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Preface 

This thesis has been submitted to the Technical University of Denmark, the Department of Health 

Technology, as part of the requirements for obtaining the PhD degree. The presented research 

was conducted first at the Veterinary Institute, later at the Department of Micro- and 

Nanotechnology and lastly at the Department of Health Technology, under supervision of 

Professor Sine Reker Hadrup.  

 The thesis consists of an introduction followed by a collection of four research papers (one 

published, three manuscripts) and an epilogue. Together they introduce, describe and discuss the 

research that I have carried out between January 2015 and April 2019. 

Sofie Ramskov 

Kongens Lyngby, April 12th 2019 
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Abstract 

With unprecedented successes in recent years, cancer immune therapy has entered mainstream 

oncology and has, next to surgery, radiation and chemotherapy, been established as a fourth pillar 

of cancer treatment. However, despite its success, only a subgroup of patients benefit from 

treatment and a general problem with most immune therapies is that they are not specifically 

targeted to the patient’s tumors, but rather provide a general boost of immune activity. This 

translates into two issues. Firstly, the general activation of virtually all effector T cells of the 

immune system leads to substantial side effects from autoreactive T cells. Secondly, in patients 

with a lack of pre-existing T cell recognition of the tumor, efficacy is compromised. Precision-

targeted immune therapy aims to solve these issues by steering the T cells towards specific targets 

on the tumor. The presented thesis comprises four research papers with the common theme of 

identification and characterization of such T cell targets. In a first paper we identify four novel 

shared, overexpressed T cell antigens in breast cancer. We demonstrate an enrichment of T cell 

responses in patients compared to healthy donors and find that the peptides giving rise to T cell 

responses cluster in “immunological hotspots”. Breast cancer is one of the leading causes of 

cancer related deaths in women, but in terms of immune therapy much less explored than other 

types of cancer, partly due to a minimally described landscape of T cell targets. The study 

therefore provides an important contribution to the characterization of novel T cell targets for 

precision-targeted immune therapy and immunomonitoring of breast cancer. In a second paper, 

we describe the first identification of T cell targets derived from mutational products, so-called 

neoepitopes, in renal cell carcinoma patients. Tumors of renal cell carcinoma patients have the 

highest number of insertions and deletions of all cancers, mutation types expected to be highly 

immunogenic due to their low similarity to the original wildtype sequence. We therefore evaluate 

the immunogenicity of neopeptides originating from insertions and deletions compared to 

neopeptides originating from single nucleotide variations. Furthermore we compare tumor 

fragments and tumor cell lines as sources for whole exome sequencing and mutational mapping. 

In a third paper, we investigate the impact of neoantigen intratumor heterogeneity on T cell tumor 

immunity. Heterogeneity of tumors poses a big challenge for cancer treatment in general, not 

least for cancer immune therapy, where the outgrowth of tumor escape variants lead to failure of 

response. We observe a correlation between the burden of clonal neoantigens and overall survival 

in primary lung adenocarcinomas and we demonstrate that advanced non-small cell lung cancer 

and melanoma patients with tumors enriched for clonal neoantigens respond better to treatment 

with PD-1 and CTLA-4 checkpoint inhibitors. In line with these findings we further identify T cell 
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responses against clonal neoepitopes in two non-small cell lung cancer patients, represented by a 

homogenous and a heterogeneous tumor. Lastly, in a fourth paper, we report a finding across 

three different cancer cohorts, that T cell recognition of neopeptides bound by the human 

leukocyte antigen (HLA)-C subtype compares to or even exceeds T cell recognition of neopeptides 

bound by HLA-A and -B subtypes. HLA-C has previously posed less attention in terms of cancer 

immunogenicity studies, partly explained by a previous lack of reagents and suitable prediction 

algorithms and partly explained by a lower expression, which has fostered an anticipation of lower 

immunogenicity. Based on our findings we argue that HLA-C might indeed play a substantial role in 

tumor cell recognition and advocate for the inclusion of HLA-C restricted (neo)peptides in future 

antigen-defined studies and therapy. Together these four studies contribute to the identification 

and characterization of novel targets for immune therapy of cancer and facilitate the development 

of precision-targeted strategies. With identification of new targets and the associated novel 

insights to what makes a good immune target, it is anticipated that precision-targeted immune 

therapy will raise the already successful bar of immune therapy.  



Dansk resumé 

Behandling af kræft med immunterapi har i de seneste år haft enorm succes.  Cancer immunterapi 

har indtaget almen onkologi og har indplaceret sig som den fjerde søjle i kræftbehandling, 

sidestillet med kirurgi, strålebehandling og kemoterapi. På trods af de store fremskridt er det dog 

stadig kun en lille andel af patienter der reagerer på behandlingen og et generelt problem med de 

fleste typer immunterapi er, at de ikke er specifikt målrettet mod patientens tumor, men i stedet 

inducerer et generelt boost af immun aktivitet. Dette fører til to problemstillinger. For det første 

medfører den generelle aktivering af samtlige af immunsystemets effektor T celler betydelige 

bivirkninger fra autoreaktive T celler. For det andet kompromitteres effekten i patienter, som ikke 

allerede før behandling har T celler, som genkender tumoren. Præcisions-målrettet immunterapi 

har til formål af løse disse problemstillinger ved at guide T cellerne i retning af specifikke mål på 

tumoren. Denne afhandling omfatter fire studier, som alle omhandler identifikation og 

karakterisering af sådanne T celle mål. I det første studie identificerer vi fire nye delte, 

overudtrykte T celle antigener i brystkræft. Vi påviser en øget tilstedeværelse af T celle responser i 

patienter I forhold til raske donorer og finder ydermere, at peptiderne som fører til T 

celleresponser grupperer sig i ”immunologiske hotspots”. Brystkræft er en af de mest dødelige 

kræftformer i kvinder, men er i immunterapeutisk kontekst studeret i mindre grad end andre 

kræfttyper, delvist på grund af en mangel på velbeskrevne T celle mål. Dette studie yder derfor et 

væsentligt bidrag til karakterisering af nye T celle mål, som kan udnyttes i præcisions-målrettet 

immunterapi og immunmonitorering af brystkræft. I det andet studie beskriver vi som de første 

identificering af T celle mål fra muterede proteiner, såkaldte neoepitoper, i patienter med 

renalcellekarcinom. Tumorer fra patienter med renalcellekarcinom er kendt for at have det 

højeste antal af insertioner og deletioner blandt alle kræftformer – en mutationstype som 

forventes at være meget immunogen på grund af den store grad af forskellighed i forhold til den 

originale vildtype sekvens. Vi evaluerer derfor immunogeniciteten af neopeptider som opstår på 

baggrund af insertioner og deletioner, sammenlignet med neopeptider som opstår på baggrund af 

enkelt-nukleotid-variationer. Derudover sammenligner vi tumorfragmenter og tumor cellelinier 

som udgangsmateriale til hel-genom-sekventering og kortlægning af mutationer. I det tredje 

studie undersøger vi effekten af neoantigen intratumor heterogeneitet på T celle tumor 

immunitet. Heterogeneitet af tumorer udgør en stor udfordring for cancer terapi generelt, ikke 

mindst for immunterapi, hvor udvæksten af tumor undvigelses varianter medfører fejlslagen 

respons på terapi.  Vi påviser en korrelation mellem byrden af klonale neoantigener og overlevelse 

i primær lunge adenokarcinom og vi finder at patienter med fremskreden ikke-småcellet 
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lungekræft og malignt melanom responderer bedre på behandling med PD-1 og CTLA-4 

checkpoint-inhibitorer, hvis mutationerne i deres tumorer hovedsageligt er klonale. På linje med 

disse resultater identificerer vi desuden T celle responser mod klonale neoepitoper i to patienter 

med ikke-småcellet lungekræft, som hver har henholdsvis heterogene og homogene tumorer. 

Sidst, i det fjerde studie, beretter vi om en observation på tværs af tre kræft kohorter, hvor vi 

finder at T celle genkendelse af neopeptider præsenteret i kontekst med humant leukocyt-antigen 

(HLA) subtype C er sidestillet med eller endda overgår T celle genkendelse af neopeptider bundet 

til HLA subtype A og B. Der har tidligere været mindre opmærksomhed omkring HLA-C i 

forbindelse med immunogenicitets studier, delvist forklaret af en tidligere mangel på reagenser og 

egnede prædiktionsalgoritmer og delvist forklaret af en lavere ekspression, som har medført en 

forventning om lavere immunogenicitet. Baseret på vores resultater argumenterer vi for, at HLA-C 

potentielt spiller en væsentlig rolle i tumor celle genkendelse, og vi advokerer for inddragelsen af 

HLA-C (neo)peptider i antigen-definerede studier og behandling fremover. Tilsammen bidrager 

disse fire studier til identifikation og karakterisering af nye mål for immunterapi i cancer og 

faciliterer udviklingen af præcisions-målrettede strategier. Med identifikationen af nye mål og den 

medfølgende forståelse af de karakteristika som gør et godt immunogent neoepitop, er det 

forventningen at præcisions-målrettet immunterapi vil løfte den barre af success, som 

immunterapi allerede repræsenterer. 
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TNFα tumor necrosis factor alpha 

UV ultraviolet 
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WES/WXS whole exome sequencing 

WGS whole genome sequencing 
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Introduction 

Cancer and the Immune System 

It would take over a century of debate to firmly establish that the immune system can surveil, 

detect, react to and in some instances eradicate cancer. From the early controversial experiments 

of William Coley (Hoption Cann, van Netten, and van Netten 2003), over rare reports of 

spontaneous tumor regressions (Challis and Stam 1990) and observations of increased incidences 

of cancer in immune suppressed acquired immunodeficiency syndrome (AIDS) patients and 

transplant recipients (Euvrard, Kanitakis, and Claudy 2003), to positive correlations between high 

numbers of tumor infiltrating lymphocytes (TILs) and patient outcome (Azimi et al. 2012; 

Mahmoud et al. 2011; Pagès et al. 2005). The tumor suppressive role of the immune system is now 

widely accepted and exploited in various novel therapeutic strategies, step by step establishing 

cancer immune therapy as the fourth pillar of cancer treatment (Yang 2015). 

Mechanisms of Tumor Development 

Despite their diversity as a group of diseases, cancers share in common certain characteristics, 

driving and empowering their malignant transformation. In their original publication, Hannahan 

and Weinberg framed the original six hallmarks of cancer (Hanahan and Weinberg 2000), that 

have since become widely famous and form a conceptual framework for understanding cancer 

development (Figure 1a). These are i) sustaining proliferative signaling, ii) evading growth 

suppressors, iii) resisting cell death, iv) enabling replicative potential, v) inducing angiogenesis and 

vi) activating invasion and metastasis. No one single hallmark is sufficient in causing cancer itself

and malignant transformation occurs as a multistep, evolutionary process involving sequential

acquisition of most or all of the hallmarks. A decade later, new insights from the broad and

multidisciplinary scene of cancer research prompted a revisit of the original hallmarks. As a result,

two emerging hallmarks and two enabling characteristics were added: vii) deregulation of cellular

energetics, viii) genomic instability, iv) avoiding immune destruction, and x) tumor-promoting

inflammation (Figure 1b), (Cavallo et al. 2011; Hanahan and Weinberg 2011). The latter three, viii -

x, are of particular importance for the scope of the thesis presented here. Genomic instability (viii)

is a key feature of premalignant and malignant cells, in essence enabling all other hallmarks.

Tumor cells accumulate mutations, some of which will confer a selective advantage over normal

cells, thereby facilitating outgrowth of certain malignant clones. The gain of function mutations in
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oncogenes and loss of function mutations in tumor suppressor genes both contribute to the 

process of malignant transformation. At the same time, the increase in mutations ironically 

represents an Achilles heel of cancer, in that it renders the tumor vulnerable for detection by cells 

of the immune system. Inevitably, a mutated proteome will lead to novel altered peptides, so-

called neopeptides, being processed and presented at the cell surface in the context of human 

leukocyte antigen (HLA) class I molecules. Thereby, tumor cells are flagged as sick and can possibly 

be detected and destroyed by the immune system. Although still at an early stage of 

acknowledgement in 2011, the inclusion of avoiding immune destruction (iv) as an emerging 

hallmark was a great leap towards the recognition of what role the immune system represents in 

controlling and sculpting cancers. The great clinical successes of various forms of cancer immune 

therapy have since eradicated all remaining skepticism to the importance of the immune system in 

controlling cancer and its potential in cancer treatment.  

Whereas the original hallmarks substantially represent the failure of cell intrinsic tumor control 

mechanisms, the immune system is a cell extrinsic regulator of cancer. At the same time the 

dichotomous role of the immune system in its interaction with cancer is strongly highlighted by 

the enabling characteristic of tumor promoting inflammation (x). This linkage was conceptualized 

from the observation that tumor formation often coincides with sites of chronic inflammation 

(Schäfer and Werner 2008). Thus, the presence of intratumoral immune cells can paradoxically 

also enhance tumorigenesis and progression, through release of inflammatory molecules. These 

are for example growth, survival and pro-angiogenic factors, extracellular matrix-modifying 

enzymes and inductive signals leading to endothelial mesenchymal transition (Hanahan and 

Weinberg 2011). However, the tumor-promoting and tumor-antagonizing cells represent distinct 

cell subsets, and therefore the role of the immune system as a double-edged sword in cancer is 

perhaps not so surprising at all, but rather a consequence of the immune system being a highly 

complex and dichotomous system in health and disease. 

Figure 1. a) The original hallmarks of cancer, proposed by Hanahan and Weinberg in their 2000 publication 
(Hanahan and Weinberg 2000). b) Emerging hallmarks and enabling characteristics added in the next generation 
paper from 2011 (Hanahan and Weinberg 2011). 

a b
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Cancer Immunoediting  

The “Cancer Immunosurveillance” hypothesis was proposed already in the 1950’s (Burnet 1957; 

Foley 1953), but was largely neglected, when experiments failed to demonstrate differences in 

tumor susceptibility between immunocompetent and immunodeficient groups of mice, with the 

mouse models available at the time. In 2001, improved mouse models assisted the discovery that 

not only tumor quantity, but also quality was affected by the immune system (Shankaran et al. 

2001). When injected into recipient mice, tumors grown in immunodeficient donor mice were 

more immunogenic than tumors grown in immunocompetent donor mice. These results provided 

the first hints that the immune system not only controls, but also shapes tumors through an 

editing process, and paved the way for a second generation version of the original “Cancer 

Immunosurveillance” theory, namely the “Cancer Immunoediting” theory (Figure 2), (Dunn et al. 

2002). The theory describes the interactions of a growing tumor with the immune system as three 

phases; ‘elimination’, ‘equilibrium’ and ‘escape’. In the elimination phase, effector cells and 

molecules of the innate and adaptive immune defense detect and destroy neoplastic cells before 

they become clinically apparent tumors. If the mechanisms operating during the elimination phase 

are insufficient, rare tumor cell variants can survive and enter the equilibrium phase. In the 

equilibrium phase a balance exists, where the adaptive immune system controls tumor growth on 

the one hand, but on the other hand shapes the immunogenicity of the tumor through a constant 

selective pressure. Ultimately, this selection may result in outgrowth of tumor cells, which are no 

longer recognized or destroyed by the immune system. At this point the final escape phase is 

reached; a clinically visible tumor displaying largely uncontrolled growth. Not all tumors progress 

through all phases. Some tumors are eradicated early during elimination, others remain at 

equilibrium throughout the life of the patient and yet other, more aggressive tumor types enter 

directly into equilibrium or escape phases. The three phases should be considered non-static and 

interconnected entities, reflecting the Darwinian evolutionary process occurring between the 

subclones of tumor cells. The directional progress from one phase to another can be impacted by 

external factors, such as environmental stress and deterioration of the immune system with aging, 

but also through therapeutic intervention. The scope of immune therapy is obviously to reverse 

tumor growth and push in the direction of elimination, and indeed this has been demonstrated 

feasible in patients obtaining partial or complete responses from checkpoint inhibitor therapy or 

adoptive cell transfer (Hamid et al. 2013; Hodi et al. 2010; Rosenberg and Restifo 2015). However, 

immune therapeutic treatment can also lead to effective destruction of subclones of tumor cells, 

creating a selective advantage and outgrowth of other subclones that escape destruction through 

immune escape mechanisms. Examples of these mechanisms are antigen and HLA class I and II 

downregulation or loss, defects in the antigen processing machinery, secretion of 

immunosuppressive effector molecules and recruitment of immunosuppressive cells (Bronte and 

Mocellin 2009; McGranahan et al. 2017; Seliger, Maeurer, and Ferrone 2000; Sharma et al. 2017; 

Sinha et al. 2005; Smith et al. 2012). In this way the immune system not only surveils, but also 
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edits tumors. The different effects of immune therapy on immunoediting can even be observed 

within the same patient, where distinct tumors can shrink, grow or remain unaffected by therapy 

(Yuan et al. 2010). Such mixed responses likely reflect the influence of tumor heterogeneity as well 

as the local tumor microenvironments.    

Figure 2. The cancer immunoediting theory. The interaction between the immune system and an evolving tumor 
can be divided into three phases; elimination, equilibrium and escape. In the elimination phase, innate and 
adaptive immune cells work together to destroy malignantly transformed cells. If, during elimination, rare 
malignant cell progeny with lower immunogenicity occur, these can enter the equilibrium phase, in which adaptive 
immunity works to keep the cancer cells in check but at the same time shapes the immunogenicity through 
selective pressure. This selective pressure may result in the outgrowth of clones, forming clinically visible tumors, 
which have acquired mechanisms to avoid immune recognition and destruction and thus have entered the escape 
phase. Modified from (Van Der Burg et al. 2016).  

T Cells in Cancer 

T cells are the main effector cells in the recognition and killing of cancer cells by the immune 

system. Two distinct types are defined by their co-receptors cluster of differentiation (CD)4 and 

CD8. The main function of CD4 cells, or T helper cells, is to orchestrate and regulate B cell and CD8 

T cell functions, whereas CD8 T cells act as cytotoxic T cells, with the capacity to directly kill 

infected or malignant cells (M. H. Andersen et al. 2006). Although CD4 T cells are also believed to 

play an important role in sculpting the immune recognition of tumors (Kreiter et al. 2015; 

Linnemann et al. 2015; Tran et al. 2014), the tools available for studying antigen specific CD4 T 

cells is still in it´s infancy. Hence, CD8 T cells will be the main focus of the thesis presented here 

and will from this point onwards be referred to as T cells, unless otherwise specified. 
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Tumor Infiltrating Lymphocytes 

For a T cell to exert its tumor killing functions, it must first travel to and enter the tumor. Some 

cancer types are characterized by very immunogenic (or hot) tumors, with heavy infiltrates of T 

cells, whereas others are characterized by non-immunogenic (or cold) tumors, harboring little to 

no infiltrating T cells. Notably, some of the most immunogenic tumors, and therefore also the 

most heavily studied in oncoimmunology and immune therapy context, are melanomas and lung 

cancers, that display high tumor mutational burdens due to the carcinogenic effects of ultraviolet 

(UV) radiation exposure and tobacco smoking (Alexandrov et al. 2013). Several studies have shown 

associations between high numbers of intratumoral CD8 T cells or high CD8 to CD4 regulatory T 

cell ratios and patient prognosis. In some cases CD8 tumor infiltrating lymphocytes were even 

found to be a better prognostic indicator than pathological criteria and more predictive for disease 

progression than oncogene expression (Azimi et al. 2012; Galon et al. 2006; Mahmoud et al. 2011; 

Pagès et al. 2005). However, the mere presence of T cells is not sufficient for anti-tumor reactivity. 

The proliferative capacity, memory phenotype as well as the location within the tumor all 

influence the correlation with patient prognosis (Klebanoff et al. 2005; Naito et al. 1998; Nakano 

et al. 2001). Interestingly, some tumors initially grow (pseudoprogress) following immune therapy, 

before they start to shrink. This phenomenon which almost led to the checkpoint inhibitor 

ipilimumab (anti-cytotoxic T-lymphocyte–associated antigen 4, CTLA-4) not passing first round of 

clinical trials, is caused by an influx of T cells to the tumor, again providing evidence for the 

importance of tumor infiltrating T cells for patient outcome (Borcoman et al. 2018). An interesting 

and promising area of research is oncolytic virotherapy, which can cause specific lysis of tumor 

cells, followed by an influx of T cells and thereby convert cold to hot tumors (Ribas et al. 2017).    

The peptide-MHC-TCR Interaction 

The core of recognition between CD8 T cells and cancer cells can be boiled down to three 

molecules; a T cell receptor (TCR), a peptide and a major histocompatibility complex (MHC) class I 

molecule – in humans denoted human leukocyte antigen (HLA) (Figure 3).  

Figure 3. The peptide-MHC-TCR interaction. Modified from (Neefjes et al. 2011). 
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 Although at first sight seemingly simple, the three-part molecular interaction is highly complex 

and diverse. Firstly, the HLA locus is both polygenic (constituting HLA-A, -B and -C) and highly 

polymorphic, with more than 10,000 alleles identified to date (Robinson et al. 2003). Each 

individual can therefore present up to 6 (3 maternally + 3 paternally derived) different HLA 

molecules at a time and homozygosity at the HLA locus is rare (Figure 4). Every HLA molecule 

possesses different peptide binding preferences, with the result that they present different 

peptide repertoires to the TCR. The combined polygenism and polymorphisms of HLA molecules 

have likely evolved as a protective mechanism for the population as a whole. Even if a pathogen 

evolves to avoid immune detection of the peptide-HLA (pHLA) complexes presented in a single 

individual, chances are that the population as a whole will be protected. Although most likely the 

result of an evolutionary arms race with pathogens, HLA polygenism and polymorphism also 

positively affect the chances that a malignantly transformed cell will be detected by an 

encountering T cell. It is therefore not surprising, that HLA loss at one or more loci is a known 

immune escape mechanism, used by tumors to hide from T cells (McGranahan et al. 2017).      

Figure 4. HLA polygenism and polymorphism. a) Each individual express three maternally inherited and three 
paternally inherited HLA molecules. b) In the human population as a whole, more than 10,000 different HLA alleles 
have been identified, making the HLA composition very individual. Illustration by Nanna Bild, Technical University 
of Denmark, Department of Health Technology. 

Secondly, proteins are built from 20 naturally occurring amino acids. Considering this, the amount 

of theoretical peptides that can bind to HLA class I molecules (8-14 amino acid length restriction) 

amounts to more than 1018 (Sewell 2012). This number is however affected in both directions. On 

the one hand it is probably underestimated, as posttranslational modifications, affecting T cell 

recognition of the original peptide sequence, increase the number of possible HLA ligands 

a b
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(Cobbold et al. 2013; Coulie et al. 2014). On the other hand, when considering the human 

proteome as the source of peptides, as would be the case for cancer, the number of possible 

peptides is substantially lower. Moreover, far from all endogenous peptides end up as HLA bound, 

presented peptides at the surface. The antigen processing and presentation pathway involves 

proteasomal cleavage, translocation to the endoplasmic reticulum (ER) through transporter 

associated with antigen processing (TAP), loading onto HLA molecules and transportation through 

the Golgi apparatus to the cell surface (Figure 5). All of these steps confer peptide specificity, and 

thus it has been estimated that only 1% of peptide fragments from the human proteome are 

presented at the surface in context with HLA class I molecules (Groothuis et al. 2005). Some HLA’s 

are more promiscuous than others, and particularly HLA-C molecules are known to be more 

selective in peptide binding, resulting in a ten-fold lower pHLA expression at the cell surface 

(Neisig, Melief, and Neefjes 1998; Sibilio et al. 2008; Zemmour and Parham 1992). 

Figure 5. The classical MHC class I antigen processing and presentation pathway. Intracellular proteins are degraded 
to peptides in the multicatalytic proteasome, transported to the ER through TAP and loaded onto MHC class I 
molecules, before traveling through the Golgi apparatus for presentation at the cell surface. From (Neefjes et al. 
2011). 
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In cancer, T cells need to be able to recognize and react to the 1% peptide fragments from 

malignantly transformed proteins, with binding capacity for the HLA repertoire of the patient.  

Thus follows the third source of diversity, the TCR repertoire. The diversity of the T cell receptor 

arises from somatic recombination during T cell maturation, where variable (V), joining (J), and in 

some cases, diversity (D) gene segments of the complementarity determining regions (CDRs) of 

the TCR locus are (nearly) randomly rearranged. It was previously believed, that each clonal T cell 

could respond to only one target. However, it is estimated, that somatic recombination results in 

“only”  ̴107 TCRs per individual (Arstila et al. 1999), whereby only a fraction of the possible pHLA 

complexes would be recognized, if one T cell recognized only one pHLA complex. Therefore, it is 

now widely established, that TCRs are in fact highly cross-reactive, recognizing an estimated 106 

different pHLA complexes (Mason 1998). 

Central and Peripheral Tolerance Mechanisms 

Next to being able to detect and respond to any possible invading pathogen or malignantly 

transformed cell, the second most challenging task of the immune system is to do so, while staying 

unreactive to harmless foreign substances or the body’s own cells. This ability of distinguishing self 

and harmless non-self from harmful non-self is really the cornerstone to the success of the 

immune system. And although allergy, autoimmunity, uncontrolled infectious diseases, and cancer 

all testify to the incidental failure of the immune system to do its job, those instances are rare 

examples of things gone wrong. The ability to distinguish self from non-self is the result of central 

and peripheral tolerance mechanisms (Figure 6). During maturation in the thymus, T cells are 

presented with pHLA complexes. Positive selection ensures that only T cells that can interact with 

host HLAs are kept, whereas those that interact too tightly with self-pHLA complexes are deleted 

through negative selection. The process of central tolerance is believed to induce apoptosis in as 

much as 95% of all developing T cells, a tremendous trade-off reflecting the importance of this 

control mechanism (Hogquist, Baldwin, and Jameson 2005). Within the remaining 5% of T cells, 

some autoreactive cells will succeed to escape the thymus. These are however kept in check by 

peripheral tolerance mechanisms, e.g. lack of co-stimulatory signals, suppression by CD4 

regulatory T cells and myeloid derived suppressor cells (Mueller 2010). Many of these naturally 

occurring peripheral tolerance mechanisms are ‘hijacked’ by the tumor, thus hindering efficient 

tumor cell elimination despite T cell recognition. 
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Figure 6. Mechanisms of central and peripheral tolerance. During central tolerance, T cells that are unable to 
recognize the body’s own HLA’s or that interact too strongly with pHLA complexes are deleted through positive and 
negative selection respectively. Autoreactive cells that escape central tolerance are kept through peripheral 
tolerance, for example by inhibition from regulatory T cells. From (Montgomery et al. 2018). 

Detection of Antigen Specific T Cells 

T cell detection methods can be divided in two groups, depending on the analyses output. Classical 

functional assays, such as enzyme-linked immunospot (ELISPOT), limiting dilution assay and 

intracellular cytokine staining (ICS), can identify antigen-responsive T cells, but information about 

the pMHC (peptide-MHC) specificity is obtained only for the functional T cells and often with lower 

sensitivity. As alternatives to these, a number of methods have been developed, which specifically 

identify the pMHC restricted recognition of T cells, but without any measure of functionality. 

The detection of antigen specificity of T cells is complicated by the high diversity and complexity of 

the pMHC-TCR interaction, as described above. Adding to the challenge, particularly when 
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interrogating the landscape of T cells specific for shared cancer antigen, is the often low frequency 

of T cell clones and their low TCR affinity for the binding pMHC complex. As a means to solve these 

issues, comprehensive analyses tools have been developed within the past two decades, reviewed 

in (Bentzen and Hadrup 2017). Two important developments paved the way for these high-

throughput analyses; multimerization of the pMHC complex and technologies to induce peptide 

exchange in pMHC. Due to the low affinity binding between pMHC’s and TCR’s, multiple pMHC-

TCR pairs need to interact at the same time, to obtain sufficient overall avidity and stable binding. 

Experimentally, this was solved by multimerization of pMHC’s – initially by biotinylation of four 

identical pMHC complexes that were then bound to the same fluorochrome labelled avidin 

molecule (Altman et al. 1996). Later, the laborious process of refolding pMHC complexes for every 

given peptide of interest was significantly improved with the development of technologies to 

induce peptide exchange in pMHC, first using UV sensitive conditional peptide exchange (Bakker 

et al. 2008; Rodenko et al. 2006; Toebes et al. 2006); later other strategies have been developed 

including dipeptide promoted exchange, temperature-sensitive exchange and disulfide-

stabilization of empty loadable tetramers (Luimstra et al. 2018; Saini et al. 2013, 2019).    

Two pMHC-TCR multimer based, high-throughput methods were employed in obtaining the results 

of the presented thesis. In the first method (Figure 7a), pMHC multimers are combinatorially 

encoded through two separate multimerizations with fluorochrome labelled streptavidin 

molecules. In this way, pMHC specific T cells can be identified by flow cytometry as a population of 

two-color positive cells (R. S. Andersen, Kvistborg, et al. 2012; Hadrup et al. 2009). In the second 

method (Figure 7b), pMHCs are multimerized on a dextramer backbone with a common  

phycoerythrin (PE) fluorochrome, enabling a first sort of all pMHC specific T cells by fluorescence-

activated cell sorting (FACS). Attached to the dextramer is also a DNA barcode, encoding each 

pMHC specificity. Hereby, sorted pMHC specific T cells can be identified via amplification and 

sequencing of the encoding DNA barcode (Bentzen et al. 2016). The combinatorial encoding 

method allows for simultaneous screening of around 50 pMHC specificities (e.g. 45 combinations, 

when 10 colors are used in two-color combinations), with fluorochrome availability being the 

limiting factor. With the introduction of synthetic DNA as an encoding tag, 1010 pMHC specificities 

can potentially be screened simultaneously, thereby in principle enabling genome wide 

personalized T cell detection analysis. However, such large analyses would require optimization of 

upstream bottlenecks, such as peptide synthesis, monomer production and automation of library 

construction (Bentzen and Hadrup 2017).   
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Figure 7. Examples of multiplex methods for detection of pMHC specific T cells. a) Fluorescently labelled 
combinatorial encoded pMHC multimers. b) DNA barcode labelled MHC multimers. Modified from (Hadrup and 
Newell 2017). 

T Cell Antigens 

The first human melanoma T cell antigen, melanoma-associated antigen (MAGE)-A1, was 

described nearly 30 years ago (Bruggen et al. 1991), and hundreds of T cell antigens in various 

cancer types have since been described (“Cancer Antigenic Peptide Database”; Olsen et al. 2017). 

T cell antigens in cancer can be grouped into five overall classes (Table 1). i) Overexpression 

antigens are proteins, which are expressed in a range of normal tissues, but whose expression is 

significantly increased in cancerous cells. This leaves a window for tumor specific recognition, 

where the expression level on normal cells might not be sufficient to elicit a T cell response, 

whereas the increased expression in tumor cells may be. ii) Differentiation antigens are restricted 

to defined differentiated cell types and tumors that arise from these cells. Despite the expression 

in healthy tissues, many antigens from this group have been used in immune therapeutic trials, 

although sometimes causing on-target off-tumor autoimmunity side effects (Yee et al. 2000). Iii) 

Cancer testis antigens are a group of proteins, whose normal expression is restricted to testes, 

placenta and fetal development. Re-expression in cancer cells results from re-activation of genes 

that are normally silenced. Lack of HLA expression in testes and placenta confers an immune 

privileged nature on these tissues, meaning that in theory no autoimmune reactions are risked 

with therapeutic use of cancer testis antigens. iv) Some cancers are virally induced. In these 
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cancers, viral antigens are good candidates for immune therapeutic treatment due to their non-

self origin and hence independence from tolerance and autoimmunity (Gomez et al. 2012) v) 

Mutation antigens arise from somatic mutations in the tumor tissue. Mutation antigens can arise 

from frequent mutations shared between a large group of patients, but most often they are 

unique to patients or even tumors or tumor lesions within a patient. 

Table 1: Classification of T cell antigens in cancer. 

Antigen class Description Examples 

i) Overexpression Antigens present in normal tissues, but with an increased expression in cancer survivin 
HER2/neu 

ii) Differentiation Antigens restricted to the tumor and the differentiated tissue of origin MART-1 
mammaglobin-A 

iii) Cancer testis Antigens normally expressed only in testes/placenta and fetal cells, 
but re-expressed in cancer cells  

MAGE,  
NY-ESO-1 

iv) Viral Viral antigens expressed in virally induced cancers HPV 16 E6, E7  

v) Mutation Antigens arising from specific mutations CDK4 
p53 
B-RAF

HER2: human epidermal growth factor receptor 2, MART: melanoma-associated antigen recognized by T cells, MAGE: 
melanoma-associated antigen, HPV: human papilloma virus. 

In addition, T cell antigens of relevance in cancer can also include cryptic epitopes (e.g. encoded by 

alternative open reading frames or spliced peptides) and post-translationally modified peptides (R. 

S. Andersen et al. 2013; Cobbold et al. 2013; Coulie et al. 2014). 

The usefulness of an antigen in clinical implementation is defined by three parameters; the tumor 

restriction, the frequency, and the stability under immune selective pressure. The ideal target 

antigen would thus be expressed in all cancer patients, with sole expression in malignant cells only 

and with stable expression under immune selective pressure. However, only rare examples of 

antigens exist (e.g. human papilloma virus (HPV) 16 E6/E7) that fulfill all requirements (Kvistborg, 

van Buuren, and Schumacher 2013). The tumor restricted expression is important for safety 

concerns. Mutation and viral antigens are attractive targets in cancer, as they are uniquely 

expressed in the tumor tissue, which decreases the risk of on-target off-tumor autoimmune side 

effects in therapy. However, only around 9% of cancers are virally induced, and although shared 

somatic mutations, such as cyclin-dependent kinase 4 (CDK4) and B-RAF, exist, these are rare 

exceptions. The vast majority of somatic mutations is patient specific and therefore need to be 
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identified and targeted individually in each patient. Moreover, the mutational load varies 

substantially between cancer types, with melanoma and lung cancers being top scorers due to UV 

light and tobacco carcinogen exposure (Figure 8), (Alexandrov et al. 2013).  

Figure 8: The prevalence of somatic mutations across cancer types. From (Alexandrov et al. 2013). 

In cancers harboring fewer mutations, overexpression, differentiation and cancer-testis antigens 

might therefore in some cases represent more realistic targets. Moreover, antigens within these 

classes are shared between patients and sometimes between types of cancer, meaning that 

therapeutic targeting is relevant in larger patient groups, translating into more cost-effective off-

the-shelf therapies. 

Paper I 

The epitope landscape in breast cancer is minimally described, hampering options for 

targeted immune therapeutic strategies as well as immunomonitoring. In paper I, we 

investigate four breast cancer associated, overexpressed proteins; aromatase, never in 

mitosis A-related kinase 3 (NEK3), protein inhibitor of activated STAT3 (PIAS3), and 

prolactin as potential novel tumor associated antigens. Through a combined in silico/in 

vitro screening, we define a library of 147 HLA-A*0201 and –B*0702 binding peptides from 

the four proteins, and use high throughput methods to map T cell recognition against all 

pHLA combinations in peripheral blood mononuclear cells (PBMCs) from cancer patients 

and healthy donors. 
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Neoepitopes 

Because the majority of mutation antigens, also known as neoantigens, are unique to individual 

patients, and technology did not support personalized screening strategies at the time, shared 

non-mutated antigens were the focus of the 1990s/2000s targeted immune therapeutic strategies. 

However, with advances in next generation sequencing and lower sequencing costs, the 

neoantigens have gained renewed interest. The terms neopeptide and neoepitope are used to 

distinguish between neoantigen derived peptides predicted to bind to HLA’s and the fraction of 

these that are recognized by T cells. An increasing number of studies point to an important role of 

neoantigens in cancer immunology and have spurred interest in their clinical utility. It has been 

observed that the number of predicted neoantigens correlates with cytolytic activity in tumors, 

that the mutational burden correlates with TIL infiltration and with survival across a range of 

cancer types, and additionally, clinical responses from checkpoint inhibitor and adoptive cell 

transfer (ACT) therapies have been associated with neoepitope specific T cells (Cristescu et al. 

2018; Lauss et al. 2017; Ott et al. 2018; Rizvi et al. 2015; Robbins et al. 2013; Rooij et al. 2013; 

Rooney et al. 2015).  

Origin 

Neopeptides can arise in two ways (Figure 9), (Fritsch et al. 2014). One is through mutations in HLA 

binding (anchor) residues, whereby an altered repertoire of peptides is presented. The other is 

through mutations of residues in contact with the T cell receptor, leading to an altered recognition 

by the T cell. Whereas neopeptides in the first group can be identified by a shift in HLA binding 

affinity, the second group would not distinguish themselves as different from the wild-type 

peptide counterparts, when analyzed with a HLA binding prediction algorithm. The two different 

categories of neopeptides are also expected to be differently impacted by tolerance mechanisms. 

Tolerization only occurs for presented peptides. Thus, T cells recognizing neopeptides arising from 

improved binding to the HLA is expected to have surpassed central tolerance and for this group of 

neopeptides the self-similarity seems to only marginally affect their immunogenicity. In contrast, 

neopeptides arising from alterations in the TCR recognition area are conserved binders, capable of 

presentation in their wild-type form in non-cancerous tissue. Hence, our T cell repertoire has 

acquired tolerance to the wild-type sequence and the ability of the neopeptide to differentiate 

from the wild-type sequence, may substantially impact the immunogenicity. In line with this it was 

demonstrated that, T-cell recognized neoepitopes from the ‘conserved binder’ category had a 

significantly lower self-similarity , compared to T cell recognized neoepitopes  from the ‘conserved 

binder’ category  (Bjerregaard et al. 2017).  
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Figure 9: Mutations can give rise to neoepitopes in two ways; either through mutation of MHC binding residues or 
through mutation of residues in contact with the T cell receptor. Modified from (Fritsch et al. 2014). 

Types of Mutations 

The most frequent mutations are single nucleotide variations (SNVs), but another important 

source of neoepitopes might be in-frame and frameshift insertions and deletions (indels). 

Especially frameshift derived neopeptides, which by nature are significantly different from the 

original wild-type peptides, can be speculated to represent a particularly immunogenic group 

(Türeci et al. 2016). 

Paper II 

In this paper we describe, for the first time, T cell recognition of neoepitopes in renal cell 

carcinoma (RCC). Renal cell carcinomas are medium-range mutational burden tumors and 

are characterized by a high proportion of frameshift mutations, a mutation type considered 

to be highly immunogenic. Personalized libraries of putative SNV and indel derived 

neopeptides are constructed for six RCC patients and patient TILs are screened for 

neoepitope reactive T cells. We furthermore compare tumor cell lines and tumor fragments 

as sources for mutational analyses. 
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Drivers and Passengers 

Reflecting over the desirable antigen characteristic of stability under immune pressure, as 

described above, two important factors should be taken into consideration, when assessing the 

clinical utility of neoepitopes. One is the function of the mutation, from which an immunogenic 

neoepitope arises. The second is the heterogeneity of expression. Mutations can be categorized as 

drivers, essential passengers and true passengers (Figure 10), (Heemskerk, Kvistborg, and 

Schumacher, Ton N 2013). Driver mutations are mutations in cancer related genes that confer a 

selective advantage in tumor growth - that is inactivating mutations in tumor suppressor genes or 

activating mutations in oncogenes. Opposite to these are the true passenger mutations, which are 

irrelevant for tumorigenesis and that are just carried along as passengers of the driver mutations. 

In between are so-called essential passenger mutations. These occur in household genes that are 

not essential for tumor growth but for survival of all cells, meaning that if the mutation occurs in 

an allele for which the wild-type copy is lost, the mutation can be categorized as an essential 

passenger. T cells are indifferent to the protein origin of their recognized peptide sequences, but 

the risk that immune escape variants will emerge increases with the dispensability of the mutated 

gene. As such, driver mutations appear to be ideal targets. However, such mutations only amount 

to two to eight per tumor (Vogelstein et al. 2013), and also genetic heterogeneity of driver 

mutations indicate that these are perhaps more dispensable for the tumors than expected 

(Gerlinger et al. 2012). An alternative approach is to target the essential passenger mutations, 

which arise with loss of heterozygosity at large chromosomal areas, which is frequently observed 

in cancer. Lastly there is the option of playing the numbers game; thus it has been argued that it is 

likely more effective to target a handful of true passenger mutations than targeting a single driver 

or essential passenger mutation (Heemskerk, Kvistborg, and Schumacher, Ton N 2013).      

Figure 10: Neoantigens can be divided into three categories, which differ in their stability upon immune selective 
pressure. From (Heemskerk, Kvistborg, and Schumacher, Ton N 2013). 



Introduction 17 

Tumor Heterogeneity 

Tumor heterogeneity is a key challenge in the treatment of cancer, immune therapy being no 

exemption. Heterogeneity exist at all levels; inter-patient, intra-patient and intra-tumor, 

highlighting the long realized fact that no two cancers and not even two tumors or two tumor 

lesions are the same (Figure 11a), (Gerlinger et al. 2012; McGranahan and Swanton 2017; Tanaka 

et al. 2017). Mutations can be either clonal (present in all tumor cells) or subclonal (present in 

subsets of cells). The clonality of mutations within tumors can be estimated with bioinformatics 

tools, and analyses across multiple tumor biopsies can hence reveal the spatial composition and 

heterogeneity of a tumor’s mutations. After such mapping of clonal and subclonal mutations, 

phylogenetic trees can be constructed, where the trunk represents clonal mutations occurring 

early in tumorigenesis in common ancestral cancer cells and the branches represent subclonal 

mutations occurring in descendants later in tumorigenesis (Figure 11b), (Jamal-Hanjani et al. 

2015). 

Figure 11: a) Tumor heterogeneity occurs at multiple levels: between patients (inter-patient variation) between 
primary and metastatic tumors (intra-patient variation) in a single patient, and between the individual cells of a 
tumor (intra-tumor variation). From (Tanaka et al. 2017). b) Clonal analyses of tumors can be used to construct 
phylogenetic trees, where the trunk represents early clonal events and the branches represent later subclonal 
events. From (Jamal-Hanjani et al. 2015). 

a

b



18 Introduction 

 

A logical implication of the immense heterogeneity of tumors is that therapies should be aimed at 

targeting multiple tumor neoantigens at once, and hence it is a major focus of current strategies to 

select and combine the most relevant combination of neoepitopes to target individually in each 

patient.  

 

 

 
 

 

Neopeptide Prediction 

Only a fraction of mutations give rise to immunogenic neoepitopes. A critical challenge for the 

development of neoepitope based treatment strategies is to efficiently and accurately predict 

putative neoepitopes. Figure 12 shows a schematic of a neoepitope prediction pipeline. DNA is 

extracted from a patients tumor (tumor cell line or fragment) and matched healthy tissue and 

subjected to either whole exome sequencing (WXS) or whole genome sequencing (WGS) to 

identify somatic mutations mapping specifically to the tumor, whereby incorrect classification of 

germline variants are avoided. Next, RNA sequencing (RNA-seq) of the tumor is used to identify 

and select only expressed mutational products. Lastly, peptide sequences from the mutated, 

expressed proteins are run through HLA binding algorithms to prioritize putative neopeptides 

most likely to bind the HLA’s of the patient (identified by WXS or WGS). Hereafter, the resulting 

library of patient-specific putative neopeptides can be further tested experimentally in in vitro T 

cell detection assays (Hu, Ott, and Wu 2018).  

 

Paper III 

A major challenge in the treatment of cancer is the mutational heterogeneity of tumors, 

not only between patients, but also between tumors within the same patient and even 

within a tumor (ITH, intra-tumor heterogeneity). In this paper we investigate the impact of 

neoantigen ITH on antitumor immunity in lung cancer and melanoma patients, specifically 

the relationship between neoantigen ITH, overall survival and clinical benefit from 

programmed cell death protein 1 (PD-1) and CTLA-4 blockade. The study published in 

Paper III is the result of an international collaboration between cross-disciplinary research 

teams. From our side we contributed with screening of patient TILs from multiple tumor 

lesions for recognition of patient-specific libraries containing neopeptides of clonal and 

subclonal origin.  
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Figure 12: A typical neopeptide prediction pipeline. DNA and RNA are extracted from tumor cells and matched 
normal tissue cells. Somatic mutations of tumor cells are discovered by whole exome sequencing (WXS/WES) or 
whole genome sequencing (WGS, not shown). RNA-seq is added to identify mutations of expressed genes. HLA 
typing is carried out on DNA from the normal, matched tissue. Candidate neoantigens are identified by predicting 
the affinity of the mutation derived peptides for binding to the HLA type of the patient. Modified from (Hu, Ott, and 
Wu 2018). 

NetMHC, NetMHCpan and Immune Epitope Database (IEDB) and Analysis Resource are some of 

the most frequently used HLA binding algorithms (Nielsen et al. 2007; Jurtz et al. 2017; 

Lundegaard et al. 2008; “Immune Epitope Database and Analysis Resource”). Especially the 

NetMHCpan method, which encompasses all known HLA molecules, have enabled pHLA 

predictions covering an individual’s full HLA repertoire and thus facilitated interrogation of 

hitherto unexploited HLAs. This is especially relevant for the human HLA-C alleles. The previous 

lack of suitable algorithms, combined with a lack of wet lab reagents, has led to HLA-C alleles 

being left out of neoepitope prediction pipelines. However, as the HLA-C alleles constitute one 

third of all alleles in each patient, this means that a great proportion of putative neoepitopes have 

possibly been missed out on.      
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A second layer of information in neopeptide predictions is sometimes added by mass 

spectrometry based identification of endogenously processed and presented HLA-ligands (Creech 

et al. 2018). Here monoclonal antibodies are used to immunoprecipitate pHLA complexes from cell 

lysates, where after the peptide ligands can be purified and run on a mass spectrometer.   

Drawbacks of mass spectrometry is the necessity for large cell samples, low sensitivity, low 

instrument speed and the requirement for reference peptide databases or reference spectra from 

synthetic peptides (Ritz et al. 2017). It is however worth noting, that the combination of exome 

sequencing and mass spectrometry has been shown to increase the chances of identifying 

immune-dominant neoantigens in mice (Yadav et al. 2014). Another argument in favor of mass 

spectrometry guided epitope selection is the ability to identify spliced peptides or post-

translationally modified peptide ligands, that are missed when predictions are based on the 

germline or mutated sequence (Creech et al. 2018).  

Cancer Immune Therapy 

In cancer patients, the complex interactions between the immune system and tumor are shifted in 

favor of the tumor. Immune recognition of the tumor might exist, but the immune response is 

dysfunctional. A key principle of cancer immune therapy is to restore this function and to re-

establish the cancer immunity cycle (Chen and Mellman 2013). Throughout the last decades, the 

advances within immune therapy have revolutionized cancer treatment, with immune therapy 

now being standard of care options alongside conventional treatment in increasing numbers of 

cancer types (Farkona, Diamandis, and Blasutig 2016; Kelly 2018). Despite the advances, however, 

still only a fraction of patients benefit from treatment. The cause of response failure is in most 

cases unknown, but certainly multifactorial (Sharma et al. 2017). Checkpoint inhibitors are the 

most advanced therapies available, with approvals in an increasing number of cancer types and 

hundreds of on-going single-therapy or combination-therapy clinical trials. Checkpoint inhibitors 

Paper IV 

HLA-C restricted peptides have been less studied than HLA-A and –B counterparts, likely 

due to a combination of a lack of reagents and a general belief that lower expression levels 

result in less immunogenicity. In this manuscript, we challenge this view. We assess, in our 

own hands, the expression of HLA-A, -B and -C across RNA, protein and peptide levels and 

describe a substantial level of T cell recognition towards HLA-C derived epitopes, at least 

comparable to the level of T cell recognition observed for HLA-A and -B restricted 

neoepitopes in three cancer cohorts.  
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are antibodies that act through binding of T cell inhibitory proteins such as CTLA-4 and PD-1/PD-

L1/PD-L2, thereby releasing the breaks of the immune system (Sharma and Allison 2015). Thus, it 

is an unspecific stimulation of T cells with no tumor specific targeting and it therefore strongly 

relies on pre-existing T cell recognition of the tumor. The same applies to adoptive cell transfer, 

another type of immune therapy which has had great success in certain cancer types. Here, T cells 

from the patient’s tumor are expanded ex vivo to high numbers and hereafter given back to the 

patient in combination with interleukin 2 (IL-2) after preconditioning lymphodepletion. The T cells 

are expanded without selection for certain antigen specificities and it is therefore a personalized 

but not a targeted therapy (R. S. Andersen, Thrue, et al. 2012; Dudley et al. 2008; Ellebaek et al. 

2012). To raise the bar of current treatment modalities, it is therefore believed that we need to 

not only unleash the T cells of the immune system, but also steer them towards a target. One 

approach for precision-targeting of cancers is vaccines. In 2017, proof of concept for the two first 

neoepitope vaccines in humans were published back-to-back (Ott et al. 2017; Sahin et al. 2017). 

Both vaccination cohorts were melanoma patients – one vaccine was RNA-based, the other 

peptide-based. Although the cohorts were small, these studies proved the feasibility of a truly 

personalized and precision-targeted type of therapy with great potential.  

The focus of the presented thesis is identification of T cell antigens for precision-targeted cancer 

immune therapy. With identification of new targets and novel insights as to what makes a good 

target, it is the hope that precision-targeted immune therapy will raise the already successful bar 

of immune therapy. 
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Epilogue 

The great successes in recent years of cancer immune therapy has resulted in a paradigm shift in 

cancer treatment, establishing immune therapy as the fourth pillar of treatment, next to 

conventional therapies; surgery, radiation, and chemotherapy. Improvements of response rate 

and overall survival have been obtained for an increasing range of cancer types. Checkpoint 

inhibitor therapy is the most frequently used type of immune therapy, with approvals of several 

drugs for an increasing number of applications. Despite great improvements in patient response 

compared to the palette of conventional therapies, complete regression is however still 

accomplished in only 5 to 10% of patients with previously incurable cancers, whereas most 

patients obtain temporary benefit or no benefit at all (Borch et al. 2015). The lack of response in 

most patients is likely multi-factorial, and includes factors related to the effector T cells, the target 

tumor cells and the surrounding microenvironment. One important factor pertaining to the T cells 

is the unspecific nature of checkpoint inhibitor therapy. By releasing the natural breaks of the 

immune system, the general activity of all T cells is enhanced. This translates into two issues. 

Firstly, the increase in activity of all T cells leads to substantial side effects from autoreactive T 

cells. Secondly, efficacy is compromised in patients with a lack of pre-existing T cell recognition of 

the tumor. By steering the T cells towards specific targets expressed on the tumor cells, precision-

targeted therapy should offer a solution to both these issues. 

With the ambition to move immune therapy to a next level with precision-targeted strategies 

follows the need to 1) identify T cell targets presented on the surface of cancer cells, and 2) 

characterize such targets to expand our knowledge of what makes a good target, i.e. what targets 

are sufficiently immunogenic to raise T cell responses strong enough to fight the target-expressing 

tumor cells and consequently eliminate the cancer. The four research papers presented in this 

thesis share in common the overall theme of identification and characterization of T cell epitopes 

for precision-targeted immune therapy of cancer. 

 In paper I we describe the broad presence of T cell responses towards peptides derived from 

shared, overexpressed antigens in breast cancer patients. Breast cancer is the most common 

cancer in women and is exceeded only by lung cancer in causing death (Bray et al. 2018). However, 

in immuno-oncology context it has been much less studied than e.g. melanoma and lung cancer, 

with a resulting lack of well-characterized tumor-specific immunological targets. Although 

neoepitopes have taken the center stage of attention in recent years, one should keep in mind 

that the tumor mutational burden varies greatly between cancer types, and thus not all cancers 

are ideally suited for neoepitope targeting approaches. Breast cancers are among low mutational 

burden tumors and we therefore argue for the value of identification of non-mutation derived 
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epitopes. It is also worth mentioning, that no studies to date have performed a back-to-back 

comparison of shared antigens versus neoantigen, testing the clinical potential of each. We 

focused our efforts on four proteins; aromatase, NEK3, PIAS3, and prolactin, all known to be 

upregulated in breast cancer malignant tissue. From a combined in silico/in vitro affinity screening 

we constructed a library of 147 HLA-A*02 and –B*07 binding peptides across all four proteins. T 

cell recognition of these 147 peptides was uncovered using a combination of state of the art 

fluorochrome labelled pMHC multimers and a novel high throughput DNA barcode label pMHC 

multimer screening platform recently developed in our research group. The significant enrichment 

of responses in patients compared to healthy donors and the presence of “immunological 

hotspots” of immunogenic peptide stretches validate the four proteins as candidate epitopes for 

precision-targeted strategies and immunomonitoring and further highlight the advantage of 

shared epitopes; namely that they are indeed shared and can be targeted across patients with an 

off-the-shelf approach. An obvious limitation to such a strategy is of course the current restriction 

to HLA-A*02 and -B*07 alleles, which would exclude the majority of patients, and we therefore 

consider expanding our T cell analyses to include other alleles as well. With the development of 

the novel DNA barcoding platform we are much less constrained with regards to the size of our 

peptide libraries, and therefore large library screens including many alleles are now feasible. 

Another important finding revolving the shared origin of the peptides is the lack of difference in 

HLA affinity and stability between peptides to which we see a T cell response, and those where we 

do not observe responses. This finding fits well with our anticipation that T cells specific for 

peptides of shared antigen origin have likely been subject to strict selection during maturation in 

the thymus. The selection of an affinity cut off as inclusion criteria for prioritization of peptides 

before in vitro experimental screen of T cell immunogenicity is therefore an important step, and 

specifically for shared antigens, one should define a cut off to include intermediate or even low 

affinity binders. It should also be mentioned that the study would benefit from functional 

experiments demonstrating antigen-specific recognition of autologous patient tumor cells. With 

the material available at hand, we did however demonstrate recognition of allogeneic, commercial 

cell lines and the mass spectrometry analyses backed up these data by verifying processing and 

expression of endogenous peptides from the PIAS3 protein. 

 In paper II we present, to our knowledge, the first identification of neoepitopes in renal cell 

carcinoma. We identified 52 neoepitopes in a cohort of six clear cell renal cell carcinoma patients 

with the DNA barcode label pMHC multimer screening platform. In line with previous publications 

of neoepitope identifications in other patient groups, all of the identified neoepitopes originated 

from mutations that were unique to the patients and not known as shared mutations. This 

observation highlights the fact that the vast majority of neoepitopes are, as the mutations they 

derive from, patient-unique and therefore need to be identified individually in each patient. Renal 

cell carcinomas have the highest number of indel mutations of all cancers (clear cell, papillary and 

chromophobe scoring highest, second and third respectively) (Turajlic et al. 2017), and accordingly 

all patients in the study harbored frameshift and in-frame indel mutations. We found T cell 

responses towards frameshift indels in four of six patients and observed an overall tendency of 
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enrichment for frameshift indel response neoepitopes compared to predicted neopeptides, 

although with variation between individual patients. This supports the anticipation of indels being 

immunogenic mutations of nature, given their low self-similarity score. Another feature of the 

study is the comparison of tumor cell lines and tumor fragments as source material for whole 

exome sequencing. Whereas the tumor fragment probably represent a more true picture of the 

tumor cell composition as it is in vivo, one could on the other hand imagine a higher level of 

background ‘noise’ from e.g. stromal cells, which could possibly interfere with sequencing. Given 

this and because both sources have been used interchangeably in neoepitope studies, we were 

interested in investigating how they performed and compared. Firstly, in two of six patients we 

were not able to establish tumor cell lines. In the four patients, where we were able to perform a 

comparison, 40% of response neoepitopes were predicted from both sources, whereas 20 and 

40% where predicted only from tumor fragments and tumor cell line respectively. These results 

show that no one source performs better than the other, and ideally, when possible, mutational 

analysis should include both. 

 In paper III, the impact of neoantigen intratumor heterogeneity on antitumor immunity was 

investigated. Heterogeneity of tumors, even at the intratumor level, has been shown to be 

substantial and imposes a big challenge for both targeted therapy and immune therapy (Gerlinger 

et al. 2012; Jamal-Hanjani et al. 2015). We observe a correlation between the burden of clonal 

neoantigens and overall survival in primary lung adenocarcinomas and we demonstrate that 

advanced non-small cell lung cancer and melanoma patients are more sensitive to treatment with 

PD-1 and CTLA-4 checkpoint inhibitors, if their tumors are enriched for clonal neoantigens. In our 

lab, we contributed with the identification of T cell responses. In line with the found correlations, 

we detected three T cell responses towards clonal neoantigens – in two non-small cell lung cancer 

patients represented by a homogenous and a heterogeneous tumor. These findings suggest that 

the clonality of a neoantigen affects its immunogenicity and advocate for clonality analysis of 

mutations as part of the selection of neopeptides to target therapeutically. Since the paper was 

published in early 2016, there has been great awareness of the importance of this aspect in the 

community, and thus many neoepitope studies now include clonality analyses.   

 With paper IV we wish to evoke an increased attention to HLA-C restricted (neo)epitopes. With 

recent improvements in the availability of HLA-C reagents and the development of algorithms that 

provide HLA-C binding predictions, we have been able to include HLA-C restricted T cell 

interrogations in an increasing number of research projects within our group. HLA-C is known to 

be less expressed than HLA-A and –B counterparts, a feature that we confirm at RNA, protein and 

peptide level. The lower expression has fostered an anticipation of lower immunogenicity, 

resulting in less interest in HLA-C restricted immune recognition of tumors – a tendency probably 

exacerbated by the above mentioned lack of reagents and suitable prediction algorithms. We 

compared the contribution of HLA-A, -B and -C restricted neopeptides to T cell immune 

recognition in three cancer cohorts and found to our surprise, that HLA-C restricted neoepitope 

responses amounted to or even exceeded the responses towards HLA-A and –B epitopes. We 

further demonstrated that blocking with HLA-C antibodies inhibited the amount of tumor necrosis 
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factor (TNF)α and interferon (IFN)ɣ double positive cells in three of seven melanoma TIL samples 

after stimulation with autologous tumor cell lines, indicating that HLA-C restricted T cells are 

functionally active and do recognize the tumor. We therefore argue that HLA-C restricted 

epitopes, at least neoepitopes, contribute to tumor cell recognition by T cells. The inclusion of 

HLA-C alleles in peptide prediction pipelines theoretically increases the chances of identifying T 

cell epitopes by 50%. For neoepitopes in particular, this would represent a substantial increase, as 

identified neoepitopes only account for a few percent of predicted and investigated neopeptides 

(Bjerregaard et al. 2017; Fritsch et al. 2014). Furthermore, in tumors displaying loss of HLA alleles 

(McGranahan et al. 2017), targeting of epitopes covering more alleles would decrease the risk of 

tumor escape variant outgrowth. 

 Together, paper I-IV provide important new knowledge on targetable epitopes and characteristics 

hereof, that should be taken into account when selecting the best targets for therapy; for the 

shared epitopes (paper I) specifically availability in low mutational burden cancers and affinity 

thresholds in selection of peptides, for the neoepitopes (papers II-IV) specifically the mutation 

type, tumor material source for mutational analysis, clonality of the expressed mutations and the 

inclusion of HLA-C restricted neopeptides. 

 Papers II-IV focus on neoepitopes. Neoepitopes have gained increasing awareness with the 

possibilities of next generation sequencing and with increasing amounts of evidence that the 

recognition of neoepitopes represent a common pathway explaining cancer regression from most 

immune therapies. However, the neoepitopes we can identify based on tumor sequencing likely 

only represent the “tip of the iceberg” since numerous other alterations may give rise to 

neoepitopes. These include RNA splicing, protein splicing and post-translational modifications. 

Mapping such alterations on the basis of a tumor biopsy is still very challenging and far from being 

a routine measure. Consequently, current-day neoepitopes are represented by those encoded 

through genetic alterations only. To utilize the full potential of neoepitopes in therapy, we need to 

steer the neoepitope specific T cells towards their target with precision-targeted approaches. For 

neoepitopes this could be expansion of neoepitope-specific T cells for adoptive cell transfer or 

neoepitope vaccines. A prerequisite for the efficiency of such therapies depends on our ability to 

predict which neopeptides confer immunogenicity. Studies like the ones included in this thesis 

contribute to a growing body of data, which we can use to increase our understanding of what 

makes a good target and for training of the many neoepitope prediction algorithms available.  An 

interesting aspect of neoepitope vaccination is that it represent a truly personalized treatment, 

tailor made for each patient based on the genetic composition of the patient’s tumor. The method 

however, is universal, and can be applied to all patients – with the important exception of cases 

where no mutated products can be targeted. This implies an important advantage over stratified 

targeted medicine (which has previously been used as a synonym for personalized therapy), where 

patients are stratified by the presence or absence of biomarkers and on this basis matched with 

existing drugs or treatment modalities (Sahin and Türeci 2018), (Figure 13).  
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Figure 13: Stratified targeted medicine versus personalized mutanome medicine. From (Sahin and Türeci 2018). 

A personalized neoepitope vaccine may seem like a futuristic dream. Nonetheless, with the pace 

of technological and methodological development, and the resulting lowering of costs and 

production time, the future where we would be able to offer this as standard therapy for cancer 

patients might anyhow not be so distant. One thing is at least certain; the field of cancer immune 

therapy is only in its infancy. With intensive basic and translational research in all corners of the 

immune system and clinical trials in all imaginable combinations of drugs, there is great hope that 

we have only begun to realize how we can utilize the power and specificity of the immune system 

in combating cancer.  
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