system were for the first time associated to each other in 
the 19th century. It happened because tumours were frequently observed at sites of 
chronic inflammation and because immune cells were often present in tumour 
tissues77. In melanoma, this association was reported in studies that observed 
spontaneous regression. During the last decade, the increasing knowledge about the 
role of the immune system in tumour progression allowed the development of many 
different immunotherapies. 
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The cytokines were the first immunotherapy treatment option to be developed. In 
1995, interferon alfa 2b (IFNalfa-2b) was approved as an adjuvant therapy for the 
treatment of resected melanomas78. This drug showed an immunomodulatory anti-
tumour effect, inhibiting the proliferation of melanoma cells and inducing 
apoptosis79. In 1998, the FDA approved the first immunotherapy drug – the high-
dose interleukin 2 (IL-2)80. Reports state that this cytokine has a complete response 
rate of 4%, partial response rate of 12.5% and an overall response of 19.7%81. Due 
to their high toxicity and low response rates, these two regimens are still included 
in clinical trials in combination with other immunotherapies and targeted therapies, 
but have a quite limited use in the clinic82. 

Another developed immunotherapy approach is vaccination against specific 
antigenic tumour epitopes. Although this type of treatment was very promising due 
to its specificity against certain tumour antigens and capacity of eliminating the 
associated cancer cells, favourable clinical responses were infrequent in 
melanoma83. 

Later on, adoptive cell transfer (ACT) started to be developed. In this type of 
treatment, patients are infused with a large number of melanoma-specific T-cells 
that are expanded and activated in culture84. Several studies have reported this type 
of immunotherapy to be associated with complete regression and durable responses 
in metastatic melanoma85,86. However, while this treatment seems to be quite 
effective in suppressing regulatory T-cells (Tregs) and eradicating host 
immunosuppressive factors, a considerable disadvantage is the fact that these cells 
are still difficult and time consuming to generate87. 

The treatment of advanced melanoma was revolutionized with the development and 
establishment of immune checkpoint inhibitors (ICIs). Tumours have the capacity 
of evading the immune system through different strategies. One of these strategies 
is to activate immune checkpoint pathways that suppress anti-tumour immune 
responses. ICIs block these anti-tumour immune responses by interrupting the 
inhibitory signalling pathways and promote immune-mediated elimination of 
tumour cells88. 

The first approved ICI was a monoclonal antibody targeting the cytotoxic T-
lymphocyte antigen-4 (CTLA-4). Ipilimumab was approved in 2011 after it proved 
to be effective in preventing T-cell inhibition and promoting the activation and 
proliferation of effector T-cells88. Moreover, it showed to mediate improved 
survival in advanced melanoma with durable responses89. 



38 

In 2014, two other monoclonal antibodies targeting programmed death-1 (PD-1) 
were approved by the FDA. PD-1 suppresses T-cell activation by binding to its 
ligands, programmed death-ligand 1 (PD-L1) and programmed death-ligand 2 (PD-
L2), expressed in antigen-presenting cells but also in many human tumours. 
Pembrolizumab and nivolumab have shown higher response rates with less toxicity 
than ipilimumab. These drugs were approved for the treatment of unresectable or 
metastatic melanoma, and of ipilimumab refractory melanomas90. 

Several clinical trials are ongoing using ICIs in monotherapy, in combination with 
each other or in combination with other therapies. Despite the great advancement 
immunotherapy brought to the treatment of melanoma, big challenges are still to be 
faced. Only a fraction of patients benefits from ICIs, and severe immune-related 
adverse events are frequently seen in some of these patients. Therefore, the 
development of predictive biomarkers is of great importance to allow an effective 
differentiation between responders and non-responders. Predictive biomarkers 
would reveal the outcome of a therapy before the initiation of that therapy. In order 
to establish these predictive biomarkers, a better understanding of the tumour 
immune microenvironment and the processes leading to the cancer-related 
inflammation is needed and is currently being intensely pursued88. 
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The tumour immune 
microenvironment 

Decades of cancer research have allowed the scientific community to understand 
most characteristics of cancer. However, much is yet to be described regarding 
tumour formation. In general terms, it is accepted that a tumour is an aggregate of 
transformed cells that, as a result of genetic mutations has gained the capacity of 
growing indefinitely91. However, a tumour mass has a lot more complexity in it, 
with a high amount of non-transformed cells being recruited by it, in order to ensure 
the growth of the malignant cells. It is, therefore, a communicating organ where 
interactions between malignant and non-transformed cells create the tumour 
microenvironment (TME). The major non-malignant cell types that are found in the 
TME are endothelial cells and pericytes that compose the vasculature, cancer-
associated fibroblasts, the extracellular matrix and cells of the immune system92. 

Many different crosstalk mechanisms can be encountered in a tumour. They are 
responsible for ensuring the success of the three main stages of cancer: initiation, 
progression and metastasis94. One of those mechanisms is angiogenesis, which is 
the establishment of blood vessels in the tumour, as they are required for the delivery 
of oxygen and nutrients, and represent a route for tumour cells to migrate from the 
primary site and disseminate to distant organs, forming metastases. Another 
example of crosstalk mechanism is mesenchymal fibroblasts depositing 
extracellular matrix, ensuring a scaffold that allows physical and biochemical 
stability to the cancer cells95. Possibly one of the mechanisms of higher importance 
is the crosstalk between cancer cells and cells of the immune system, also 
subcategorized as tumour immune microenvironment (TIME). This complex 
interaction of malignant cells with cells of the immune system, including T-cells, 
B-cells, natural killer (NK) cells, macrophages, dendritic cells (DCs), etc., is the 
basis of one of the hallmarks of cancer: immune escape. Tumours have numerous 
strategies of escaping the immune system and reducing the risk of being rejected by 
the host, either by reducing their immune recognition or by making the immune 
system tolerant to them96. Although there is heterogeneity in the composition of the 
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TME and of the TIME, both intertumoural and intratumoural, many studies are now 
showing that targeting cells composing these systems can be an efficient approach 
for new therapeutic strategies. Immunotherapy agents targeting CTLA-4 and PD-1 
in the clinical management of metastatic melanoma is one example93,96,97. 

Figure 3. The tumour microenvironment. 
In the complex tumour ecosystem, cancer cells co-exist with a variety of non-transformed cells, from 
mesenchymal cells (MSC: mesenchymal stem cell; CAF: cancer associated fibroblast) to endothelial 
cells and immune cells, such as lymphocytes, dendritic cells and myeloid cells. The tumour is 
surrounded by a three-dimensional network called extracellular matrix (ECM). Original image 
courtesy of Professor Frances Balkwill93, modified version kindly provided by Matteo Bocci. 
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The immune system 

The overall function of the immune system is to protect the organism from foreign 
antigens, such as microbes, viruses, toxins or cancer cells. In the course of an 
immune response, cells interact with each other and with tissues, so that the outcome 
increases the chances of eliminating an infection or cancer. Despite being a complex 
system, immunity can be simplistically viewed as having two “lines of defence”: 
innate immunity and adaptive immunity. Innate immunity is the first line of defence 
and a non-specific mechanism, used by the host immediately after encountering an 
antigen. The adaptive immunity is antigen-specific and therefore, it takes longer to 
be fully established after exposure to the antigen. 

Several features distinguish the innate immune response and the adaptive immune 
response. In the innate immunity, the rapid recruitment of immune cells to sites of 
inflammation/infection is achieved through the production of cytokines and 
chemokines. In the adaptive immunity, the response is initiated by the actions of the 
innate immune system, namely through the antigen-presenting cells (APCs). 
Another difference between the two types of immunity is the fact that in case the 
organism encounters the same pathogen it once eliminated, while the adaptive 
immunity is capable of recognizing it, due to its ability of developing immunologic 
memory, the innate immunity is unable to do it. On the other hand, the type of cells 
that both types of immune responses recruit are also quite distinct. In the innate 
immune response, phagocytes (macrophages and neutrophils), DCs, mast cells, 
basophils, eosinophils, NK cells and innate lymphoid cells, are the ones being 
recruited. In general, these cells perform three main actions: phagocyting microbes, 
eliminating those pathogenic microbes and inducing apoptosis. In contrast, in the 
adaptive immune response, antigen-specific T-cells and B-cells are the ones that act 
against pathogens. Both types of immunity are complementary, with defects in 
either system resulting in host vulnerability to external threats, or inappropriate 
responses98,99,100. 
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T-cells
T-cells harbour an antigen-binding receptor, the T-cell receptor (TCR). Upon
binding of a specific antigen to the TCR, allowed by the presentation of that antigen
on the surface of APCs (such as dendritic cells, macrophages or B-cells) the T-cell
rapidly proliferates and differentiates. On the surface of APCs is expressed a group
of proteins called the major histocompatibility complex (MHC). These are either
classified as class I, which are found on the surface of all nucleated cells, or class
II, which are present only on certain cells of the immune system, including APCs.
MHC class I is responsible for the presentation of endogenous peptides, while MHC
class II presents only exogenous peptides to T-cells.

T-cells circulate in the body via the lymphatic system and blood stream and
generally encounter APCs in the lymph nodes. When an antigen binds to its specific
TCR, a stimulus is initiated for the differentiation of the T-cell into either a cytotoxic
T-cell (CD8+) or a T-helper (Th) cell (CD4+). These two have different functions.
CD8+ cytotoxic T-cells are destructive cells – their main function is to eliminate
cells infected by foreign agents or cancer cells expressing appropriate antigens.
Thus, they are activated through the binding of their TCR with a peptide bound to
an MCH class I molecule. The activation of these cells leads to the production of
substances that induce apoptosis of the target cells.

CD4+ T-helper cells help other cells by directing them to perform their functions. 
They are activated through the binding of their TCR with a peptide bound to an 
MCH class II molecule, expressed on the surface of APCs. After activation, Th cells 
release cytokines that regulate the activity of several cells, including the APCs that 
activate them. 

Upon the resolution of the infection, most of these cells die and are phagocytized, 
while others remain as memory cells to ensure an effective response in possible 
future encounters with the same pathogen99,100,101. 

B-cells
In contrast to T-cells, B-cells can recognize antigens directly, without the need of 
an APC presenting it. They express clonally diverse cell surface immunoglobulin 
(Ig) receptors recognizing specific antigenic epitopes. Although they can function 
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as APCs, their main function is the production of antibodies. After being activated 
by a foreign antigen, B-cells undergo proliferation and differentiation into antibody-
secreting plasma cells or memory B-cells. Immature B-cells migrate from the bone 
marrow to the spleen and there generate rapid antibody responses in the absence of 
MHC class II-restricted T-cell help, meaning without the presence of APCs assisted 
by CD4+ Th cells102. On the other hand, mature B-cells are mainly located in 
lymphoid follicles of the spleen and lymph nodes, and here they encounter and 
respond to T-cell-dependent antigens bound to APCs, particularly follicular DCs. 
Then, activated mature B-cells proliferate and can differentiate into plasma cells, to 
produce antibodies or get recruited into germinal centres (GCs), in order to continue 
proliferating and differentiating into either long-lived plasma cells or memory B-
cells103. 

Tertiary lymphoid structures (TLS) 
TLSs are lymphoid aggregates that frequently develop at chronic infection sites, 
autoimmune diseases and allograft rejection to shape local adaptive immune 
responses105,106,107.These structures are morphologically, cellularly and molecularly 
similar to secondary lymphoid organs, in particular lymph nodes. They contain three 
main types of cells: B and T-cells and DCs, which are normally organized into two 
compartments: a B-cell follicle mainly composed of naïve B-cells, surrounding a 
GC composed of highly proliferative B-cells, and an area composed of T-cells and 
DCs105,108. 

Many studies have already documented these structures in several tumour types in 
humans. Some of these reported a typical heterogeneity in these structures, not only 
among tumour types, anatomical locations, but also between primary tumours and 
metastatic lesions109. For instance, a study showed that colorectal metastases to the 
lung were associated with well-developed TLSs in humans, while renal cell 
carcinoma metastases to the same organ were associated with poorly developed 
TLSs110. In melanoma in particular, it was found that TLSs are much more common 
in metastatic lesions, as compared to primary tumours, where they are largely 
absent111. 

Although a limited number of studies have reported that tumour-associated TLS is 
a negative prognostic factor for cancer patient survival110,112, most of the studies 
suggest positive associations with survival in a large number of different human 
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cancers109. Generally, the studies that report TLSs as a positive prognostic factor, 
interpret tumour-associated TLSs to be sites for newly tumour entering naïve T and 
B-cells for generating useful anti-tumour immune responses. They can also serve as
more robust sites for intratumoural CD8+ T-cell effector activity. One of the possible
explanations for the differences in prognostic significance of tumour-associated
TLSs might be due to the distinct functional features of the B-cell compartment in
different tumours113. While some studies suggest that intratumoural B-cells can
present tumour antigens to T-cells114,115, others have shown that B-cells can play a
suppressive role in anti-tumour immunity116,117.

A substantial amount of discoveries still needs to be achieved in order to fully 
understand all the mechanisms behind these structures. Among other things, this 
knowledge would allow a clearer characterization of mechanisms of immune 
evasion and open up a future pathway where TLSs can be used as targets to 
efficiently design therapeutic strategies. 

Figure 4. Immune recruitment occurring within TLSs. 
Upon signals from lymphoid chemokine CCR7 ligands (CCL19 and CCL21) and CXCR5 ligand 
(CXCL13) sent through the blood stream in high endothelial venules (HEV), a recruitment of immune 
cells in the T- and B-cell rich areas of the TLS takes place. Among these immune cells are CD4+ and 
CD8+ T-cells, DCs, macrophages follicular helper T-cells (Tfh) and naïve B-cells. 
Image courtesy of Marie-Caroline Dieu-Nosjean118. 
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Immune Evasion 
Although cancer immunotherapies have a major impact on patient outcomes, about 
60% of patients develop primary resistance, while others experience initial clinical 
benefit and later on develop secondary resistance89,119. There are different 
mechanisms that lead to immune evasion and result in resistance to ICIs. These 
mechanisms are essentially divided in innate evasion, when tumours lack a baseline 
infiltrate of activated T-cells and there is no immune editing, and adaptive evasion, 
when immunogenic tumour cells are eliminated and mechanisms of adaptive 
immune resistance, such as PD-L1 are upregulated120. Innate evasion and 
subsequent lack of T-cell activation or recruitment into the tumour 
microenvironment can derive from alterations in signalling pathways, such as 
activation of the WNT/β-catenin pathway121, activation of the PI3K pathway 
through loss of PTEN121,122, activation of c-Myc signalling123, and loss of LKB1124. 
Despite still being extensively studied, adaptive evasion has as base the loss of 
antigenicity through either loss of the antigenic peptide-MHC complex for T-cell 
recognition, or blunted IFN signalling120,125. 

The first two innate evasion mechanisms are rather important due to the extensive 
research developed on them, which led the scientific community to believe that 
inhibitors of these pathways could represent a future strategy to reverse innate 
evasion mechanisms, restore immune infiltration in melanoma tumours and enable 
checkpoint blockade efficacy121. Essentially, alterations in these signalling 
pathways blunt tumour-antigen cross presentation, leading to T-cell exclusion, 
mainly through failed activation of DCs and macrophages120,122. Interestingly, these 
tumours were also shown to be resistant to ICIs, consistent with previous studies 
showing that these agents’ activity is dependent on pre-existing tumour-reactive T-
cells121,126. Overall, this highlights the importance of both developing alternative 
therapeutic strategies to ICIs and also identifying better prognostic targets to 
effectively select patients to undergo a specific type of therapy. 
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Main Methods 

Population-based retrospective melanoma cohort 
Cohort study designs are often described as “observational” because, unlike in 
clinical studies, there is no intervention. Population-based cohort studies are a 
category of epidemiologic cohort studies, in which a sample, or even the totality of 
a defined population is followed up and observed through the course of a period of 
time to assess the relationship between exposure to risk factors and outcome127. The 
answers obtained in the study should be generalizable to the whole population. 
Therefore, a reliable and valid identification of populations in which research 
questions are to be applied, is one of the most important prerequisites in population-
based studies128. On the other hand, cohort studies can also be retrospective. This 
type of study, often called historical study, considers events that have already 
occurred, meaning the follow-up of the subjects involved in the study has already 
been completed129. 

In a previous study130 performed by our group with a focus on gene expression-
based analysis, a sample cohort, representing a population-based retrospective 
collection (n=214), was obtained at the Department of Surgery at Skåne University 
Hospital. This cohort comprised a small subset of primary melanoma tumours 
(n=16) and a larger fraction of different types of metastases, including regional 
lymph node metastases (n=139), distant metastases (n=23), local recurrences (n=11) 
and in-transit metastases (n=15). This is an historic cohort collected between 2000 
and 2012. Overall, 95 patients (59%) were untreated and 67 patients (41%) were 
treated. The treatment was initiated only when patients had developed distant 
metastatic disease, which made this cohort suitable for prognostic studies. 13 
patients of the 67 treated cases received neo-adjuvant treatment (9 received 
chemotherapy and 4 immunotherapy). Only 7 cases received targeted therapy, of 
which 4 received BRAF inhibitor treatment. Two cases were treated with a vaccine, 
24 cases with immunotherapy (mainly interferon treatment) and 23 cases received 
chemotherapy130. This cohort was used in the four papers included in this thesis. 
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Microarray – Global GEX and TMA 
Once the human genome was sequenced in 2001, a new era of research started131. 
From then on, researchers were able to study a gene function through the expression 
measurements of a genome – a field that was then called functional genomics. DNA 
microarrays are one of the tools used in this field. There are two types of this 
technique: gene expression (GEX) microarrays and tissue microarrays (TMA)132. 
Data derived from both types of this technique were used in the papers included in 
this thesis. 

Global Gene Expression (GEX) 
The principle behind microarrays is that complementary sequences will bind to each 
other. GEX microarray stands on the evaluation of messenger RNA (mRNA). 
mRNA is an intermediary molecule which carries the genetic information during 
transcription. These molecules synthesize the corresponding protein by translation. 
So, indirectly by assessing the various mRNAs, it is possible to assess the genetic 
information or the gene expression. After harvesting a mRNA sample from the 
source of interest, due to its degradability, it is necessary to convert it into a more 
stable form, single-stranded complementary DNA (cDNA). This is achieved by 
using a reverse transcriptase and subsequent amplification using PCR133. During this 
process, nonlinear amplification between the initial mRNA and the amplification 
product (cDNA) can occur. As such, in order to avoid it, another approach can be 
used where cDNA, before amplification, is rendered double-stranded and 
transcribed into antisense RNA copies. This is often called complementary RNA 
(cRNA), since it is complementary with cDNA. cDNA is then labelled with two 
commonly used fluorescent dyes, Cy3 and Cy5. cDNA fragments hybridize 
simultaneously with DNA probes of a DNA chip and the fluorescence emission is 
measured with a laser beam. Ultimately, this sensitive and specific method, allows 
the analysis of the abundance of a particular sequence in the target population132. 
The relative abundance among samples is obtained in subsequent gene expression 
analysis, explained in detail in the “Gene expression analysis of Lund cohort” 
further ahead in this section. 
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Tissue Microarrays (TMA) 
A great part of the work included in this thesis derives from subsequent analysis of 
previously obtained TMAs. TMAs are constructed by transferring cores of paraffin-
embedded tissues to pre-cored holes in a recipient paraffin block. Subsequently, 
sections are cut from these TMA blocks and can undergo, for instance, 
immunohistochemistry or high-plex proteomic analysis, as done in papers included 
in this thesis. Each core on the TMA slide represents a single patient sample, 
allowing multiple patient samples to be analysed for a single molecular marker132,134. 
In this work, TMAs were constructed using, on average, three 1 mm cores per 
tumour sample. This allowed the obtainment of a representative picture of a single 
tumour.  

Immunohistochemistry (IHC) 
In the four papers included in this thesis, data obtained from subsequent IHC 
staining was used. The principle of IHC is based on an antigen-antibody binding 
reaction in biological tissues, to detect antigens in cells of a tissue section. This 
technique demands the use of a primary antigen-specific antibody, a secondary 
enzyme-linked antibody and a substrate. Upon binding of the primary antibody to 
the tissue antigen and consequent binding of the secondary antibody, the enzyme 
linked to it catalyses to generate coloured deposits at the sites where this reaction 
occurred in the tissue. Nuclei are then counterstained with haematoxylin, a deep 
blue-purple colour. This is often combined with another staining, eosin, in order to 
obtain an overview of the cell structures, such as nuclei, membranes and cytosol135. 

In Paper I, IHC staining was performed in the melanoma sample cohort using 
antibodies against CD3 (A0452), CD8 (M7103), CD20 (M07555), MITF (Clone 
C5), Ki67 (MIB-1), B2M (A0072) and SOX10 (Clone BC34). All the primary 
antibodies used were from Agilent/DAKO, except SOX10, whose staining was 
performed in the clinical routine laboratory of Clinical Pathology at Skåne 
University Hospital, using the mouse monoclonal IgG1 antibody from Biocare 
Medical. 

In Paper II, tumours stained for PTEN (138G6, monoclonal, Cell Signaling) and 
MITF (same staining as in Paper I) were scored and considered for the analysis 
performed. 
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In Papers III and IV, an Agilent/DAKO antibody against CD68 (M0718) and CD163 
(Clone 10D6) from Novocastra were used to stain for myeloid cells. Haematoxylin 
and eosin (HE) staining was used in the four papers. 

Immunofluorescence (IF) 
Immunofluorescence is an antigen-detection test used to detect antigens in cellular 
contexts. Antigens are detected through the binding of specially modified antigen-
specific antibodies. These antibodies are modified due to their tagging with a 
fluorochrome, which absorbs ultraviolet light of a defined wavelength and emits 
light at a higher wavelength. The emitted light is then detected optically with a 
special microscope equipped with specific filters for the emission wavelength of the 
fluorochromes used. There are two types of IF, direct and indirect. In the direct type, 
the fluorochrome is bound directly to the antigen-specific antibody. In the indirect 
type, the fluorochrome is bound to an anti-immunoglobulin molecule that 
recognizes the antibody itself. The indirect IF has the particularity of increasing the 
sensitivity of the assay, but it may also increase the background. This technique 
allows researchers to evaluate whether cells in a sample express a specific antigen 
or not. When immunopositivity is found in the sample, it is possible to determine 
which subcellular compartment expresses the antigen, meaning that it is possible to 
analyse the distribution of proteins, glycans and small biological molecules in a 
sample135. 

In Paper I, initially, in order to address the features of the B-cell aggregates and 
whether they were TLSs, antibodies against CD20 (1:200, 00064779, DAKO), 
CXCR5 (1:200, 3180237-9, Abcam) and CXCL13 (1:200, NBP2-1604155, Novus 
Biologicals) were applied. These antibodies were detected at the wavelength of 488 
and 546 nm and fluorescence images were acquired with an Olympus BX63 
microscope, DP80 camera and CellSens Dimension v.1.12 software (Olympus). 
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High-plex proteomic analysis 

IHC and IF have always been used to assess spatial distribution and heterogeneity 
of proteins and nucleic acids in tissue slices. However, these techniques have 
limitations, including difficult quantitation and limited multiplexing capability. 

In Paper I, we used the Nanostring GeoMx Digital Spatial Profiler platform, a novel 
technique that unlike IHC or IF, performs a proteomic analysis with spatial 
resolution of a specific marker. The principle of this assay is based on antibodies or 
RNA probes coupled to photocleavable oligonucleotide tags. Following the binding 
of these probes to the sections being used, which in the case of our study were TMA 
sections, in the specific regions of interest (ROIs) the oligonucleotide tags are 
released from the tissue upon UV exposure. These tags are then aspirated, 
quantitated and the counts are mapped back to the corresponding tissue location137.  

 

Figure 5. Digital Spatial Profiler workflow. 
Image courtesy of Nanostring Technologies. 

For study I, CD3, CD20, PMEL/S100B images of the TMA were used to select 
ROIs enriched for T-cells, B-cells and tumour cells, respectively. This allowed a 
characterization of protein expression in the TLSs, but also addressing their specific 
location in the melanoma tumours analysed. 
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Data analyses 

Gene expression analysis of Lund cohort 
In Cirenajwis et al.130, RNA from the population based retrospective cohort 
previously described was extracted and isolated. Then, microarray expression data 
were generated using Illumina Human-HT12v4.0 BeadChip arrays for single-
channel detection. This multi-sample format of array (12 samples per chip) 
comprised 47231 probes (oligonucleotides), covering content from National Center 
for Biotechnology Information (NCBI) RefSeq Release 38. These probes were then 
binded to beads expressing a specific address tag that enables localizing the bead on 
the array. Each probe-bead pair is replicated about 30 times on each array. Total 
RNA from the subjected specimens is then converted to cDNA and biotin-labelled 
cRNA. Finally, hybridization of the 50-mer probes on the beads occurs, before 
scanning of the BeadChips. 

For the processing of the data, the GenomeStudio software from Illumina was used, 
which included removal of outlier beads and calculation of average bead signals and 
detection p-values. The data was then normalized using the algorithm for cubic 
spline quantile-normalization. R statistical software was used for all the additional 
processing of the data. Initially, the data was log2 transformed and probes with a 
detection p-value <0.01 were kept if present in a minimum of 80% of the samples. 
13955 probes were retained and 13744 of these corresponded to RefSeq features. 
These features mapped to 11051 unique genes and the most varying probe for each 
gene was kept in the data. In order to compare gene expression levels across 
samples, the 11051 probes were mean centered. The gene expression data developed 
in this study by Cirenajwis et al.130, were used in all the four papers included in this 
thesis. 

Analyses of public gene expression datasets 
Increasingly complex statistical models are being used for the analysis of biological 
data. However, applying a novel data analysis to an empirical dataset is usually not 
reliable, due to the uncertainty of generation of true or false positives. Thus, these 
methods need to be challenged in order to capture possible biological processes that 
could have created patterns in the data, a process called validation. Recently, 
researchers started making use of public datasets to perform validation studies138. In 
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the papers included in this thesis, several different publicly available datasets were 
used to validate our bioinformatics and statistical analyses. 

In Paper I, RNA-sequencing (RNA-seq) data of metastatic melanomas from The 
Cancer Genome Atlas (TCGA) (level 3, release 3.1.14.0) were downloaded from 
the data portal, quantile-normalized and log-transformed as log2(data + 1). 

Furthermore, different cohorts of patients treated with ICIs were used. In Paper I 
and II, we used two PD-1 inhibitor treatment RNA-seq datasets, from Gide, T. et 
al.139 and Riaz, N. et al.140. The processing of these datasets was similar in both 
studies. Moreover, two more datasets were used in Paper I: one PD-1 inhibitor 
treatment NanoString gene expression dataset from Roh, W. et al.141 and a CTLA-4 
inhibitor treatment dataset from Van Allen, E. et al.142. 

Fastq files including the PD1-treatment RNA-seq data from Gide, T et al.139 were 
downloaded from the European Nucleotide Archive (PRJEB23709) and fragments 
per kilobase of transcript per million mapped reads (FPKM) values were retrieved 
using two different programs that allow the assembling of RNA-seq alignments: 
Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) and Stringtie. 
We then reduced the data to protein-coding genes, quantile-normalized the samples 
and log-transformed the data as log2(data+1). 

The PD-1 inhibitor-treatment RNA-seq data from Riaz, N. et al.140 were downloaded 
as count data (‘CountData.BMS038.txt’) with annotations retrieved from 
https://github.com/riazn/bms038_analysis/tree/master/data. By making use of exon 
annotations from the R package TxDb.Hsapiens.UCSC.hg19.knownGene, we 
reduced the data to protein-coding genes and normalized for transcript lengths. 
These were subsequently transformed to transcripts per million (TPM) data, 
quantile-normalized and log-transformed as log2(data+2)-1. 

The PD-1 inhibitor treatment NanoString gene-expression data from Roh, W. et 
al.141 were downloaded from the supplementary table made available in this 
publication. 

The authors from Van Allen, E. et al.142 provided us with the CTLA4 inhibitor 
treatment data as reads per kilobase of transcript per million mapped reads (RPKM) 
values. Subsequently, the data were quantile-normalized and log-transformed as 
log2(data+1). 

The single-cell RNA-seq data used in Paper I were retrieved from the public 
functional genomics repository Gene Expression Omnibus (GEO). The protein-
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coding genes were kept and cells with less than 1,700 or 1,000 genes expressed >0 
were removed, respectively. 

Similarly to Papers I and II, in paper IV gene expression and clinical information 
from immunotherapy treated cohorts from Gide, T. et al.139, Riaz et al.140, and Van-
Allen et al142 were used and processed as described above. Furthermore, RNA-seq 
based gene expression data of a cohort of PD-1 blockade treated patients from Liu 
et al.143 were used. These were downloaded as TPM data and protein-coding genes 
were kept while four outlier samples with more than 5000 unexpressed genes were 
removed. The data were quantile-normalized and log-transformed as log2(data+1). 

Furthermore, in Paper IV, the list of marker genes obtained from the single-cell gene 
expression-based immune cell signatures, was validated in the publicly available 
scRNA-seq dataset from Sade-Feldman et al.144. This dataset was obtained from 
GEO and both protein-coding genes and cell type annotations from this publication 
were kept for analysis. Furthermore, similar immune cell subsets were considered, 
in order to simplify the analysis. The RNA-seq based gene expression from the 
TCGA dataset for metastatic melanoma was downloaded from the TCGA 
PanCanAtlas Publications. 

Gene signatures 
Many studies exploring gene expression data generate one or more gene signatures. 
A gene signature is a list of genes with a common pattern of expression that is 
developed with the aim of classifying groups of samples in an independent dataset. 
In recent years, gene signatures have been increasingly used to interpret the results 
of gene expression data analyses. The number of studies developing new signatures 
and making them available is increasing and with that, users can benefit from a more 
thorough coverage of the extensive number of existing biological processes145. 
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Methylation-based immune cell signatures 
In Paper III, in order to explore DNA methylation as a determining factor of the 
immune landscape in the melanoma microenvironment, we created DNA 
methylation signatures, reflecting a wide range of tumour associated immune cell 
subsets. First, to derive an immune cell-type specific CpG (cytosine-guanine sites) 
set for metastatic melanoma, two immune cell type-associated gene signatures were 
used to identify immune cell types in melanoma tumours. These gene signatures 
were retrieved from Angelova et al.146 and Tirosh et al.147. Next, we selected 
corresponding promoter CpGs. The CpGs were then further filtered using the 
following criteria:  

1. Selection of the most differentially methylated CpGs across reference 
immune cells: β‐values were dichotomized into robust methylation bins, as 
unmethylated (β < 0.3) and methylated (β ≥ 0.3). Then, CpGs that had 
significantly different proportions of methylated and unmethylated signals 
among the reference immune cells were selected using Fisher's exact test 
and a False Discovery Rate (FDR) < 0.01. 

2. Non-immune cells with a high methylation: To ensure that methylation in 
other cells present in the microenvironment would not interfere in our 
observations, and that any methylation difference was deriving from 
immune cells, we shortlisted CpGs with a high representation among the 
samples and a high level of methylation (β > 0.7 in > 98% of samples). The 
samples used were from non-immune normal cells and melanoma cell lines. 

3. Forming gene–CpG pairs: To ensure that a single gene would not be over-
represented, meaning the presence of multiple CpGs for that gene, we 
selected the most significant CpG for each single gene from Fisher's exact 
test in step 1. 

This extensive selection process resulted in 67 gene–CpG pairs representing 21 
immune cell populations. The same procedure was followed when deriving a CpG 
set for a non-melanoma TCGA pan cancer cohort, in order to compare metastatic 
melanoma to other cancer types. 

Single-cell gene expression-based immune cell signatures 
In Paper IV, in order to derive new transcriptional signatures describing immune 
cell subsets present in melanoma tumours, we used the single cell RNA-seq dataset 
from Jerby-Arnon et al.147. This dataset was obtained from GEO as both raw and 
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TPM data. The cell type annotations from the authors were used in order to 
distinguish immune cells from non-immune cells. Immune cells were then filtered 
using the expression of the cellular lineage markers and only genes with a mean 
expression >=2 in one or more cell types were kept for further analyses. The 
resulting dataset was then subjected to variance stabilizing transformation (VST). 
After VST, the data was clustered using the Seurat pipeline, to identify immune cells 
groups in an unsupervised way, and differentially expressed genes were determined 
for each immune cell group. 

Publicly available immune cell signatures 
In Paper I, II and III we made use of immune cell signatures derived in other studies 
and that were made available by the respective authors.  

In paper I, previously described immunological gene signatures by Bindea et al.149 

representing different immune cell subsets, helped us in the characterization of the 
three CD8/CD20 melanoma tumour groups. In this study, after selecting B-cells for 
their further characterization, gene signatures derived by Angelova et al.146 were 
used to define different types of B-cells: activated, immature, memory B-cells and 
plasma cells. Furthermore, we confirmed the correlation of the TLS signature with 
other signatures of T-cells and other types of immune cells. For that we used data 
from both Tirosh et al.147 and Becht et al.150. 

In Paper III, immune gene expression signatures described by Angelova et al.146 and 
Tirosh et al.147 were again used. In order to explore the DNA methylation immune 
landscape in metastatic melanoma tumours, the corresponding gene promoter CpGs 
were identified in the two publicly available gene expression signatures. 

Finally, in Paper II, the Microenvironment Cell Populations-counter (MPC-counter) 
method, described by Becht et al.150, was used. This tool is available as an R package 
and it allows the quantification of the absolute abundance of immune infiltrates in a 
heterogeneous sample, by the production of an abundance score for different 
immune cell types. 

TLS and MITFlowPTENnegative signatures 
In Papers I and II, significant analysis for microarray (SAM) analyses were 
performed in order to identify genes differentially overexpressed in different groups. 
In Paper I, this analysis was used to derive the TLS signature, by identifying genes 
overexpressed in CD8+CD20+ versus CD8+ groups and by subsequently subtracting 
the genes overexpressed in CD8+ versus double negative groups. 
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In Paper II, SAM analysis was used to determine genes with significantly different 
expression between MITFlow/PTENnegative tumours and other melanomas. 

Statistical analyses 

When dealing with high throughput techniques, data handling/processing, and final 
bioinformatics and statistical analysis of the data output are needed. In the papers 
included in this thesis, all bioinformatical analyses were performed in R and 
different two-sided statistical tests were applied. Generally, Fisher’s exact test was 
used for comparison of categorical variables, while Pearson correlation was used 
for comparison of numerical variables. Except in Paper III and IV, where numerical 
variables were compared using Spearman and Kendall correlation. When comparing 
groups, three tests were used: t-test, Wilcoxon test and analysis of variance 
(ANOVA). T-test and Wilcoxon were used when comparing only two groups, while 
ANOVA was used when comparing two or more than two groups. In Papers I and 
II, Kruskal-Wallis test was used for the association between numerical and 
categorical variables, such as mutational load and the immunohistochemical groups. 
In Papers III and IV, this association was explored using Mann-Whitney U 
test/Wilcoxon rank sum test. For univariate and multivariate survival analyses, Cox 
regression included in the survival R package was used across all studies. 
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Present Investigation 

Paper I 

Tertiary lymphoid structures improve immunotherapy and survival in 
melanoma 

Aim: 
To investigate the role of B-cells in anti-tumour responses in melanoma. 

Results and Discussion: 
When analysing the immunostaining of a B-cell marker, CD20, 25% of the tumour 
cases showed these cells to be organized in clusters. These clusters consisted of 
Ki67+ and Ki67- B-cells, suggesting that some of these cells were active and 
proliferating. Also, the clusters were surrounded mainly by CD4+ T-cells, which led 
us to hypothesize that these structures could resemble the formation of TLSs. 
Moreover, the expression of molecular markers of TLS formation, such as CXCL13, 
CXCR5 and DC-LAMP were upregulated in transcriptomic data from matched 
tumour tissue. We then confirmed these structures to be TLSs in an 
immunofluorescence staining, where we noted concomitant presence of B-cells 
(stained with CD20) and known TLS markers (CXCR5 and CXCL13) in the cluster. 
This supported that the CD20+ B-cell clusters have molecular properties that have 
been described as necessary for TLS formation. Another evidence for the formation 
of TLSs was the fact that although CD8+ T-cells were always present in the clusters’ 
surroundings, they were localized mainly outside the clusters. The presence of these 
T-cells and of the TLSs themselves, was associated with improved patient outcome. 
More importantly, the combination of both TLSs and CD8+ T-cells was associated 
with the best survival outcome, while the presence of CD8+ T-cells alone was linked 
to an intermediate survival and the absence of both was linked to the worst survival 
outcome. This was then confirmed while analysing the location of the TLSs, where 
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we concluded that tumours with infiltrative TLSs had a significantly higher 
frequency of melanomas with a tumour-infiltrative CD8+ T-cell pattern. 

The spatial location of the TLSs in the tumour, proved to be independent of 
metastatic site. Also, when counting the number of TLSs, 44% of cases with TLSs 
had multiple TLSs per square millimetre. More importantly, these multiple TLSs 
were only found in lymph-node metastases, supporting the previous finding that 
these metastases represent the most prevalent sample site containing TLSs. While 
counting the number of TLSs, we also assessed the presence of GC-like structures 
within TLSs, and found cases in which canonical GC-like structures coexisted with 
non-GC-like TLSs in the same tumour. This supported the concept that different 
types of TLSs exist in a single tumour and this is independent of spatial location. 

A high-plex proteomic analysis with spatial resolution was performed with 
Nanostring GeoMx digital spatial profiler. The data revealed CD20+ B-cell 
populations in TLSs to be organized in two groups: with high or low expression of 
Ki67. Moreover, TLSs with Ki67high B-cells had a higher proportion of CD4+ cells 
and increased expression of the pro-survival anti-apoptotic molecule BCL-2. The 
data provided by the digital spatial profiler indicated that TLSs can be at different 
stages in the same tumour and that the T-cells co-existing with these structures have 
undergone antigen activation, belonging to mature TLSs. T-cells had different 
properties depending on whether they were T-cells obtained from within or in close 
proximity to TLSs, infiltrating T-cells in tumours with TLSs, or T-cells from 
tumours without TLSs. More specifically, T-cells obtained from within or in close 
proximity to TLSs had an increased expression of CD4 and decreased expression of 
CD8, as previously confirmed by IHC. After addressing the effect of TLSs on the 
intratumoural T-cell landscape, we concluded that distinct patterns of intratumoural 
adaptive immune activation exist and these might be in part driven by TLSs. 

When investigating the expression of immune markers on tumour cell populations, 
as expected, the loss of antigen presentation via B2M and HLA-DR and decreased 
expression of PD-L1 expression, was found in tumours without an immune cell 
presence. However, there was no difference in PD-L1 expression in tumour cells 
between tumours with TLSs and tumours only with T-cells. 

When analysing B-cells using single cell RNA-seq data, MHC class I and II 
molecules displayed a uniform high expression pattern across all B-cells, supporting 
that these cells within TLSs are generally capable of antigen presentation. 
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Transcriptional evidence showed that, in melanoma tumours, there is presence of a 
mixture of activated and immature B-cells, and only a small fraction of plasma cells, 
supporting the existence of TLSs. Moreover, this data was consistent with the 
heterogeneous states of TLSs observed previously, since it showed a wide range of 
B-cell-derived immature-to-mature GC signals. While MHC class I and II 
molecules displayed a uniform high expression pattern across all B-cells, the same 
was not observed with the expression of a component of the B-cell receptor in pre-
B-cells, IGLL1. The expression of this protein displayed three groups: plasma cells, 
cells positive for IGLL1 and IGLL5 and cells negative for IGLL1 and IGLL5. These 
groups were further subdivided according to CD69 expression and IGLL5- CD69+ 
cells were associated with response to ICIs. The different IGLL1/5 CD69 groups 
could not only reflect the maturation state of the GC reaction occurring in TLSs, but 
also support the presence of distinct subsets of B-cells at different stages of B-cell 
development, and their role in the response to ICIs. 

When exploring whether the immune microenvironment adapts according to the 
presence of B-cells, the single-cell data showed that samples with a lot of B-cells 
contained more CD4+ and CD8+ T-cells with a naïve and/or memory-like features 
(expressing TCF7 and IL7R), compared to B-cell-poor samples, suggesting an 
influx of naïve and memory-like cells to TLSs. Moreover, this was consistent with 
the GeoMx data, that showed that T-cells in tumours without presence of TLSs had 
an exhausted-like molecular phenotype. 

A gene signature representative of TLSs was created, containing known B-cell 
genes and genes expressed by other types of immune cells. When trichotomizing 
RNA-sequencing (RNA-seq) data from TCGA on the basis of our TLS signature, 
an association with patient survival was obtained, confirming the prognostic role of 
this signature.Applying the TLS signature to different cohorts of treated patients 
with ICIs (both in monotherapy and in combination) showed that it has a predictive 
effect, since it was once again, correlated to patient survival. Furthermore, the TLS 
signature was independent of mutational load in all the treatment cohorts analysed, 
consistent with previous studies showing that immune gene signatures are not 
correlated with mutational load. Also, adding to its predictive effect regarding 
immunotherapy treatment, this signature performed best in a Cox regression 
analysis across all cohorts treated with ICIs, compared to other immune signatures, 
supporting the robustness of the TLS signature and its potential for becoming a 
predictive biomarker for response to ICIs. By exploring further the biological 
relevance of the TLS signature, we could confirm not only that its functionality is 
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induced by ICIs in patients showing a clinical response, but also its ability to predict 
samples with TLSs. 

Overall, this study allowed to evidence that TLSs may have a role in sustaining an 
active tumour immune microenvironment. In the future, this finding could be 
considered in the development of a therapeutic approach involving enhancement of 
TLS formation and function, to improve both clinical outcome and response to 
cancer immunotherapy. 
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Paper II 

The role of PTEN loss in immune escape, melanoma prognosis and 
therapy response 

Aim:  
To explore the role of PTEN in prognosis, therapy response and immune escape in 
the context of MITF expression in melanoma. 

Results and Discussion: 
In the past decade, a deeper understanding of the crosstalk between the immune 
system and cancer establishment and progression, has elucidated how a 
dysfunctional immune system is one of the major ways by which tumours evade 
immune surveillance. More importantly, this increased understanding has changed 
profoundly the cancer treatment, in particular melanoma, with the introduction of 
immunotherapy in the clinic. The activation of the PI3K pathway through loss of 
PTEN is one of the most frequently altered processes in cancer, and has been 
described as a driver factor of an immune evasion mechanism that results in a lack 
of T-cell tumour infiltration. 

In our study, with no difference in gender or age at diagnosis, PTEN was found to 
be differentially expressed according to the melanoma stage, as more advanced 
melanomas were PTEN negative, whereas the majority of the primary tumours were 
PTEN positive. Although it does not act independently, the expression of the PTEN 
protein in tumours is associated with a better patient outcome. Moreover, more 
PTEN mutations were found in PTEN negative tumours, than in positive cases and 
these were more frequently somatic mutations in the PI3K pathway. The tumour 
mutational load was, however, identical between PTEN positive and negative cases, 
suggesting that these tumours evolve independently of tumour genetic mechanisms. 
Overall, this supports the importance of this tumour suppressor gene.  

One of the evidences that PTEN may act as a regulator of an immune escape 
mechanism, was the fact that tumours positive for PTEN expression, were more 
frequently found in tumours with T-cells. Moreover, tumours lacking PTEN 
expression had downregulation of genes associated to immune signatures. When 
investigating further the transcriptional features of PTEN negative tumours, we 
found that not only T-cells and cytotoxic T-cells were downregulated, but also a B-
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cell signature, showing that PTEN loss might influence the function of other types 
of immune cells. 

The loss of MITF and consequent dedifferentiation of melanoma tumour cells has 
previously been indicated as an immune evasion mechanism. To analyse the role of 
PTEN in MITFlow and MITFhigh melanomas, we first confirmed that MITF status 
was independent of PTEN protein expression and then checked for their 
concomitant expression in melanoma tumours. After combining MITF and PTEN 
in four different biological subgroups, we observed that a smaller percentage (31%) 
of MITFlow/PTENnegative melanomas had tumour-associated CD8+ T-cells, in 
contrast with a higher percentage (72%) of MITFhigh/PTENpositive tumours. 
Moreover, MITFhigh/PTENpositive scored the highest for the immune gene signatures 
characteristic of several immune cell populations, proving that these tumours are 
more immunologically inflamed than tumours with low expression of both proteins. 
These MITF/PTEN groups showed to be independent of mutations in the MAPK 
pathway, but the two PTEN deficient groups had more mutations in the PI3K 
pathway. On the other hand, these groups proved to be independent of tumour 
genetic mechanisms, since the tumour mutational load was not statistically 
significantly different between them. Not surprisingly, the group showing the worst 
survival was the MITFlow/PTENnegative group, since it showed a lower counting score 
for immune cell subsets and was characterized by upregulation of the Wnt signalling 
and down regulation of immune related genes, in particular genes involved in 
antigen presentation, such as MHC. Overall, we could corroborate our hypothesis 
that loss of both proteins simultaneously could correspond to an extreme immune 
poor subtype. 

When determining a gene signature characterizing the MITFlow/PTENnegative 
tumours, characteristic genes of immune related pathways were enriched among 
down regulated genes and up regulated genes were enriched for pathways involved 
in cell adhesion and migration. More importantly, up regulated genes were enriched 
in the Wnt signalling pathway, supporting previous studies showing that aberrations 
in the Wnt signaling are commonly found in a variety of malignancies and elevated 
Wnt signalling shows a strong correlation with overall immune suppression. 
Moreover, the activation of the Wnt signalling pathway has been shown to be 
closely connected to the MITF “rheostat” model, which shows that the level of 
MITF expression and activity plays a role in the promotion of melanoma growth. 
Thus, a low expression of MITF denotes a high expression of the Wnt signalling 
pathway, leading to an overall immune suppression and worse survival, as we 
observed in the MITFlow/PTENnegative tumours.  
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This gene signature characterizing the MITFlow/PTENnegative melanomas was used to 
create a centroid that was applied on gene expression data derived from patients 
administered with immune checkpoint blockage agents or BRAF/MEK inhibitors. 
MITFlow/PTENnegative tumours were more likely to have progressive disease under 
the treatment of BRAF/MEK inhibitors, which supports previous findings 
describing that MITFlow melanoma cells are intrinsically resistant to BRAF 
inhibitors. Moreover, the MITFlow/PTENnegative group of tumours also displayed 
inferior survival following treatment with ICIs, supporting that inactivation of 
PTEN leads to immune evasion. 

Overall, this study shows that loss of PTEN in conjunction with loss of melanocyte 
differentiation features, through the loss of MITF, leads to immune evasion 
mechanisms, rendering the tumours resistant to targeted- and immunotherapy. 
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Paper III 

Analysis of DNA methylation-based tumour immune microenvironment 
patterns in metastatic melanoma 

Aim:  
To find immune lineages associated with the microenvironment in melanoma, 
determined by DNA methylation. 

Results and Discussion: 
DNA methylation is a major epigenetic driver in cancer progression and 
development. However, its role in the TME has only started being studied in the 
past few years, with some studies showing that hypomethylation promotes immune 
evasion and it could predict response to ICI treatment. Thus, DNA methylation 
could help in the distinction of different TMEs. 

In order to explore the DNA methylation immune landscape in metastatic melanoma 
tumours, the corresponding gene promoter CpGs were identified in two previously 
described immune gene expression signatures (Angelova et al.146, Tirosh et al.147). 
Among these, the CpGs that were most differentially methylated across seven 
immune cell subsets as well as highly methylated in non-immune cell types, were 
selected and identified as DNA methylation signatures representative of different 
immunological cell types. Three immune methylation clusters were identified when 
running consensus clustering of Illumina EPIC methylation array-based profiles 
from 180 metastatic melanoma tumours. These clusters showed a crescent gradient 
level of methylation of the immune CpGs, with Cluster 1 having the lowest, Cluster 
3 the highest and Cluster 2 showing an intermediate level. These immune 
methylation clusters proved to be associated with patient survival, with Cluster 2 
showing significantly decreased DMFS (distant metastasis-free survival) compared 
to Cluster 1. Moreover, both Cluster 2 and Cluster 3 proved to be of higher risk 
when compared to Cluster 1. 

When confirming the differences in immune cell-infiltration between the clusters, 
not surprisingly, Cluster 1 had the highest percentage of samples with strong and 
localized infiltration of TILs, CD3+ and CD8+ T-cells, and fewer absent/low 
infiltrating samples of myeloid cells compared to Cluster 3. Also, Cluster 1 showed 
a significant enrichment of TLSs, emphasizing the possibility of a successful anti-
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tumour immunity in the tumours belonging to this cluster. Thus, immune cell type-
specific methylation is inversely correlated with enrichment of the corresponding 
immune cell types in the TME. 

The immune-methylation clusters were not associated with tumour mutational 
burden (TMB). This could be due to the characteristic high immunogenicity of 
melanoma cells, allowing immune evasion to be achieved by transcriptional 
changes. Although PTEN is one of the most frequently mutated tumour suppressor 
genes in various types of cancer, leading to an immune evasion mechanism, the 
same has not been observed in melanoma. Thus, previously proposed alternative 
mechanisms that block PTEN functions, such as somatic copy number aberrations 
(SCNAs) and promoter hyper-methylation, might be involved in melanoma. We 
could confirm this hypothesis in Cluster 3 tumours. 

After hypothesizing that the differentiation state of the melanoma tumour, defined 
by the presence or absence of expression of MITF, may determine the ability of 
Cluster 3 tumours to evade the immune system, and matching staining information 
for MITF protein, fewer MITF negative tumours were found in the immune-rich 
methylation Cluster 1. Thus, MITF also proved to be important in the distinction of 
the immune evasion mechanisms. 

Immune exclusion-associated genes were differentially expressed across clusters. 
Catenin beta 1 (CTNNB1) and Master Regulator of Cell Cycle Entry and 
Proliferative Metabolism (MYC) were enriched in Cluster 3 compared to the other 
two clusters. However, this difference was dependent on MITF status and could 
only be observed in MITF positive tumours. The same did not happen with PI3K-
Akt pathway genes, such as PTEN and PI3K3R1, which showed significant gene 
expression differences across clusters, irrespective of MITF status. Cluster 3 was 
the one showing the highest enrichment for PTEN.  

The immune-methylation clusters could be validated in the TCGA cohort and 
similar features across the clusters, such as survival and gene expression scores, 
TMB and mutational patterns, were observed. The analyses performed on a pan-
cancer cohort revealed similarities in the immune microenvironments of different 
tumour types in terms of immune-methylation. Samples correspondent to brain, 
lymph node and other metastases from distant sites were enriched for Cluster 3, 
irrespective of the metastasis location. Moreover, immune-methylation scores 
grouped metastatic melanoma tumours belonging to the low immune-methylation 
cluster, together with tumours from lung and gastro-intestinal tract, showing that 
these immune-rich microenvironments are similar among each other. Such 
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observation might explain why non-small cell lung cancer (NSCLC) has received 
significant attention regarding ICI treatment. Also, this reinforces the concept that 
an immune-rich environment may confer improved outcome to immunotherapy 
agents.  

Overall, the immune-methylation clusters proved to be informative of prognosis not 
only in melanoma, but also in several solid tumour cohorts. 



69 

Paper IV 

Distinct transcriptional signatures derived from single-cell RNA 
sequencing data predict patient prognosis and response to immune 
checkpoint blockade in melanoma 

Aim:  
To describe immune signatures derived from single-cell RNA sequencing data of 
tumour-associated immune cells from melanoma patients. 

Results and Discussion: 
Single-cell genomics has been revolutionary in the characterization of the TME 
heterogeneity and in describing novel immune subgroups. In this study, known 
immune cell subsets were clearly discerned when using unsupervised analyses of 
single-cell RNA-seq data from 33 melanoma tumours – B-cells, T-cells and 
macrophages. These immune cell subsets were characterized by different genes. 
CD8+ T-cells were characterized by increased expression of OX40, TIGIT, PD1 and 
IFNG, suggesting an exhausted phenotype of these cells. On the other hand, another 
subset consisting of CD4+ and CD8+ T-cells were characterized by increased 
expression of IL7R, TCF7 and CCR7, corresponding to a memory T-cell phenotype. 
The B-cell subsets were distinguished according to the expression of IGLL5, a 
protein part of the pre-B-cell receptor.  

After calculating immune cell type scores of these immune cell subsets, not only 
were they well associated with the immunostaining of several immune cells, and 
could validate the single-cell derived immune signatures, but were also linked to a 
better patient survival in an historic cohort of untreated melanoma patients, 
suggesting that they harbour a prognostic value in metastatic melanoma. 

When applying the immune signatures to ICI treated cohorts, we concluded that 
there were elevated levels of the marker gene expression scores across the different 
single-cell derived immune cell subsets in on-therapy biopsies from responders to 
ICIs but not in non-responders. This suggests that immune cell subsets suffer 
alterations after ICI treatment administration in patients with a clinical response. 

When investigating the association of the single-cell derived immune marker scores 
to the clinical response to ICIs, we registered that increased levels of most 
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lymphocyte marker scores were linked to improved overall survival of patients after 
receiving ICI treatment. Thus, single-cell derived immune marker scores may have 
the capacity to predict response to ICIs, similarly to what was observed in the 
treatment-naïve cohort. 

After combining multiple immune signatures into one single immune inflammation 
signature, and comparing it with TMB in three datasets, a clear grouping of 
High/Low TMB and lymphocyte score was obtained. These groups proved to be 
significantly associated with patient survival, with the highly inflamed samples with 
high TMB to have the best survival. The fact that an association between TMB and 
the immune signatures and an association between TMB and patient survival in the 
treatment-naïve cohorts, could not be observed, suggested that the derived immune 
cell signatures were prognostic in these cohorts. 

Overall, we identified immune cell type specific marker genes for metastatic 
melanoma TME, reflecting transcriptomic signatures of different immune cell 
subsets. These signatures showed prognostic implications in both treatment-naïve 
and immunotherapy treated melanoma cohorts. Also, they could have a potential 
role to serve as biomarkers along with TMB. 
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Conclusions and future perspectives 

Melanoma is a highly complex disease comprised of different layers of molecular 
information, with many different crosstalk mechanisms involved in the maintenance 
of the tumour. In the past decade, a lot has changed when the details behind these 
mechanisms started being studied. Soon after the understanding about concepts such 
as tumour microenvironment started growing, the clinical management of metastatic 
melanoma went through profound changes. With the great improvement(s) of 
therapeutic approaches, such as immunotherapy, came other challenges. Only a 
small fraction of patients benefit from immune checkpoint inhibitors and severe 
adverse effects are frequently experienced by some of these patients. For this reason, 
clinical management of metastatic melanoma demands the tumour immune 
microenvironment field to be further explored, in order for an efficient selection of 
patients for specific treatments to become a reality rather than simply a wish. This 
thesis made some important discoveries related to the tumour microenvironment in 
melanoma and further clarified some aspects of this field. 

While exploring the role of B-cells in anti-tumour responses in melanoma, due to 
the fact that this is less known in comparison with the role of T-cells, B-cells were 
seen to form clusters together with T-helper cells in tumours. Tertiary lymphoid 
structures were known to be an important type of lymphoid aggregate, already 
documented to develop in several tumour types in humans. In Paper I we show that 
the presence of these structures is beneficial in a tumour, as they play a key role in 
the tumour immune microenvironment, improving patient survival and outcome. It 
has been previously shown that an active immune microenvironment is determinant 
in the development of a response to immunotherapy agents. Not surprisingly, the 
presence of TLSs in melanoma tumours, conferred better outcomes upon 
immunotherapy administration. Thus, in the future, therapeutic approaches to 
enhance TLS formation and function should be considered for improved clinical 
outcome and in responses to cancer immunotherapy. 

Finding ways to combat immunotherapy resistance has been one of the main topics 
in melanoma research. It is known that the cause of resistance to immune checkpoint 
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inhibitors is the activation of immune evasion mechanisms by the tumour. Among 
these mechanisms, there is the activation of the PI3K pathway through loss of 
PTEN. MITFlow cells have also been shown to have the ability to survive harsh 
conditions, such as the effect of targeted and/or immunotherapy agents, being 
involved in an immune evasion mechanism. In Paper II, we confirmed the role of 
PTEN in prognosis, therapy response and immune escape. More importantly, loss 
of PTEN in conjunction with loss of melanocyte differentiation features, by loss of 
MITF expression, leads to a worse survival, due to the establishment of an immune 
poor microenvironment, and the activation of immune evasion mechanisms, 
rendering the tumours resistant to targeted- and immunotherapy. Although 
inhibitors of the PI3K pathway are being extensively studied and considered as a 
therapeutic approach to reverse immune evasion mechanisms and enable checkpoint 
blockade efficacy, the concomitant reactivation of MITF, with a return of 
differentiation melanoma features, could be considered in this approach. 

Deciphering the immune landscape in tumours is crucial to achieve a better 
knowledge about the tumour immune microenvironment. Current methods to do it 
are based on defining the transcriptome of tumours. In Paper III, we show that DNA 
methylation, a method that has not been extensively studied to distinguish different 
tumour microenvironments, particularly in melanoma, offers advantages compared 
to transcriptomic characterization of mixed cellular environments. DNA 
methylation shows more differences between cellular lineages than gene expression. 
More importantly, we show that tumours can be grouped according to their level of 
DNA methylation and this grouping is differentially associated with the level of 
immune infiltration, activation of immune evasion mechanisms and prognosis. For 
future considerations, DNA methylation could be used as a biomarker to help in the 
characterization of the immune landscape of a melanoma tumour, prior to a 
treatment administration. 

Single-cell RNA-seq data of tumour-associated immune cells can be another useful 
tool to characterize the immune microenvironment of melanoma tumours, 
particularly by achieving a single-cell resolution of the transcriptional landscape of 
such tumours. In Paper IV, we derived immune cell signatures based on single-cell 
RNA-seq data and confirmed their robustness and their prognostic value both in 
treatment naïve and in treated melanoma cohorts. Also, these immune signatures 
proved to be successful in their prognostic effect when coupled with TMB, showing 
their potential to serve as biomarkers, not only individually but together with others, 
and thus, facilitate future patient selection for treatment. 
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Collectively, the work included in this thesis addresses some aspects of the tumour 
immune microenvironment in melanoma. It is, thus, a contribution to a rather long 
path that still needs to be completed in the field, in order to improve the clinical 
management of patients in advanced stages of the disease. Finally, this type of 
knowledge at the molecular level will need to be combined with technological 
advancement and development of tools that allow the implementation of a 
personalized medicine. 

  





75 

References 

1. The American Cancer Society medical and editorial content team. The History of 
Cancer. American Cancer Society. 2014. Retrieved from 
https://www.cancer.org/cancer/cancer-basics/history-of-cancer.html. 

2. Tachibana M. Sound needs sound melanocytes to be heard. Pigment Cell Research. 
1999; 12(6):344-54. 

3. Brito FC, Kos L. Timeline and distribution of melanocyte precursors in the mouse 
heart. Pigment Cell Melanoma Research. 2008; 21(4):464-70. 

4. Mort RL, Jackson IJ, Patton EE. The melanocyte lineage in development and 
disease. Development. 2015; 142(4):620-32.  

5. Cichorek M, Wachulska M, Stasiewicz A, Tymińska A. Skin melanocytes: biology 
and development. Advances in Dermatology and Allergology. 2013; 30(1):30-41. 

6. Tolleson WH. Human melanocyte biology, toxicology, and pathology. Journal of 
Environmental Science and Health Part C Environmental Carcinogenesis & 
Ecotoxicology Reviews. 2005; 23(2):105-61. 

7. Plonka PM, Passeron T, Brenner M, et al. What are melanocytes really doing all 
day long...? Experimental Dermatology. 2009; 18(9):799-819. 

8. Tadokoro T, Yamaguchi Y, Batzer J, et al. Mechanisms of skin tanning in different 
racial/ethnic groups in response to ultraviolet radiation. Journal of Investigative 
Dermatology. 2005; 124(6):1326-32. 

9. Berwick M, Erdei E, Hay J. Melanoma epidemiology and public health. 
Dermatologic Clinics. 2009; (2):205-14. 

10. Whiteman DC, Whiteman CA, Green AC. Childhood sun exposure as a risk factor 
for melanoma: a systematic review of epidemiologic studies. Cancer Causes & 
Control. 2001; 12(1):69-82. 

11. Noonan FP, Recio JA, Takayama H, et al. Neonatal sunburn and melanoma in 
mice. Nature. 2001; 413(6853):271-2. 

12. International Agency for Research on Cancer Working Group on artificial 
ultraviolet (UV) light and skin cancer. The association of use of sunbeds with 
cutaneous malignant melanoma and other skin cancers: A systematic review. 
International Journal of Cancer. 2007; 120(5):1116-22. 



76 

13. Shenenberger DW. Cutaneous malignant melanoma: a primary care perspective. 
American Family Physician. 2012; 85(2):161-8. 

14. Garraway LA, Widlund HR, Rubin MA. Integrative genomic analyses identify 
MITF as a lineage survival oncogene amplified in malignant melanoma. Nature. 
2005; 436(7047):117-22. 

15. Gray-Schopfer V, Wellbrock C, Marais R. Melanoma biology and new targeted 
therapy. Nature. 2007; 445(7130):851-7. 

16. Michael FB, Levi AG. Applications of Genomics in Melanoma Oncogene 
Discovery. Hematology/Oncology Clinics of North America. 2009; 23(3): 397–414. 

17. Magdalena Olbryt. Molecular background of skin melanoma development and 
progression: therapeutic implications. Advances in Dermatology and Allergology. 
2019; 36(2): 129–138. 

18. Uong A, Zon LI. Melanocytes in development and cancer. Journal of Cell 
Physiology. 2010; 222(1):38-41. 

19. Dhomen N, Reis-Filho JS, da Rocha Dias S, et al. Oncogenic Braf induces 
melanocyte senescence and melanoma in mice. Cancer Cell. 2009; 15(4):294-303. 

20. Daniotti M, Oggionni M, Ranzani T, et al. BRAF alterations are associated with 
complex mutational profiles in malignant melanoma. Oncogene. 2004; 
23(35):5968-77. 

21. Regad T. Molecular and cellular pathogenesis of melanoma initiation and 
progression. Cellular and Molecular Life Sciences. 2013; 70(21):4055-65. 

22. Kwong LN, Costello JC, Liu H, et al. Oncogenic NRAS signaling differentially 
regulates survival and proliferation in melanoma. Nature Medicine. 2012; 
18(10):1503-10. 

23. Garnett MJ, Marais R. Guilty as charged: B-RAF is a human oncogene. Cancer 
Cell. 2004; 6(4):313-9. 

24. Thomas NE. BRAF somatic mutations in malignant melanoma and melanocytic 
naevi. Melanoma Research. 2006; 16(2):97-103. 

25. Hatzivassiliou G, Song K, Yen I, et al. RAF inhibitors prime wild-type RAF to 
activate the MAPK pathway and enhance growth. Nature. 2010; 464(7287):431-5. 

26. Poulikakos PI, Zhang C, Bollag G, et al. RAF inhibitors transactivate RAF dimers 
and ERK signalling in cells with wild-type BRAF. Nature. 2010; 464(7287):427-
30. 

27. Wajapeyee N, Serra RW, Zhu X, et al. Oncogenic BRAF induces senescence and 
apoptosis through pathways mediated by the secreted protein IGFBP7. Cell. 2008; 
132(3):363-74. 

28. Michaloglou C, Vredeveld LC, Soengas MS, et al. BRAFE600-associated 
senescence-like cell cycle arrest of human naevi. Nature. 2005; 436(7051):720-4. 



77 

29. Huang FW, Hodis E, Xu MJ, et al. Highly recurrent TERT promoter mutations in 
human melanoma. Science. 2013; 339(6122):957-9. 

30. Curtin JA, Fridlyand J, Kageshita T, et al. Distinct sets of genetic alterations in 
melanoma. New England Journal of Medicine. 2005; 353(20):2135-47. 

31. Robinson MJ, Cobb MH. Mitogen-activated protein kinase pathways. Current 
Opinion in Cell Biology. 1997; 9(2):180-6. 

32. Pópulo H, Lopes JM, Soares P. The mTOR signalling pathway in human cancer. 
The International Journal of Molecular Sciences. 2012; 13(2):1886-918. 

33. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. 
Cell. 2017; 169(2):361-371. 

34. Hocker T, Tsao H. Ultraviolet radiation and melanoma: a systematic review and 
analysis of reported sequence variants. Human Mutation. 2007; 28(6):578-88. 

35. Goel VK, Lazar AJ, Warneke CL, et al. Examination of mutations in BRAF, 
NRAS, and PTEN in primary cutaneous melanoma. The Journal of Investigative 
Dermatology. 2006; 126(1):154-60. 

36. Kwong LN, Davies MA. Navigating the Therapeutic Complexity of PI3K Pathway 
Inhibition in Melanoma. Clinical Cancer Research. 2013; 19(19). 

37. Cheung M, Sharma A, Madhunapantula SV, et al. Akt3 and mutant V600E B-Raf 
cooperate to promote early melanoma development. Cancer Research. 2008; 
68(9):3429-39. 

38. Rigel DS, Carucci JA. Malignant melanoma: prevention, early detection, and 
treatment in the 21st century. CA: A Cancer Journal for Clinicians. 2000; 
50(4):215-36. 

39. International Agency for Research on Cancer. Global Cancer Observatory, World 
Health Organization. Retrieved from https://gco.iarc.fr/. 

40. Ferlay J, Shin HR, Bray F, et al. Estimates of worldwide burden of cancer in 2008: 
GLOBOCAN 2008. The International Journal of Cancer. 2010; 127(12):2893-
917. 

41. Chang AE, Karnell LH, Menck HR. The National Cancer Data Base report on 
cutaneous and noncutaneous melanoma: a summary of 84,836 cases from the past 
decade. The American College of Surgeons Commission on Cancer and the 
American Cancer Society. Cancer. 1998; 83(8):1664-78. 

42. Ward WH, Farma JM, editors. Cutaneous Melanoma: Etiology and Therapy. 
Brisbane (AU): Codon Publications; 2017. 

43. Melanoma skin cancer statistics. Cancer Research UK. Retrieved from 
https://www.cancerresearchuk.org. 



78 

44. Geller J, Swetter SM, Leyson J, et al. Crafting a melanoma educational campaign
to reach middle-aged and older men. Journal of Cutaneous Medicine and Surgery.
2006; 10(6):259-68.

45. Ali Z, Yousaf N, Larkin J. Melanoma epidemiology, biology and prognosis.
European Journal of Cancer. 2013; 11(2):81-91.

46. Balch CM, Soong SJ, Gershenwald JE, et al. Prognostic factors analysis of 17,600
melanoma patients: validation of the American Joint Committee on Cancer
melanoma staging system. Journal of Clinical Oncology. 2001; 19(16):3622-34.

47. Balch CM, Gershenwald JE, Soong SJ, et al. Final version of 2009 AJCC
melanoma staging and classification. Journal of Clinical Oncology. 2009.
27(36):6199-206.

48. Azzola MF, Shaw HM, Thompson JF, et al. Tumor mitotic rate is a more powerful
prognostic indicator than ulceration in patients with primary cutaneous melanoma:
an analysis of 3661 patients from a single center. Cancer. 2003; 97(6):1488-98.

49. Gershenwald JE, Scolyer RA, Hess KR, et al. Melanoma staging: Evidence-based
changes in the American Joint Committee on Cancer eighth edition cancer staging
manual. CA: A Cancer Journal for Clinicians. 2017; 67(6):472-492.

50. Balch CM, Wilkerson JA, Murad TM, et al. The prognostic significance of
ulceration of cutaneous melanoma. Cancer. 1980; 45(12):3012-7.

51. McGovern VJ, Shaw HM, Milton GW, et al. Ulceration and prognosis in cutaneous
malignant melanoma. Histopathology. 1982; 6(4):399-407.

52. Balch CM, Murad TM, Soong SJ, et al. A multifactorial analysis of melanoma:
prognostic histopathological features comparing Clark's and Breslow's staging
methods. Annals of Surgery. 1978; 188(6):732-42.

53. In 't Hout FE, Haydu LE, Murali R, et al. Prognostic importance of the extent of
ulceration in patients with clinically localized cutaneous melanoma. Annals of
Surgery. 2012; 255(6):1165-70.

54. Hallpern AC, Marghoob AA, Reiter O. Melanoma Stages. Skin Cancer
Foundation. Retrieved from https://www.skincancer.org/skin-cancer-
information/melanoma/the-stages-of-melanoma/.

55. Gershenwald JE, Hwu P. Melanoma. In: Hong WK, Bast RC, Halit WN, et al.,
editors. Cancer Medicine. 8th Ed. Shelton: People's Medical Publishing House,
2010.

56. Singh-Ranger G. The American Joint Committee on Cancer staging (AJCC) Atlas,
by Greene FL, Compton CC, Fritz AG, Shah JP, Winchester DP. International
Seminars in Surgical Oncology. 2006; 3:34.

57. Amin MB, Greene FL, Edge SB, et al. The Eighth Edition AJCC Cancer Staging
Manual: Continuing to build a bridge from a population-based to a more



79 

"personalized" approach to cancer staging. CA: A Cancer Journal for Clinicians. 
2017:67(2):93-99. 

58. Kelderman S, Heemskerk B, van Tinteren H, et al. Lactate dehydrogenase as a
selection criterion for ipilimumab treatment in metastatic melanoma.  Cancer
Immunology, Immunotherapy. 2014; 63(5):449-58.

59. Dickson PV, Gershenwald JE. Staging and prognosis of cutaneous melanoma.
Surgical Oncology Clinics of North America. 2011; 20(1):1-17.

60. Barth A, Wanek LA, Morton DL. Prognostic factors in 1,521 melanoma patients
with distant metastases. Journal of the American College of Surgeons. 1995;
181(3):193-201.

61. The American Cancer Society medical and editorial content team. Survival rates
for melanoma skin cancer. American Cancer Society. 2018. Retrieved from:
https://www.cancer.org/cancer/melanoma-skin-cancer/detection-diagnosis-
staging/survival-rates-for-melanoma-skin-cancer-by-stage.html.

62. A Sandru, S Voinea, E Panaitescu, et al. Survival rates of patients with metastatic
malignant melanoma. Journal of Medicine and Life. 2014; 7(4): 572–576.

63. Jaworek-Korjakowska J, Kleczek P. eSkin: Study on the Smartphone Application
for Early Detection of Malignant Melanoma. Wireless Communications and Mobile 
Computing. 2018; 2018(5767360).

64. Wilson MA, Schuchter LM. Chemotherapy for Melanoma. Cancer
Treatment and Research Communications. 2016; 167:209-29.

65. Batus M, Waheed S, Ruby C, et al. Optimal management of metastatic melanoma:
current strategies and future directions. American Journal of Clinical
Dermatology. 2013; 14(3):179-94.

66. Thompson JF, Scolyer RA, Kefford RF. Cutaneous melanoma. Lancet. 2005;
365(9460):687-701.

67. van Zeijl MC, van den Eertwegh AJ, Haanen JB, et al. (Neo)adjuvant systemic
therapy for melanoma. European Journal of Surgical Oncology. 2017; 43(3):534-
543.

68. Flaherty KT. Targeting metastatic melanoma. Annual Review of Medicine. 2012;
63:171-83.

69. Chapman PB, Hauschild A, Robert C, et al. Improved survival with vemurafenib
in melanoma with BRAF V600E mutation. New England Journal of Medicine.
2011; 364(26):2507-16.

70. Livingstone E, Zimmer L, Vaubel J, et al. BRAF, MEK and KIT inhibitors for
melanoma: adverse events and their management. Chinese Clinical Oncology.
2014; 3(3):29.



80 

71. ClinicalTrials.gov. US National Library of Medicine. Retrieved from 
https://clinicaltrials.gov/. 

72. Wróbel S, Przybyło M, Stępień E. The Clinical Trial Landscape for Melanoma 
Therapies. Journal of Clinical Medicine. 2019; 8(3): 368. 

73. Hauschild A, Grob JJ, Demidov LV, et al. Dabrafenib in BRAF-mutated metastatic 
melanoma: a multicentre, open-label, phase 3 randomised controlled trial. Lancet. 
2012; 380(9839):358-65. 

74. Long GV, Stroyakovskiy D, Gogas H, et al. Combined BRAF and MEK inhibition 
versus BRAF inhibition alone in melanoma. New England Journal of Medicine. 
2014; 371(20):1877-88. 

75. Zeynep Eroglu, Antoni Ribas. Combination therapy with BRAF and MEK 
inhibitors for melanoma: latest evidence and place in therapy. Therapeutic 
Advances in Medical Oncology. 2016; 8(1): 48–56. 

76. Rizos H, Menzies AM, Pupo GM, et al. BRAF inhibitor resistance mechanisms in 
metastatic melanoma: spectrum and clinical impact. Clinical Cancer Research. 
2014; 20(7):1965-77.  

77. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet. 
2001; 357(9255):539-45. 

78. Kirkwood JM, Ibrahim JG, Sosman JA, et al. High-dose interferon alfa-2b 
significantly prolongs relapse-free and overall survival compared with the GM2-
KLH/QS-21 vaccine in patients with resected stage IIB-III melanoma: results of 
intergroup trial E1694/S9512/C509801. Journal of Clinical Oncology. 2001; 
19(9):2370-80. 

79. Roh MR, Zheng Z, Kim HS, et al. Difference of interferon-α and interferon-β on 
melanoma growth and lymph node metastasis in mice. Melanoma Research. 2013; 
23(2):114-24. 

80. Krieg C, Létourneau S, Pantaleo G, et al. Improved IL-2 immunotherapy by 
selective stimulation of IL-2 receptors on lymphocytes and endothelial cells. PNAS. 
2010; 107(26):11906-11. 

81. Bright R, Coventry BJ, Eardley-Harris N, et al. Clinical Response Rates From 
Interleukin-2 Therapy for Metastatic Melanoma Over 30 Years' Experience: A 
Meta-Analysis of 3312 Patients. Journal of Immunotherapy. 2017; 40(1):21-30. 

82. Domingues B, Lopes JM, Soares P, et al. Melanoma treatment in review. 
ImmunoTargets and Therapy. 2018; 7:35-49. 

83. Robert O Dillman. An update on the relevance of vaccine research for the treatment 
of metastatic melanoma. Melanoma Management. 2017; 4(4): 203–215. 



81 

84. Rosenberg SA, Yang JC, Sherry RM, et al. Durable complete responses in heavily
pretreated patients with metastatic melanoma using T-cell transfer immunotherapy.
Clinical Cancer Research. 2011; 17(13):4550-7.

85. Klemen ND, Feingold PL, Goff SL, et al. Metastasectomy Following
Immunotherapy with Adoptive Cell Transfer for Patients with Advanced
Melanoma. Annals of Surgical Oncology. 2017; 24(1): 135–141.

86. Goff SL, Dudley ME, Citrin DE, et al. Randomized, Prospective Evaluation
Comparing Intensity of Lymphodepletion Before Adoptive Transfer of Tumor-
Infiltrating Lymphocytes for Patients With Metastatic Melanoma. Journal of
Clinical Oncology. 2016; 34(20):2389-97.

87. Dudley ME, Yang JC, Sherry R, et al. Adoptive cell therapy for patients with
metastatic melanoma: evaluation of intensive myeloablative chemoradiation
preparative regimens. Journal of Clinical Oncology. 2008; 26(32):5233-9.

88. Darvin P, Toor SM, Sasidharan Nair V, et al. Immune checkpoint inhibitors: recent
progress and potential biomarkers. Experimental & Molecular Medicine. 2018;
50(12):1-11.

89. Hodi FS, O'Day SJ, McDermott DF, et al. Improved survival with ipilimumab in
patients with metastatic melanoma. New England Journal of Medicine. 2010;
363(8):711-23.

90. Robert C, Schachter J, Long GV, et al. Pembrolizumab versus Ipilimumab in
Advanced Melanoma. New England Journal of Medicine. 2015; 372(26):2521-32.

91. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100(1):57-70.
92. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;

144(5):646-74.
93. Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a glance.

Journal of Cell Science. 2012: 125(23):5591-6.
94. Wang M, Zhao J, Zhang L, et al. Role of tumor microenvironment in

tumorigenesis. Journal of Cancer. 2017; 8(5):761-773.
95. Pietras K, Ostman A. Hallmarks of cancer: interactions with the tumor stroma.

Experimental Cell Research. 2010; 316(8):1324-31.
96. Binnewies M, Roberts EW, Kersten K, et al. Understanding the tumor immune

microenvironment (TIME) for effective therapy. Nature Medicine. 2018;
24(5):541-550.

97. Marzagalli M, Ebelt ND, Manuel ER. Unraveling the crosstalk between melanoma
and immune cells in the tumor microenvironment. Seminars in Cancer Biology.
2019; 59:236-250.

98. Turvey SE, Broide DH. Innate immunity. Journal of Allergy and Clinical
Immunology. 2010; 125(Suppl 2):S24-32.



82 

99. Bonilla FA, Oettgen HC. Adaptive immunity. Journal of Allergy and Clinical
Immunology. 2010; 125(Suppl 2):S33-40.

100. Marshall JS, Warrington R, Watson W, et al. An introduction to immunology and
immunopathology. Allergy, Asthma & Clinical Immunology. 2018; 14(Suppl
2):49.

101. Murphy KM, Travers P, Walport M. Janeway’s immunobiology. 7th ed. New York: 
Garland Science, 2007.

102. Coutinho A, Möller G. Thymus-independent B-cell induction and paralysis.
Advances in Immunology. 1975; 21:113-236.

103. LeBien TW, Tedder TF. B lymphocytes: how they develop and function. Blood.
2008; 112(5):1570-80.

104. Malavika Bhattacharya. Understanding B lymphocyte development: a long way to
go. Intechopen. 2018; doi: 10.5772/intechopen.79663.

105. Neyt K, Perros F, GeurtsvanKessel CH, et al. Tertiary lymphoid organs in infection
and autoimmunity. Trends in Immunology. 2012; 33(6):297-305.

106. van de Pavert SA, Mebius RE. New insights into the development of lymphoid
tissues. Nature Reviews Immunology. 2010; 10(9):664-74.

107. Stranford S, Ruddle NH. Follicular dendritic cells, conduits, lymphatic vessels, and
high endothelial venules in tertiary lymphoid organs: Parallels with lymph node
stroma. Frontiers in Immunology. 2012; 3:350.

108. Jones GW, Hill DG, Jones SA. Understanding Immune Cells in Tertiary Lymphoid
Organ Development: It Is All Starting to Come Together. Frontiers in Immunology.
2016; 7:401

109. Hiraoka N, Ino Y, Yamazaki-Itoh R. Tertiary Lymphoid Organs in Cancer Tissues.
Frontiers in Immunology. 2016; 7:244.

110. Remark R, Alifano M, Cremer I, et al. Characteristics and clinical impacts of the
immune environments in colorectal and renal cell carcinoma lung metastases:
influence of tumor origin. Clinical Cancer Research. 2013; 19(15):4079-91.

111. Cipponi A, Mercier M, Seremet T, et al. Neogenesis of lymphoid structures and
antibody responses occur in human melanoma metastases. Cancer Research. 2012;
72(16):3997-4007.

112. Bento DC, Jones E, Junaid S, et al. High endothelial venules are rare in colorectal
cancers but accumulate in extra-tumoral areas with disease progression.
Oncoimmunology. 2015; 4(3):e974374.

113. Engelhard VH, Rodriguez AB, Mauldin IS, et al. Immune Cell Infiltration and
Tertiary Lymphoid Structures as Determinants of Antitumor Immunity. Journal of
Immunology. 2018; 200(2):432-442.



83 

114. Yuseff MI, Pierobon P, Reversat A, et al. How B cells capture, process and present
antigens: a crucial role for cell polarity. Nature Reviews Immunology. 2013;
13(7):475-86.

115. Bruno TC, Ebner PJ, Moore BL, et al. Antigen-Presenting Intratumoral B Cells
Affect CD4+ TIL Phenotypes in Non-Small Cell Lung Cancer Patients. Cancer
Immunology Research. 2017; 5(10):898-907.

116. Nelson BH. CD20+ B cells: the other tumor-infiltrating lymphocytes. Journal of
Immunology. 2010; 185(9):4977-82.

117. Germain C, Gnjatic S, Dieu-Nosjean MC. Tertiary Lymphoid Structure-Associated
B Cells are Key Players in Anti-Tumor Immunity. Frontiers in Immunology. 2015;
6:67.

118. Dieu-Nosjean M, Goc J, Giraldo NA, et al. Tertiary lymphoid structures in cancer
and beyond. Trends in Immunology. 2014; 35(11).

119. Robert C, Long GV, Brady B, et al. Nivolumab in previously untreated melanoma
without BRAF mutation. New England Journal of Medicine. 2015; 372(4):320-30.

120. Spranger S, Gajewski TF. Impact of oncogenic pathways on evasion of antitumour
immune responses. Nature Reviews Cancer. 2018; 18(3):139-147.

121. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic β-catenin signalling prevents
anti-tumour immunity. Nature. 2015; 523(7559):231-5.

122. Peng W, Chen JQ, Liu C, et al. Loss of PTEN Promotes Resistance to T Cell-
Mediated Immunotherapy. Cancer Discovery. 2016; 6(2):202-16.

123. Casey SC, Tong L, Li Y, et al. MYC regulates the antitumor immune response
through CD47 and PD-L1. Science. 2016; 352(6282):227-31.

124. Koyama S, Akbay EA, Li YY, et al. STK11/LKB1 deficiency promotes neutrophil
recruitment and proinflammatory cytokine production to suppress T-cell activity in
the lung tumor microenvironment. Cancer Research. 2016; 76(5):999-1008.

125. Watling D, Guschin D, Müller M, et al. Complementation by the protein tyrosine
kinase JAK2 of a mutant cell line defective in the interferon-gamma signal
transduction pathway. Nature. 1993; 366(6451):166-70.

126. Damsky WE, Curley DP, Santhanakrishnan M, et al. β-catenin signaling controls
metastasis in Braf-activated Pten-deficient melanomas. Cancer Cell. 2011;
20(6):741-54.

127. Szklo M. Population-based cohort studies. Epidemiologic Reviews. 1998; 20(1):81-
90.

128. Lieb R. Population-Based Study. In: Gellman MD, Turner JR, editors.
Encyclopedia of Behavioral Medicine. New York: Springer, 2013.

129. Euser AM, Zoccali C, Jager KJ, et al. Cohort studies: prospective versus
retrospective. Nephron Clinical Practice. 2009; 113(3):c214-7.



84 

130. Cirenajwis H, Ekedahl H, Lauss M, et al. Molecular stratification of metastatic
melanoma using gene expression profiling: Prediction of survival outcome and
benefit from molecular targeted therapy. Oncotarget. 2015; 6(14):12297-309.

131. Venter JC, Adams MD, Myers EW, et al. The sequence of the human genome.
Science. 2001; 291(5507):1304-51.

132. Govindarajan R, Duraiyan J, Kaliyappan K, et al. Microarray and its applications.
Journal of Pharmacy and Bioallied Sciences. 2012; 4(Suppl 2): S310–S312.

133. Saiki RK, Bugawan TL, Horn GT, et al. Analysis of enzymatically amplified beta-
globin and HLA-DQ alpha DNA with allele-specific oligonucleotide probes.
Nature. 1986; 324(6093):163-6.

134. Kononen J, Bubendorf L, Kallioniemi A, et al. Tissue microarrays for high-
throughput molecular profiling of tumor specimens. Nature Medicine. 1998;
4(7):844-7.

135. Ramos-Vara JA. Principles and methods of immunohistochemistry. Methods in
Molecular Biology. 2011; 691:83-96.

136. Sino biological. Principle of Immunofluorescence. Retrieved from:
https://www.sinobiological.com/category/principle-of-if.

137. Nanostring Technologies. Digital Spatial Profiling (DSP) Technology. Retrieved
from: https://www.nanostring.com/scientific-content/technology-overview/digital-
spatial-profiling-technology.

138. Lotterhos KE, Moore JH, Stapleton AE. Analysis validation has been neglected in
the Age of Reproducibility. PLoS Biology. 2018; 16(12): e3000070.

139. Gide TN, Quek C, Menzies AM, et al. Distinct Immune Cell Populations Define
Response to Anti-PD-1 Monotherapy and Anti-PD-1/Anti-CTLA-4 Combined
Therapy. Cancer Cell. 2019; 35(2):238-255.

140. Riaz N, Havel JJ, Makarov V, et al. Tumor and Microenvironment Evolution
during Immunotherapy with Nivolumab. Cell. 2017; 171(4):934-949

141. Roh W, Chen PL, Reuben A, et al. Integrated molecular analysis of tumor biopsies
on sequential CTLA-4 and PD-1 blockade reveals markers of response and
resistance. Science Translational Medicine. 2017; 9(379).

142. Van Allen EM, Miao D, Schilling B, et al. Genomic correlates of response to
CTLA-4 blockade in metastatic melanoma. Science. 2015; 350(6257):207-211.

143. Liu D, Schilling B, Sucker A, et al. Integrative molecular and clinical modeling of
clinical outcomes to PD1 blockade in patients with metastatic melanoma. Nature
Medicine. 2015; 25(12):1916-1927.

144. Sade-Feldman M, Yizhak K, Bjorgaard SL, et al. Defining T Cell States Associated
with Response to Checkpoint Immunotherapy in Melanoma. Cell. 2018;
175(4):998-1013.



85 

145. Cantini L, Calzone L, Martignetti L, et al. Classification of gene signatures for their
information value and functional redundancy. npj Systems Biology and
Applications. 2017; 4:2.

146. Angelova M, Charoentong P, Hackl H, et al. Characterization of the
immunophenotypes and antigenomes of colorectal cancers reveals distinct tumor
escape mechanisms and novel targets for immunotherapy. Genome Biology. 2015;
16:64.

147. Tirosh I, Izar B, Prakadan SM, et al. Dissecting the multicellular ecosystem of
metastatic melanoma by single-cell RNA-seq. Science. 2016; 352(6282):189-96.

148. Jerby-Arnon L, Shah P, Cuoco MS, et al. A Cancer Cell Program Promotes T Cell
Exclusion and Resistance to Checkpoint Blockade. Cell. 2018: 175(4):984-
997.e24.

149. Bindea G, Mlecnik B, Tosolini M, et al. Spatiotemporal dynamics of intratumoral
immune cells reveal the immune landscape in human cancer. Immunity. 2013;
39(4):782-95.

150. Becht E, Giraldo NA, Lacroix L, et al. Estimating the population abundance of
tissue-infiltrating immune and stromal cell populations using gene expression.
Genome Biology. 2016; 17(218).


	Tom sida


<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 25%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 10
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 250
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 250
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.25000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU <FFFE4600F6007200200074007200790063006B00200068006F00730020004D0065006400690061002D0054007200790063006B00>
    /SVE ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA39 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




