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Abstract 
Cancer is caused by mutations leading to abnormal growth of cells that possibly invade 

nearby tissues. Such alterations may lead to an immune response, including T-cell recognition, 

in which antigens mediate the communication between the major histocompatibility complex 

(MHC) from tumour cells and T-cell receptor. Therefore, the immune system recognises 

specific tumour neoantigens and block the tumour progression by eliminating the existent 

tumour cells. However, tumour cells develop strategies to stop the T- cells’ response.  

Immunotherapy has been at the forefront of oncology strategies to treat cancer. This 

approach takes advantage of the immune system through T-cells to destroy cancer cells and 

stop tumour progression. The current predictive biomarkers of response to immune checkpoint 

therapy, are based on PD-1/L1 expression detection. However, they present limited 

performance. Additionally, although great results have been observed in patients, a fraction of 

these do not respond to this therapy. Alternatively, it has been verified that the tumour mutation 

load is correlated with immunogenicity, suggesting that neoantigens may be crucial to promote 

an immune response. As a result, it is mandatory to develop tools for a proper assessment of 

patient therapy response and establish the best treatment strategy.  

In this project, an automated pipeline was developed able to report neoantigen signatures 

that trigger an immune response. The pipeline is divided into three main steps, which culminate 

in the report of neoantigen signatures. First, whole-exome data provides gene mutation 

patterns information. Then, transcriptome analysis verifies which mutated genes are 

expressed. Finally, mutated neoantigens that are expressed are compared to databases in 

order to measure affinity to MHC, to find a set of putative biomarkers that reveal higher 

immunotherapy response. To train and design the pipeline data previously published by 

Trajanoski and his team were used ( Nature Communications, 2018). The results obtained by 

Trajanoski were similar to those obtained by the NaSAP pipeline created in this project, helping 

to validate it. However, for an unambiguous use of the pipeline, it is necessary to validate it 

with external data. This step depends on the creation of data from the project where the pipeline 

is inserted. 
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Resumo 
O cancro é causado por mutações que levam a um crescimento anormal de células que 

possivelmente invadem os tecidos próximos. Tais alterações podem levar a uma resposta 

imunitária, incluindo o reconhecimento de células T, em que os antigénios medeiam a 

comunicação entre o complexo de histocompatibilidade principal (MHC) das células tumorais e 

o receptor de células T. Portanto, o sistema imunitário reconhece neoantigénios tumorais 

específicos e bloqueia a progressão tumoral ao eliminar as células tumorais existentes. No 

entanto, as células tumorais desenvolvem estratégias para bloquear a resposta das células T.  

A imunoterapia tem estado na vanguarda das estratégias oncológicas para tratar o cancro. 

Esta abordagem tira partido do sistema imunitário através das células T para destruir as células 

cancerígenas e parar a progressão tumoral. Os actuais biomarcadores preditivos da resposta à 

terapia do ponto de controlo imunitário, baseiam-se na detecção da expressão PD-1/L1. No 

entanto, apresentam um desempenho limitado. Além disso, embora tenham sido observados 

grandes resultados em doentes, uma fracção destes não responde a esta terapia. Em alternativa, 

verificou-se que a carga de mutação tumoral está correlacionada com a imunogenicidade, 

sugerindo que os neoantígenos podem ser cruciais para promover uma resposta imunitária. 

Como resultado, é obrigatório desenvolver ferramentas para uma avaliação adequada da 

resposta terapêutica do paciente e estabelecer a melhor estratégia de tratamento.  

Neste projecto, foi desenvolvida uma pipeline automatizada capaz de reportar assinaturas de 

neoantigénios que desencadeiam uma resposta imunitária. A pipeline está dividida em três 

etapas principais, que culminam com um relatório de assinaturas de neoantigénios. Em primeiro 

lugar, os dados de todo o exoma fornecem informações sobre os padrões de mutação genética. 

Em seguida, a análise do transcriptoma verifica quais os genes mutantes que são expressos. 

Finalmente, os neoantígenos mutantes que são efetivamente expressos são comparados a 

bases de dados de forma a avaliar a afinidade com MHC, para encontrar um conjunto de 

biomarcadores putativos que revelam uma resposta imunoterapêutica mais elevada. Para treinar 

e conceber os dados utilizaos na pipeline foram previamente publicados por Trajanoski e a sua 

equipa (Nature Communications, 2018). Os resultados obtidos pela equipa de Trajanoski foram 

semelhantes aos obtidos pela pipeline NaSAP criada neste projecto, ajudando a validá-la. 

Contudo, para uma utilização inequívoca da pipeline, é necessário validá-la com dados externos. 

Esta etapa depende da criação dos dados do projecto onde a pipeline se encontra inserida. 

Palavras-chave: neoantigénios, cancro, imunoterapia, previsão, bioinformática 
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Chapter 1 

Introduction 

 
1.1 Context of immunotherapy and genomics in cancer 

research  

 
According to the National Institute of Cancer, cancer is a term related to diseases in 

which cells present an abnormal growth rate, possibly invading surrounding tissues during 

the time. Cancer was a term already used to describe conditions such as infiltrating growth 

of Blastemal formations, defined in “Nature and Treatment of Cancer” by W.H. Walshe in 

1846.  

Until the end of the 19th century, researchers discovered DNA molecule and seek to find 

treatments for tumour formations. Despite the limited knowledge at that time, the renowned 

Doctor William B. Coley was a pioneer in immune-modulating therapy for cancer treatment. 

Documented cases showed patients diagnosed with cancer who developed secondary 

effects like feverish erysipelas achieved a significant improvement or even a total elimination 

of the tumour[1][2]. This condition is due to a bacterial infection of the superficial layer of the 

skin. It is characterised by a bright red rash, typically on the face or legs, but which can occur 

anywhere on the skin. Based on this evidence, Coley, known as the father of immunotherapy, 

stimulating the patient’s immune system with heat-killed bacteria to treat cancer[2]. By 

introducing a toxin into the patient’s body, Coley intends to boost the immune system, 

naturally enhancing the ability to fight the tumour formation. Although achieving good 

remission responses, the lack of knowledge at the time (1891) related to Coley’s procedure 

risks led oncologists to choose standard treatment procedures like radiotherapy. 

Nevertheless, through Coley’s treatment, studies on the immune system and cancer have 

begun to gain relevance. 

During the 1960s researchers sought to understand the role of the immune system in 

cancer treatment. T cell recognition allowed the understanding of immune system cells 

composition that plays an active role in the immune response. The next question that arises 

is how they attack the tumour by eliminating it. T cells recognise antigens at the surface of 

cells to make a recognition at the immune level. In the case of tumours, these antigens are 
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abnormal, preventing correct recognition by the T cells. So, antigens are the signal that 

triggers the immune response, where the T cells will attack the tumour mass until they 

eliminate the tumour. Initial reports from lymphocytes cells reveal that the immune system 

was responsible for tolerance responses through antibody and antigen stimulation[3]. T cells 

and suppressor T cells induct immunological tolerance, highlighting the importance of 

carrying experiments better to understand the relation of the immune system and tumour. 

Until the 1990s, progress on antigen processing and cancer treatment helped by PCR 

procedure development[4][5].  

During the 1970s, the first bacteriophage DNA sequence obtained through the Sanger 

technique[6] was a significant milestone. Also, a unique international research program 

launched by the USA, called The Human Genome Project, creating a considerable amount 

of data. At the close of HGP was obtained a substantial amount of data resulting from DNA 

sequencing generated. Through the Next Generation Sequencing developments, other 

sequencing platforms were developed and used to produce more information. By the end of 

HGP, it was possible to create a repository of human sequences information, what has 

become a milestone in the clinic used as a reference for further studies. This project turned 

possible the identification of genetic abnormalities, like mutations by comparing tumour and 

reference samples. 

The advances of technology allowed an improvement in big data analysis, helping the 

treatment process. DNA sequencing reveals the mutations present in the tumour formation, 

helping in cancer detection. Through RNA-seq, it is possible to confirm which mutated 

molecules are expressed and used by cells as a response to the intern environment, helping 

researchers to target the right mutated molecules to putative biomarkers. Hand in hand with 

IT, bioinformatics allows the prediction of candidate neoantigens so that the best therapies 

are given to each patient, optimising long-term efficacy.  

In the last decades, the growth of new diagnostic strategies and bioinformatics 

approaches have been demystifying patient’s fundamental biology, DNA, RNA or protein 

uncovering the molecular basis of cancer disease. Awareness of patient’s genetic information 

helps in stratifying patients and selecting the most appropriate treatment, which has boosted 

immunotherapy strategies. 

Depending on the disease status, chemotherapy and radiotherapy are commonly used alone 

or combined to treat cancer patients[7]. Despite the promising results shown by these 

therapies, it is a painful process for the patients. In this sense, with scientific advances, new 

adjuvant therapies are arising, namely immunotherapy (IT). This significant milestone 

allowed an improvement not only in the patient’s benefit but also to scientific knowledge 

achieving a deeper understanding of cancer biology and patient’s specific response. 

Immunotherapy has been at the forefront of modern oncology strategies due to the significant 

effects on blocking the co-inhibitory immune checkpoint programmed cell  
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death 1 (PD-1), and its receptor programmed cell death ligand 1 (PD-L1) using monoclonal 

antibodies (mAbs)[8][9][10]. Due to the potential as immunotherapeutic agents, PD-1, PD-L1 

and CTLA-4 antibodies are subsequently designated as immune checkpoints inhibitors. 

These antibodies have the characteristics of immunotherapeutic agents and are hereafter set 

as immune checkpoints inhibitors[11][12]. 

More recently, two agents blocking PD-1, which are named nivolumab and 

pembrolizumab, have received approval[13][14]. These agents used in combination 

regimens attain intense and synergistic therapeutic effects against cancer[15][16][17]. 

However, the risk of immune-related adverse events, such as dermatitis, colitis, and hepatitis, 

substantially increases with combination checkpoint blockade[15].  

 

1.2 Immunosurveillance and immunoediting  

Early in the 20th century, Paul Ehrlich proposed that although aberrant cells’ presence 

becomes unusually common during life, the vast majority remain hushed as a result of the 

immune system mechanisms[18][19].  

At the beginning of the 1950s, the researchers Gross and Foley revealed evidence of 

immune responses triggered by tumours. This significant contribution helps to support the 

hypothesis previously stated by several researchers.  

In 1957 the first “immune surveillance” theory was proposed by Burnet and later on by 

Thomas[20]. They observed that the immune system, namely the antigen-presenting cells 

(APCs), recognised and were able to express on their surface the new antigens characteristic 

of tumours. By presenting the neoantigens of the tumour, the APCs triggered the development 

of immune-related effector cells crucial for an immune response. Thus, they have suggested 

that the immune system act as a safeguard, identifying and eliminating tumour cells (that have 

been transformed by spontaneous mutations)[20]. However, laboratory conditions at the time 

did not allow further analysis of immune cells manipulation, which postponed the progress in 

immunotherapy for several years.  

Being a bold theory, in the years that followed, several researchers carried out numerous 

projects in an attempt to verify what was proposed by Brunet and Thomas, finding 

disagreements that questioned the hypothesis[19].  

In the 1990s by opposing colleagues who tried to design experiments to refute the 

immunosurveillance theory, Stutman attempted to validate the proposed approach through 

animal manipulation[21]. He attempted to corroborate the hypothesis of immunosurveillance 

occurring in a physiological environment, using immunodeficient, nude mice. Results revealed 

that neither immunodeficient nor immunocompetent (WT) mice present significant differences 

in tumour formation due to spontaneous anomalies[19]. This conclusion, combined with the 

limited knowledge at the time of immunological defects, led to the end of immunosurveillance  
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cancer.  

Since the hypothesis of immunosurveillance cancer is based only on the interaction of the 

immune system and its response to the elimination of tumour formations, a new formulation of 

this concept emerges the cancer immunoediting. This unique idea emerged from researchers 

Dunn and Schreiber in 2002 and presented a series of three different phases, called three E’s: 

elimination, equilibrium and escape, illustrated in Figure1.1[19][22].  It should be noted that 

tumour cells do not always have to follow this order, and can enter directly into the phase of 

equilibrium or escape without going through the previous stages[22]. Currently, this is the most 

accepted hypothesis within the scientific community regarding tumour sculpting actions of the 

immune system. 

Figure 1.1: Illustration of Cancer immunoediting stages, from modification of normal cells into tumor formation 

and the 3E’s process: elimination, equilibrium and escape. (image retrieved from [22]) 

 
1.3 Motivation 

Several types of cancer may appear similar under the eyes of conventional pathology. 

However, thanks to the technological advances of the last decades, there is now greater 

knowledge about the genetic diversity underlying these different types of cancer[23]. On the 

other hand, with the help of bioinformatics, the perception of genetic variation within a tumour 

has been increasing and becoming increasingly useful in understanding tumour heterogeneity. 

Available drugs are administered so that they work relatively well for all patients. However, the 

genetic profile has revealed why some drugs do not work with some of the patients and are 

excellent in other cases, uncovering the need to optimise dosages and drug efficacy for each 
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individual. Thus, in the treatment of cancer, personalised therapies, immunotherapy, in 

particular, have been gaining prominence[23], given their great success compared to more 

traditional and currently administered therapies, what can be seen in Figure 1.2. 

Figure 1.2: Cancer immunotherapy global importance, and great field to join efforts. (from Cancer Immunotherapy 

Market Share, Size, Trends, Industry Analysis Report By Type (Monoclonal Antibodies, Cancer Vaccines, Check Point Inhibitors 

& Immunomodulators); By Application (Lung Cancer, Breast Cancer, Colorectal Cancer, Melanoma, Prostate Cancer, Head & 

Neck Cancer); By End-user (Hospital, Clinics, Others); By Regions, Segments & Forecast, 2020 – 2026 ) 
 
 

The customisation of treatment is the conclusion of a long process of patient study, as well 

as the interactions of the several systems of the body to predict and evaluate potential risks 

associated with the design of specific drugs. In this way, it is possible not only to help patients 

in prevention but also to treat with precision and effectiveness when cancer is detected. 

Bioinformatics has become a powerful ally in immunotherapy since with the increase in 

computational power and the development of tools, the analysis of large amounts of data 

begins to be possible in good time. Sequencing the genome of an individual generates a vast 

amount of data that must be analysed before it can be understood. The development of 

computer tools that help the clinic is a significant research focus. 

The current predictive biomarkers of response to immune checkpoint therapy, are based 

on PD-1/L1 expression detection. However, they present limited performance once it can be 

expressed by other immune cells in the tumour microenvironment, leading to low reliability on 

immunohistochemistry assessment. Additionally, although great results have been observed 

in patients, a fraction of these do not respond to this therapy. Alternatively, it has been verified 

that the tumour mutation load is correlated with immunogenicity, suggesting that neoantigens 

may be crucial to promote an immune response[24]. Immunotherapy is a technique that uses 

the characteristics present in the patient’s tumour to stimulate his immune system to fight these 

cancer cells. These molecular biomarkers, like genetic mutations, might be potent in cancer 

detection and treatment[24]. For this, it is necessary to access the tumour to obtain a sample 

of genetic material from the tumour. After sequencing, it is possible to predict which 

neoantigens will potentially be presented more frequently to the MHC complex of the patient’s 

immune system.  

  Over the years, efforts to improve predicting candidate epitopes tools, have been  
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increasing due to the good results achieved[25]. However, the majority of these tools depend 

on advance bioinformatics knowledge, not always present in wetlab laboratories. On the other 

hand, the amount of data to be analysed requires high computational resources and an 

informatics framework, with several analysis tools not fully interconnected, which makes the 

process more prone to errors. In this way, it is possible to verify the need for tools that are 

capable of using raw data and perform the pipelines without direct interference from the user, 

avoiding errors in later analyses. Having a single automated pipeline that unifies all the tools 

used and produces a final report, allows the process of sequencing data analysis less 

susceptible to error and to be extended to laboratory users and the clinic with minimal 

bioinformatics expertise. 

 
1.4 Goals and Contributions 

Immunotherapy is a technique that uses the characteristics present in the patient’s 

tumour to stimulate his immune system to fight these cancer cells. Sequencing process allows 

the understanding of the patient’s specific DNA sequence. The genetic profile provides a 

distinct and more precise look at the diagnosis of a disease, as well as the choice of the best 

treatment plan. By comparing the specific and unique sequences of each person with 

consensus references, it will be possible to find genetic variations and differences, such as 

mutations that originate mutated proteins and can trigger cancer, for example. The sequencing 

process creates a considerable amount of data that must be stored and interpreted. To this 

end, bioinformatics has been joining forces to develop tools capable of analysing big data and 

making them understandable for researchers to draw meaningful conclusions. Another effort 

is to create tools that are accessible to all, i.e. free of monthly or annual payments for licenses 

that are mostly very expensive. 

Motivated by this necessity, this thesis culminated in the development of NaSAP: 

Neoantigen Signature Automatized Pipeline. NaSAP is a free command-line based 

computational tool that integrates a pipeline capable of analysing raw data from sequencing 

and finding neoantigen candidates that will translate into putative biomarkers depending on 

the tumour’s likelihood of response to IT. 

To distinguish this from other pipelines, several essential aspects and crucial steps were 

taken into account, in particular: 

(a) From the raw data of the sequencing obtain a mutational profile with a report of the 

consequences of each mutation or genetic variant, by applying several processing filters; 

(b)   Implement filters at the level of gene expression. For this purpose, by filtering the 

transcriptome provide a list of expressed mutant allele-specific, putative neoantigen candidate; 

(c)   Integrate the mutational profile with the information at the expression level, to keep 

a select group of neoantigen signatures that translate in successful biomarker candidates. 
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1.6 Thesis outline 

The thesis was designed into six major chapters. For each chapter follows a short 

description. 

Chapter 1 – Introduction. Offers the reader a contextualisation of the issue developed 

throughout the thesis, and the main motivations, objectives and contributions. 

Chapter 2 – Basic concepts. Familiarisation of biological terms providing a brief 

explanation of the role and functioning of the immune system in cancer, as well as the 

presentation of neoantigens. 

Chapter 3 – Related work. Review of related research presented in the scientific 

community over the years related to exome data analysis and variant calling, transcriptome 

analysis and prediction of candidate neoantigens. 

Chapter 4 – NASAP. A short introduction to the bioinformatics tool developed in this 

thesis, NASAP, as well as the work that served as the basis for NASAP development, is initially 

provided. Next, a detailed explanation of each step of the pipeline is provided, such as the 

illustration of implementation by the user. Finally, NASAP’s current limitations are presented. 

Chapter 5 – Conclusion. It consists of a summary of the main features of the tool and all 

the work carried out, ending with future expectations and improvements to implement.



 

 

 

 
 
 
 
 

Chapter 2 

Basic concepts 

 
2.1 Immune System 

The human body is a target of constant attacks by microorganisms and pathogens that try 

to cause diseases. Thanks to the body’s intrinsic immune system, most attacks are prevented 

by preventing infections. The immune system has a vast network of cells, tissues and 

mechanisms to protect the body from the immune response. Initially, the signs of illness are 

identified, and the attack and destruction of foreign bodies and infected cells are triggered to 

ensure the homeostasis of the body. 

There are two major subsystems in the immune system, being the innate immune 

response and the adaptive immune response. The innate immune system is the dominant 

immune strategy and comes from the evolution of organisms since it is intrinsic to the 

organism[26]. This response presents some key features, such as recruiting immune cells such 

as lymphocytes to the site of infection. Thus, it is possible to identify and eliminate foreign 

substances from organs or tissues recurring to the lymphocytes. In general, this immune 

strategy acts as an initial barrier against infectious agents. The identification of infection signs 

triggers the presentation of antigens that leads to the activation of the other immune response, 

the adaptive response. The adaptive immune system has the main objective to prevent the 

growth of pathogens, eliminating them[27]. It is composed of specialised cells and processes 

and is usually called acquired immunity. This immune strategy triggers a response against a 

pathogen by promoting a memory in the body about a specific pathogen. This immunological 

memory helps the body fight future infection attempts[28]. This acquired immunity provides long-

term protection and is the basis of the vaccination process, where the body is stimulated to 

recognise a specific agent and fight it to give tools to the body so that later on when suffering an 

attack by these specific agents can fight them effectively. 
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Both immune subsystems rely on humoral immunity and the cell-mediated immunity to 

accomplish their functions as figured in Figure 2.1. In short, humoral immunity is also called 

antigen-mediated immunity, since it consists of the production of antibodies and the interaction 

of antibodies and antigens. Briefly, immune cells have antibodies in their membranes that 

recognise antigens.  

The antigens can be identified as self or non-self. Depending on the identification of the 

antigen as non-self, i.e. foreign to the body, the immune cells trigger an immune response[28]. 

On the other hand, cell-mediated immunity does not involve antibodies. This strategy is 

activated after the identification of antigens. It corresponds, for example, to the activation of cells 

like phagocytes and secretion of molecules like cytokines, which measure the response of 

lymphocytes. 

Figure 2.1: Immune System main subsystems overview. (retrieved from Turvey, S., & Broide, D. Overview of 

defining features of innate and adaptive immunity: Comparing and contrasting some of the defining features of the innate and 

adaptive immune systems Innate immune system Adaptive immune system Cellular elements Hematopoietic cells: 

macrophages.) 

 

2.2 Immunotherapy categories 

Immunotherapy takes advantage of the fact that tumour cells usually have antigens on 

their surface. These molecules can be a target for the immune system, which recognises the 

antigens through their interaction with antibodies in the immune cells. 

The immunotherapies can be categorised into three major groups: cellular, antibody or 

cytokine therapy. 
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Cytokine therapy directly stimulates the immune system through small protein molecules, 

called cytokines, to induce an immune response[29]. In the tumour formation, several cells 

produce these molecules to expand the tumour and reduce the immune response. The therapy 

is based precisely on cytokines identification, such as interferon or interleukins, to induce an 

immune response against the tumour[29]. 

Another category is cellular immunotherapy, where it can be divided into dendritic cell 

therapy or CAR-T cell therapy. Dendritic cells present antigens to the lymphocytes, activating 

them and inducing them to eliminate the cells that present these specific antigens from the 

tumour[30]. Dendritic cells are antigen-presenting immune system cells (APCs) and help in the 

treatment of cancer by marking cancer antigens as targets for the immune system[30]. On the 

other hand, therapy based on CAR-T cells is based on modifying the immune System’s T cells 

so that cancer cells are more effectively-recognised and eliminated. The modified T-cells are 

the result of harvesting these cells from people who are then genetically altered to include a 

chimeric antigen receptor (CAR). This receptor recognises explicitly cancer cells attacking the 

tumour. After the genetic modification, the CAR-T cells are administered to the patients. 

Finally, within cell therapy, there is also antibody-based therapy. B cells from the immune 

system produce antibodies, proteins with a Y-shape[31]. These proteins play a central role in 

recognising foreign antigens and stimulating the immune system to combat this threat. Several 

treatments related to cancer include antibodies. The ability to identify new antigens and trigger 

immune responses makes them targets for immunotherapy strategies. This therapy is based on 

the production of monoclonal antibodies, which only recognise one specific antigen, modified 

for tumour antigens. Thus, these antibodies can be administered in the tumour region to induce 

an immune response by reducing the tumour growth and eliminating it. 

To sum up, there are a variety of approaches to treat cancer. Nowadays, doctors are 

choosing a combined strategy, based in therapy combination[32][33]. 

 

2.3 Neoantigen Presentation 

The immune system has a fundamental role in maintaining body balance through the 

recognition and elimination of foreign substances or particles[34]. Antigens are the molecules 

responsible for triggering the immune response whether innate or acquired. They exist 

throughout the body, and the immune system recognises them as self or non-self, a threat. 

When the body is attacked by an infectious agent cell, new antigens are expressed on the 

surface of those cells. The immune system tries to recognise the new antigens to elicit an 

immune response and eliminate the potential threat. Cancer cells attempt to escape from the 

immune system recognition[35]. It is known that mutations may lead to mutated proteins that 

result in new antigens, designated as neoantigens since they have never been presented to the 

immune system[34]. Cancer cells release neoantigens to extracellular space (Figure2.2-1).  
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These antigens are then presented and recognised by dendritic cells from the immune 

system (Figure 2.2, section 2). In lymph nodes, T-cells are activated, start proliferating and are 

released into the blood circulation (Figure 2.2, section 3 and 4). T-cells infiltrate into tumours 

and interact with neoantigens presented at the cancer cell surface through the major 

histocompatibility complex (MHC) (Figure 2.2, section 5 and 6) [34][36][37]. T-cell and 

neoantigen interaction promote an immune response, where T-cells attack the tumour cells in 

order to destroy it (Figure 2.2, section 7). However, cancer cells have mechanisms to block T-

cells response, enhancing tumour growth. 

Figure 2.2: Immunotherapy Cycle (adapted from [37]) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3 

Related work 

 
The task of identifying neoantigens is one of the most critical steps during the 

development of biomarkers in immunotherapy. For this step to be useful, and accurate analysis 

strategy is required. Throughout the years, several groups in bioinformatics and computational 

biology have contributed to improving such tools.  

The CFSAN SNP pipeline, launched in 2015, is based on the analysis of next-generation 

data to obtain a somatic mutation profile[38]. This pipeline attempts to automate all data 

preparation steps, alignments, further processing to culminate in the variant designation[38]. 

This represents the effort of the bioinformatics community in trying to assist in the interpretation 

of the data. However, this pipeline is optimised for bacterial information using databases 

explicitly developed for these species. Furthermore, it does not verify which genomic variants, 

previously found, are expressed by crossing with expression data. 

Another relevant tool is TIminer, which stands for Tumour Immunology miner, that 

focuses on cellular interactions at the tumour level[39]. Although its focus is not exclusively the 

identification of neoantigens, it is an excellent reference of a free, automated application, which 

tries to reduce as much as possible the bioinformatics dependencies[39]. Thus, it covers a larger 

number of researchers capable of using it without advanced computational knowledge. The 

optimisation for the most common NGS data, i.e., Illumina sequencing data, hampers the use 

of on the other types of data. Given the increasing use of Ion Torrent sequencers, there are still 

a few tools that consider this technology when developing new tools. 

NeoantigenR is a growing tool that covers some failures described in Nature 

Biotechnology in 2017 related to the lack of techniques for the prediction of neoantigens[40]. 

12 
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Besides generating large amounts of data, appropriate means are needed for a correct 

understanding of them. Thus, this package available in R allows the identification of peptide 

epitope candidates, structural variants that are translated into potential functional 

neoantigens[40]. One of the weak points of this application is the fact that it is confined to R and 

existing packages to work with biological data. Recently the bioinformatics community join 

efforts to improve the robustness of R visualisations, since this language prevailed the visual 

aspect of the data, trying to translate the information present among the data into outstanding 

images and graphics. On the other hand, and as mentioned above, data from different 

sequencing platforms are rarely taken into account, limiting the use of these tools. 

More recently, some workflows have been published, such as the recent article “Analysis 

pipelines for cancer genome sequencing in mice” posted at the beginning of 2020 in the journal 

nature protocols[41]. These protocols are extensive and very stepwise oriented[41]. However, 

they require more knowledge on the part of the user, as well as the willingness to program, thus 

becoming unattractive solutions. 

In order to cover all solutions and similar work with the automated pipeline developed in 

this thesis, a commercial solution for the identification and prediction of neoantigens is presented 

in Figure 3.1, the GenoImmune of the BGI (Beijing Genome Institute). The services provided by 

BGI are considered one of the most respected in what concerns fundamental analysis or 

associated with clinic and human health for the development of new therapeutic drugs. In this 

regard, the Institute presents a service called GenoImmune dedicated to the prediction of 

neoantigens. However, this service is a bit distinct from others because the sample is sent to 

the company and the entire process from sample preparation to sequencing and subsequent 

analysis. The analysis stage, similar to the ones freely available, is restricted because according 

to the BGI, a patented algorithm[42] is used that guarantees greater effectiveness and 

robustness of the analysis. This algorithm is based on Position-Specific Scoring Matrix and was 

published in 2017 at GigaScience[42]. Of course, this kind of services become expensive in 

research when several replicas are needed to ensure correct sampling in the studies.  

Figure 3.1: BGI a brief description of their service, GenoImmune, to predict neoantigen signatures. (Visited 

in 2/09/2020 https://www.bgi.com/us/pharma-solutions/translational-oncology/genoimmune-neoantigen-prediction/ ) 

 
In conclusion, it is essential to develop tools oriented to other platforms besides Illumina, 

and of free access contributing to more detailed research on the development of neoantigens 

as biomarkers for cancer therapies and vaccines. 

https://www.bgi.com/us/pharma-solutions/translational-oncology/genoimmune-neoantigen-prediction/


 

 
 
 
 
 

Chapter 4 

NASAP 

 
4.1 Introduction 

As a common practice to select patients to IT treatments, PD-L1 expression in tumours 

is assessed through immunohistochemistry. PD-L1 expression is regulated by genetic and 

epigenetic factors and can also be expressed by other immune cells in the tumour 

microenvironment. This may lead to low reliability on immunohistochemistry assessment. 

Another factor that can interfere with PD-L1 evaluation is the different thresholds used to classify 

PD-L1 positivity. The thresholds used for PD-L1 expression evaluation differ according to 

studies. Some studies use a value of 1% or more of tumour cells, while others use an amount 

of 50%.  

The mutational burden can be defined as the number of somatic non-synonymous 

mutations present in the tumour genome and can be correlated to an increased number of 

predicted neoantigens[43][44]. It has been shown that higher neoantigens presence in the 

tumour enhances the response to IT[44]. Diverse studies have shown that mutational load of 

more than 100 non-synonymous somatic mutations, in coding regions, obtained from whole-

exome sequencing (WES), enhanced the clinical benefit over time, i.e., stable condition or no 

evidence of the disease for more than six months[44]. When compared with patients with lower 

mutational load, higher overall survival and the clinical advantage was associated with this 

mutational load level. Nevertheless, among the 75179 unique neoantigens found in the study, 

approximately 0.04% of these were present in more than one patient[44]. This led to the 

hypothesis that neoantigens correlated to IT benefit tend to be patient-specific. In other tumour 

types, similar results have been verified, using higher mutation levels. 

Consequently, it has become mandatory for the development of predictive biomarkers 

for IT treatment to empower the long-term clinical benefit. Increasing the accuracy os true and 

false biomarkers prediction will improve the decision-making process and support the modern 

oncology diagnose and treatment strategies. With biomarkers predictions, it could be possible 

to stratify patients to the best suitable IT combination and to prioritise the IT administration. Also, 

it would help to avoid unnecessary therapies or adverse events when the prediction reveals the  
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absence of response to the existing treatments available.  

Since the number of mutations in the tumour genome is correlated with potential 

response to IT administration[34], it is also possible to link neoantigen signatures as an essential 

target to biomarker prediction in IT treatment strategies. Although the know-how related to 

neoantigens and IT, there is no free, user-friendly automatised tool able to predict a patient 

likelihood of response to IT easily and quickly to help the clinic. Analysing tumour mutational 

burden provides information related to the presence of mutations in the tumour’s genome, which 

are linked to more significant numbers of neoantigens in tumour cells[43]. Thus, this evidence 

suggests that studying neoantigens could be a crucial vehicle to attack the tumour cells and so, 

alternative therapy for IT. 

 There are several workflows at the level of bioinformatics analysis, well established and 

accepted in the scientific community. In immunotherapy analysis, it is common practice to follow 

some steps such as the genetic characterisation of the tumour, identification of the new antigens 

expressed, as well as their compatibility with the MHC complex that provides insights of the 

presentation of neoantigens to the immune system. What distinguishes the various analytical 

works is the approach chosen at the level of available tools, databases and the type of input 

provided to bioinformatics researchers.  

Within the NGS, several sequencing platforms are used depending on the size of the 

target sequences. In the vast majority of projects, Illumina technology is used for the sequencing 

of DNA or RNA samples. Thus, most applications created are usually optimised for this type of 

data. Illumina technology uses a sequencing method based on the fluorescence paradigm. 

Briefly, the fragmented DNA is connected to the flow cell through the complementarity of bases. 

Naturally, gravity leads to the chains binding and linking to a second complementary chain, 

forming a bridge. Then, through the enzyme polymerase, the reverse and complementary chair 

is synthesised through the incorporation of nucleotides. When the chains are complete, they are 

released and can connect to new sites of the flow cell amplifying the sequencing of the 

sequences. As a result, it is possible to obtain clones of the forward and reverse DNA chains.  

Yet Ion Torrent technology has been gaining prominence, providing the client with 

processed and analysed data, facilitating downstream analysis for non-bioinformatic users. The 

sequencing technology is based on the detection of pH changes, i.e. the amount released of 

hydrogen ions during sequencing. This mechanism mimics the polymerisation reaction that 

naturally occurs in our cells. During the incorporation of nucleotides, the reaction triggered by 

polymerase leads to the release of hydrogen ions. The number of ions released varies 

depending on the nucleotide incorporated in the chain. This enables the identification of the DNA 

sequence during the Ion Torrent sequencing. Ion Torrent has stood out for the accessibility and 

speed of the sequencers. Their size and the few sample preparation needs, since the machine 

automates everything, make these sequencers excellent benchtop equipment compared to 

other platforms. This platform uses small sequences that can be placed in the 5’ or 3’ region to 

identify the readout. However, these reads can be paired-end if they have both identifiers, one  
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at each end, or, they can be single-end, presenting only one identifier in the 5’ region. By 

contrast, Ion Torrent only places a barcode in the 5’ region.  Most aligners feature a parameter 

to distinguish between single-end or paired-end reads. 

 

4.2 NASAP ’s structure overview  

In this thesis, it is suggested that IT predictions can be improved by taking into account 

mutation load, neoantigen expression and immunogenicity. Animal experiments provide 

tumours samples with high and low mutation burden. Through next-generation sequencing 

(NGS), samples are genetically characterised to find putative biomarkers. Immunogenicity is 

verified with in vitro tests before the in vivo experiments to be approved for patient’s treatment 

ultimately. The development of the neoantigen signature automatised pipeline (NaSAP) is one 

of the stages of this more broad project, but the one covered in this thesis. The main task of 

NaSAP is the identification of putative biomarkers through neoantigens signatures to classify 

tumour’s likelihood of response to IT and summarised in Figure 1. It requires the determination 

of which mutations present in tumours genome are being expressed and present a higher affinity 

to MHC molecules and T- cells receptors. To achieve this goal, we formulate three main tasks, 

as illustrated in Figure 4.1. 
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Figure 4.1: Generic overview of NaSAP pipeline inputs, outputs and Tasks. This pipeline takes as input data 

from whole-genome sequencing (WES) and transcriptomic RNA sequencing. Both data are processed, namely, in 

Task1, a variant file will be produced. In Task 2, the allelic expression will determine if the variant is expressed or not. 

With these results, neoantigen candidates are obtained in Task 3. 

1) Genetic characterisation of tumours collected from mice models 

From the genetic characterisation, it will be possible to score the probability of each 

tumour respond to IT-based on bioinformatics analysis and the development of NaSAP. DNA 

isolated from the tumours will be the input for the first task.  Whole-exome sequencing (WES) 

will be performed to identify the mutations present in each tumour and characterise the 

mutational profile with missense mutations, frameshifts, stop-codon losses and fusion 

transcripts that encode for amino-acids not present in the ordinary genome. 

2) Tumour Transcriptomic characterisation 

RNA sequencing using Ion Torrent NGS technology will be performed to quantify 

expression levels of genes and the mutation alleles. RNA sequencing will be done from RNA 

isolated from the same tumour sample and will be analysed to assess the neoantigens that are 

being expressed. Gathering the results of the first two tasks, it will be possible to filter the 

expressed mutant allele-specific that will be the input to the last step. 

3) Binding affinity assessment of the neoantigen candidates 

In the final task, every candidate neoantigen will be simulated against databases like 

NetMCH to assess the affinity to MHC molecules. The probability of neoantigen exposed at the 

tumour surface will also be evaluated. This will provide insights about a putative immune 

response triggered by the neoantigen candidate. Taking into consideration the immunogenicity 

potential, it is possible to conceive that the algorithm NaSAP will score each tumour’s potential 

response to IT by its immunogenicity behaviour. At the end of this task, it will be possible to 

deliver a signature specific for each tumour. 

 

4.3 Pipeline detail 

In this section, the parameters inherent to the development of the pipeline were divided 

into three main tasks to simplify their scrutiny. The NaSAP pipeline was developed in a bash script 

and can be run from the command line. Also, to design the pipeline tools for process Ion Torrent 

sequencing data were selected and optimised. All parameters were chosen in such a way that 

the results were in agreement with those previously described. Thus, it is recommended to use 

default parameters, avoiding potential errors in the following steps.  
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Each step of NaSAP pipeline script is commented to allow a proper understanding of 

crucial parameters selected. If the user wants to run only one specific step, for instance, the 

alignment of the reads against the reference genome, it is possible by using the correspondent 

line of code in the command line. 

NaSAP pipeline is integrated into a larger project and depends on data obtained from mice 

models. Until the early stages of the project deliver data, data from Zlatko Trajanoski and his 

group previous published work in 2018[45] was used to help design the NaSAP pipeline. The 

dataset presents whole-exome and transcriptome sequencing data generated by Ion Torrent 

high-throughput sequencing, available in NCBI platform under the accession number 

SRP095725.  

 

4.3.1 Set Up 

Before running the pipeline, some considerations should be taken into account. First, 

you need a computer that runs the Linux system. Some factors may limit the pipeline, namely 

RAM, CPU, and the speed of the storage disk. Therefore, it is recommended that the device has 

at least an 8-core processor, 64 GB of RAM and 250GB of disk space. The following software 

installation is mandatory to run the pipeline NaSAP. A call for the use of different versions or 

updates, perform a comparison of the results of old versions with test data to ensure the 

comparison of results. 

• bwa-mem v.0.7.17 (http://bio-bwa.sourceforge.net) 

• fastQC v.0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) 

• GATK v.4.1.3.0 (https://software.broadinstitute.org/gatk) 

• GATK v.3.8.1.0 (https://software.broadinstitute.org/gatk) 

• IGV v.2.4.16 (http://software.broadinstitute.org/software/igv)  

•  Java v.1.8 (https://java.com/download) 

• Picard v.2.20.0 (https://broadinstitute.github.io/picard) 

• R v.3.6.1 (https://www.r-project.org)  

• samtools v.1.9 (https://www.htslib.org)  

• SnpEff v.4.3T (http://snpeff.sourceforge.net) 
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• Trimmomatic v.0.39 (http://www.usadellab.org/cms/index.php?page=trimmomatic) 

• VEP v.96 (https://github.com/Ensembl/ensembl-vep) 

 

4.3.2 Task1: Genetic characterisation of tumours collected from 

mice models 

Task 1 main goal is to perform a genetic characterisation of tumours collected from mice 

models through WES.  The identification of the mutation profile related to neoantigen genes is 

illustrated in Figure 4.2. As previously mentioned, the data used was extracted from NCBI using 

the accession number SRP095725. It is assumed that all the sample files, references, databases, 

and programs explained in section 4.3.1 Set Up, are in the working directory where the pipeline 

will run. Thus, initially, the user should define the paths to the documents needed to run the script. 

Then, automatically when running, the script recognises those locations required to read the input 

files and perform each task. 

 Figure 4.2: Main steps of task 1 listed and in the blue rectangle, the name of the tools used. In the end, a tab-

separated text file with the found variants is produced, as well as an HTML report for viewing the found variants. 

1 Quality control of raw data 

First quality control is performed to confirm the necessary quality of the reads of the raw 

data, using fastQC. The fastQC also applied on trimmed data. With the results before and after 

trimming, it is possible to summarise the quality distribution. This distribution should be similar in 

both sets of reads. 

2 Read Trimming  

Trimmomatic is used to filter reads with a certain quality and length. The quality of the 

reads represents the confidence that the sequencer has over a particular nucleotide being placed 

in a specific position of the fragment sequence. Usually, this quality is noted through different 

phred-scales, being the most used Phred33. This information accompanies the reads throughout 

the analysis. 

 

https://github.com/Ensembl/ensembl-vep
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3 Alignment  

The alignment is performed using the mouse genome as reference (release 96 

downloaded in 13/7/2020).  The main objective of this step is to map the reads obtained in the 

sequencing along the reference genome, to identify their content and potential alterations or 

deviations like mutations. The choice of the aligner influences further analysis; therefore, some 

considerations must be taken into account. Most of the aligners are optimised for Illumina 

sequencing data, including single or paired-end reads. Since Ion torrent cannot generate reads 

from 3’ region, the paired-end option should not be considered. In the literature, the benchmark 

pipelines, followed by most researchers compare several aligners for different types of data. 

BWA-mem has proven to be an excellent aligner for exome and genome sequencing data, 

presenting low error rates of approximately 1% for ion torrent data[46].  

4 Post-alignment Processing 

The aligned reads go through processing, preparing the files for the variant calling step 

where the mutations will then be identified. In this processing step, the reads are sorted with the 

help of samtools. The duplicate reads are marked and removed through Picard (by default it is 

already included in the GATK software). The last step in the processing of aligned reads is the 

addition of sample information with Picard. Adding the phenotype to the samples is a mandatory 

step for the variant caller to be able to make a correct distinction between normal and tumoural 

reads.   

5 Realignment around indels 

This realignment step allows reducing a false indels call near SNPs, increasing the 

efficiency of the variant calling process. The realignment is done through GATK v3.8.1.0. In this 

step also the alignment scores are updated and recalibrated before the next step, variant calling. 

6 Variant Calling 

 Mutect2 built-in GATK will be used to detect somatic single nucleotide variants (SNVs) 

and other structural variants. The objective of NaSAP at this stage is to provide a profile of 

mutations from the crossing of normal and tumour samples. Thus, the pipeline focuses on somatic 

mutations, since they represent the mechanism of the tumour trying to escape recognition of the 

immune system[45].  

7 Filtering Somatic Variants 

At this stage, a perl script provided by researcher Alvaro Sebastian was used. Rigid filters 

are applied to eliminate possible false somatic variants. Consist in imposing that the reads have 

a minimum depth of 10 reads and the frequency of the variant is at least 10% since the              
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neoantigens will not be in high quantities in reality. In order to complete the variants, they must 

belong to coding regions of genes, so that the identified mutation has a possible implication when 

transcribed. 

8 Filtered variants annotation 

To understand the impact of the somatic variants on gene structure, these are annotated 

with VEP tool. This tool integrates data from Ensembl variants database[47], making the 

annotation more robust. 

At the end of this first task, a variant HTML report and is generated. This report uncovers 

the number of mutations linked to each type of mutation, like SNV or Indel, as well as the coding 

sequences produced by these mutations, as shown in Figure 4.3. Also, the same information 

present in the HTML report is kept in variant call format (vcf) file to further analysis. 

 

Figure 4.3: Vep summary output visualisation produced by NaSAP pipeline using Trajanoski tumour tissue 

data [45]. 
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4.3.3 Task 2: Tumour Transcriptomic characterisation through 

Transcriptome sequencing (RNAseq) analysis 

The aim of this task consists in, using the same biological samples from Task 1, filter the 

mutation signatures previously identified that are expressed in the tumours by creating a pipeline 

in bash script wich main steps are illustrated in Figure 4.4. RNAseq is performed on tumour 

samples. Isoform and gene expression are quantified from the RNAseq data. Genes and 

transcripts normalised expression are measure in reads/kilobase/million (RPKM) and transcript 

per million (TPM). Additionally, alignment with the Star aligner is performed to obtain the allelic 

expression. This feature uncovers for each mutation the percentage of expression of each allele. 

Figure 4.4: Task 2 main steps and tools summarised to obtained read counts in TPM or RPKM and detect 

the allelic expression. 

1 Quality control of raw data  

Same approach as described in section 4.3.2. 

2 Read Trimming  

To proper analyse RNA-seq data, reads with less than 22nt of length are excluded from 

the analysis. For this filter step, Trimmomatic is the chosen tool.  

3.1 Read Count  

 In order to quantify gene expression, Kallisto was used, and quantification of the 

abundance of transcripts expressed as RPKM and TPM. This tool relies on pseudoalignment to 

rapidly determining the compatibility of reads with targets genes and improve the computing time. 

This feature key keeps the necessary information to the quantification step and turns the tool very 

fast but still robust. Genes with a minimal expression value expressed as TPM, are considered 

for downstream analysis. 

3.2 Alignment  

Using the Star tool, the alignment is performed on RNA-seq reads previously trimmed. 

There is a factor that can interfere with the correct alignment of reads, called a mismatch. It occurs 
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when the read does not present precisely the same sequence as the reference. Since we 

are dealing with mutated data, the reads that are going to be mapped must have some degree of 

relaxation during the alignment. Thus, the mismatch parameter value is increased to allow a 

number of mismatches proportional to the read length. 

4 Post-Alignment Processing  

Before the alleles are correlated with the expression levels, it is necessary to convert the 

result of the sam alignment to bam using samtools. Finally, it is required to correct the names of 

the read groups in the bam files through Picard tool. Without this step, the GATK tool does not 

correctly read the input files. 

5 Allelic Expression 

Each gene presents two alleles that can be expressed at different levels. It is crucial to 

have as much information as possible about all the mutated neoantigens, namely whether these 

genes are being silenced or expressed. Thus, to understand if the present variants of the genetic 

characterisation are being expressed and at what levels regarding the alleles in use is essential 

information that will influence the way the patient will be treated and monitored. To obtain a table 

with allele expression information ASEReadCounter tool from GATK is used, and the output can 

be seen in Figure 4.5.  

Figure 4.5: Allelic expression output visualization from NaSAP pipeline using Trajanoski data[45]. 

 

4.3.4 Task 3: Binding affinity assessment of the neoantigen 

candidates through in silico epitope prediction 

 This step consolidates all the information obtained in the previous steps, as illustrated in 

Figure 4.6. Recognition by the immune system is crucial for stopping the tumour. Thus, it is 

imperative to evaluate the potential binding to MHC-I molecules of mutated sequences of 

neoantigens from each tumour, previously identified in tasks 1 and 2. Using pVACseq tool will be 

possible to predict the mutated peptides able to elicit anti-tumour T cell immunity. This tool uses 

the sequence read coverage and the gene expression information as well as the comparison 

between normal (WT) and tumour (mutant) as opposed to many existing applications available 

as IEDB or EpiToolKit. 
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Figure 4.6: Task 3 illustration. In general, through outputs obtained from the first two tasks, a report with 

neoantigen signatures is created. The data used belongs to Trajanoski work[45]. 

 Briefly, the tool starts by creating a file where for each variant of the input, two amino acid 

sequences are generated, one representing the WT and the other the mutant. These sequences 

have the variant site flanked by 8 to 10 amino acids for each side; however, if the variant is at the 

ends, the extracted sequence has 16 to 20 amino acids before or after the mutation site. Thus, 

the sequences are 17-21-mer in length. By applying a sliding window of 8 to 10 amino acids to 

the peptides sequence, each sub-sequence generated will be, compared NetMHC v3.4 to predict 

the potential binding to MHC-I molecules. Finally, the signatures of the sequences are filtered and 

ordered, making the result more robust and accurate. With these results, it is then possible to 

identify targets for cancer vaccines customised to each patient. Figure 4.7 reveals the output 

obtained from pVACseq tool. 

Figure 4.7: pVACseq tool tsv output visualisation, using Trajanoski data [45]. 
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4.4 Limitations 

Even knowing that the presented pipeline adds a more detailed analysis from the raw data 

output of the sequencing to the forecast of the neoantigen signatures, the NaSAP tool still shows 

flaws. 

An important aspect to mention is the validation of the pipeline with new data. Since this 

thesis is part of a larger project, laboratory constraints occurred, which prevented obtaining 

samples to validate the pipeline in time for its submission. However, it was optimised using 

published data, and the results are in line with what was revealed in the study. NaSAP pipeline, 

as shown in Figure 4.3, identify 4709 somatic mutations, a compatible value with the one found 

in Trajanoski work of 5931 somatic mutations[45]. Although the promising results showed by 

NaSAP, this pipeline must still undergo validation with new data to prove its effectiveness and to 

be released into the scientific community. 

Another important aspect is the initial trimming phase of the reads. In this stage, the 

sequences coming from the sequencing are trimmed so that all the reads are within the same 

size range.  

 At the moment, the NaSAP pipeline has this parameter fixed to an average value, 

observed in the training data, which may not be the optimal size for another set of data. Thus, a 

less experienced user will not modify this parameter and may condition all the remaining analysis. 

Although identified, and the commented code, the less experienced users should pay attention to 

this detail and evaluate the need to change the parameter. 

  



 

 
 
 
 
 
 

Chapter 5 

Conclusions 
 

 Immunotherapy has been gaining more and more prominence as cancer therapy. Despite 

a large number of treatments available, it has been found that not all treatments are suitable for 

all types of patients, making some treatments less effective as the case of immune checkpoint 

inhibitors. Thus, the customisation of therapies is one of the most promising therapies in recent 

years. Looking at the genetics of the patient it is possible to observe a relationship between the 

increase in the number of mutations present in the DNA and the increase of neoantigens in 

tumours that can trigger immune responses favouring the recovery of the patient. Thus, the efforts 

to establish useful tools in the identification of the neoantigen tumour potentials that led to an 

immune response are a significant focus of bioinformatics. 

The developed NaSAP pipeline is integrated into a larger project. The main aim of this 

project is to improve patient stratification and provide the scientific community with a neoantigen 

prediction tool as biomarkers for therapies. However, this tool stands out for the possibility of 

processing the raw data coming from Ion Torrent sequencing, facilitating analysis for less 

experienced users at the computer level.  

In the future, it is possible to outline improvements that can drive the NaSAP pipeline, 

namely to increase the robustness of the alignment by adding a second aligner to the sequences, 

which can reduce false detection of mutations in the patient’s genetic profile. On the other hand, 

it would be interesting to be able to make the pipeline even more user-friendly, eventually, create 

a docker image where all the software is included, and the user only needs to install the docker 

image and use it. The docker image of NaSAP comprised all the dependencies versions updated 

and the necessary datasets, helping the less experient users.  
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